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SUMMARY

Medicago truncatula is a model legume for fundamental research on legume biology and symbiotic nitrogen

fixation. Tnt1, a retrotransposon from tobacco, was used to generate insertion mutants in M. truncatula

R108. Approximately 21 000 insertion lines have been generated and publicly available. Tnt1

retro-transposition event occurs during somatic embryogenesis (SE), a pivotal process that triggers massive

methylation changes. We studied the SE of M. truncatula R108 using leaf explants and explored the

dynamic shifts in the methylation landscape from leaf explants to callus formation and finally embryogene-

sis. Higher cytosine methylation in all three contexts of CG, CHG, and CHH patterns was observed during

SE compared to the controls. Higher methylation patterns were observed in assumed promoter regions

(~2-kb upstream regions of transcription start site) of the genes, while lowest was recorded in the untrans-

lated regions. Differentially methylated promoter region analysis showed a higher CHH methylation in

embryogenesis tissue samples when compared to CG and CHG methylation. Strong correlation (89.71%)

was identified between the differentially methylated regions (DMRs) and the site of Tnt1 insertions in

M. truncatula R108 and stronger hypermethylation of genes correlated with higher number of Tnt1 inser-

tions in all contexts of CG, CHG, and CHH methylation. Gene ontology enrichment and KEGG pathway

enrichment analysis identified genes and pathways enriched in the signal peptide processing, ATP hydroly-

sis, RNA polymerase activity, transport, secondary metabolites, and nitrogen metabolism pathways. Com-

bined gene expression analysis and methylation profiling showed an inverse relationship between

methylation in the DMRs (regions spanning genes) and the expression of genes. Our results show that a

dynamic shift in methylation happens during the SE process in the context of CG, CHH and CHG methyla-

tion, and the Tnt1 retrotransposition correlates with the hyperactive methylation regions.

Keywords: legumes, Medicago, methylation, somatic embryogenesis, tissue culture, Tnt1, transposon.

INTRODUCTION

Legumes play a key role in the sustainable agriculture to

fix atmospheric nitrogen through a mutualistic symbiotic

process with nitrogen-fixing bacteria, rhizobia (Gepts et al.,

2005; Lee et al., 2018; Sun et al., 2019; Young & Udvardi,

2009). Medicago truncatula has a relatively small diploid

genome of ~400 Mb (Barker et al., 1990; Kaur et al., 2021),

high levels of genetic diversity, and has synteny with other

legumes with much larger and more complex genomes

(Burks et al., 2018). Therefore, M. truncatula with two dis-

tinct ecotypes, Jemalong A17 and R108 are used as models

to study legume biology (Garmier et al., 2017). Currently,
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the genome information is available for M. truncatula

assembly A17 v5.0 (https://medicago.toulouse.inra.fr/

MtrunA17r5.0-ANR) (Pecrix et al., 2018) and R108, gener-

ated by Hi-C technique that assisted in arranging the con-

tigs into a more accurate assembly (MedtrR108_hic) (Kaur

et al., 2021; Li et al., 2022; Moll et al., 2017).

Insertional mutagenesis is a method of disrupting gene

function by introducing a foreign DNA fragment (T-DNA,

transposon, or retrotransposon) into the genome. Tobacco

Tnt1, a well-characterized plant autonomous long terminal

repeat (LTR) retrotransposon (Grandbastien, 1998; Grand-

bastien et al., 1989), was used in M. truncatula R108 ecotype

to generate 21 741 Tnt1 insertion lines through somatic

embryogenesis (SE) via tissue culture (d’Erfurth et al., 2003;

Lee et al., 2018; Tadege et al., 2008). The overall distribution

of Tnt1 insertions in the M. truncatula genome is random

and the distribution of Tnt1 insertions varies in individual

lines (Sun et al., 2019). Earlier estimations placed the average

number of insertions per line at 25 based on Southern blot

analysis and also through recovery of insertions by

TAIL-PCR (Cheng et al., 2014, 2017; Tadege et al., 2005,

2008). A more recent analysis using whole genome sequenc-

ing and sequence capture approaches revealed a signifi-

cantly greater number of Tnt1 insertions (an average of ~80
per line) in M. truncatula R108 (Sun et al., 2019). Based on

the publicly available limited methylation data on M. trunca-

tula A17, Sun et al. (2019) suggested that the Tnt1 insertion

was more frequent in gene groups that are potentially more

methylated compared to other gene groups.

Covalent modification by methylation of cytosine resi-

dues represents an important epigenetic hallmark (Baubec

et al., 2009). In plants, de novo methylation is catalyzed

by DOMAINS REARRANGED METHYLTRANSFERASE 2

(DRM2), a homolog of the DNA METHYL TRANSFERASE 3

(DNMT3), and maintained by three different pathways: CG

methylation is maintained by DNA METHYLTRANSFERASE

1 (MET1, also known as DMT1), the plant homolog of

DNMT1; CHG methylation is maintained by CHROMO-

METHYLASE 3 (CMT3), a plant-specific DNA methyltrans-

ferase; and asymmetric CHH methylation is maintained

through persistent de novo methylation by DRM2 (Law &

Jacobsen, 2010). In all the three contexts of cytosine meth-

ylation, CG, CHH, and CHG, “H” can be any of the nucleo-

tides “A, T, or C” (Ji et al., 2019; Matzke et al., 2015;

Matzke & Mosher, 2014). In Arabidopsis, CHH methylation

is maintained by CHROMOMETHYLASE 2 (CMT2), which

recognizes the methylation of Lys-9 on histone H3 (Stroud

et al., 2014; Wollmann et al., 2017).

Somatic embryogenesis, results in the formation of an

embryo from somatic cells (Mendez-Hernandez et al., 2019).

Primary embryogenesis uses explants to induce the embryo-

genesis and secondary embryogenesis uses the existing

embryos instead of explants (Gyulai et al., 1993; Tian

et al., 2020). It is not clear as to how the cells initiate the

embryo formation, but research suggests that an asymmetric

distribution of auxins from differential transport leads to the

generation of different tissues that will form the embryo

(Mendez-Hernandez et al., 2019). SE requires the regulation

of several genes with the involvement of transcription factors

(Mendez-Hernandez et al., 2019; Tian et al., 2020). Some of

the prominent proteins involved in SE include SOMATIC

EMBRYOGENIC RECEPTOR KINASES (SERKs) and

WUSCHEL (WUS) along with other proteins involved in sig-

nal transduction pathways and epigenetic mechanisms dur-

ing chromatin remodeling (Ji et al., 2019; Mendez-Hernandez

et al., 2019; Tian et al., 2020). It has been observed that

embryo maturation during SE was marked with gradual

increase in the global levels of methylation in Pinus radiata

(Bravo et al., 2017) and coffee (Coffee canephora) plants

(Nic-Can et al., 2013) and reviewed by Mendez-Hernandez

et al. (2019). The correlative methylation studies during SE in

coffee and P. radiata identified a crosstalk between methyla-

tion and SE (Bravo et al., 2017; Nic-Can et al., 2013). Previ-

ously, we observed that lowly expressed genes had more

Tnt1 insertions whereas highly expressed genes had less

Tnt1 insertions and suggested that Tnt1 insertion frequency

in M. truncatula R108 positively correlates with the methyla-

tion frequency in gene groups (Sun et al., 2019). However,

this suggestion was done based on methylation studies in M.

truncatula A17 somatic and nodule tissues.

In this study, we performed a comprehensive

genome-wide investigation of the epigenome during SE in

M. truncatula R108. We characterized M. truncatula epigen-

ome for samples collected during the SE process at four

different stages ranging from callus to embryo formation.

The results revealed a genome-wide increase in DNA

methylation in the differentially methylated promoters

(DMPs), which was most apparent for CHH methylation.

The correlation of the CHH methylation and the symmetric

methylation (CG and CHG) with the Tnt1 retrotransposi-

tions in the M. truncatula R108 genome reveals an active

RNA-directed DNA methylation (RdDM) process that

dynamically regulates the cytosine methylation in all con-

texts along with the CMT2 dependent CHH methylation.

RESULTS

Methylation landscape in M. truncatula R108

To investigate the overall methylation patterns during tis-

sue culture stress in M. truncatula R108 genome, we stud-

ied the methylation patterns during callus formation and

SE stage. The sterilized leaf explants from the wild-type

R108 M. truncatula plants were incubated in modified SH

(Schenk & Hildebrandt, 1972) or SHMab medium and

placed in a growth chamber at 24°C for callus induction

as described in the “Materials and Methods” section

(Figure S1). The explants that showed initial stages of cal-

lus induction were designated as “Before Callus” (BC). The
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explants from BC stage were then transferred to a new

SHMab medium to obtain a well grown callus and this

stage was designated as “After Callus” (AC). We collected

the tissues from three different stages: control (CON, leaf

explants on medium), BC stage and AC stage in three bio-

logical replications. The DNA was extracted from tissue at

all three stages (CON, AC, and BC) and treated with bisul-

fite as described in the “Materials and Methods” section.

The bisulfite-treated DNA (Bs-DNA) was used for the gen-

eration of next-generation sequencing libraries and whole

genome bisulfite sequencing (WGBS) was performed with

Illumina HiSeq 2500. The results of WGBS are shown in

Table 1. We obtained 160 511 515, 158 806 389, and

168 026 555 high throughput sequencing raw reads from

all the three different stages (CON, BC, and AC, respec-

tively) and replicates. The raw reads were trimmed for

adapters and preprocessed to remove low-quality reads.

Filtered reads were mapped to M. truncatula R108 v1.0 ref-

erence genome (Kaur et al., 2021) with a unique mapping

rate of 76.64% (123 015 679 reads), 81.95% (130 140 660),

and 82.97% (139 417 658) in the CON, BC, and AC samples,

respectively (Figure 1a). The raw total and mapped reads

along with the unique mapping rate per each replication

are shown in Table 1. Upon analysis, the observed methyl-

ation mapping rate and the mean cytosine methylation

percentage in various contexts of cytosine methylation

(CG, CHG, and CHH) reveal an altered methylation

response during callus development in BC and AC in com-

parison to CON (Figure 1b). Total cytosine methylation and

unique methylation proportions of cytosine methylation in

all three contexts of CG, CHG, and CHH methylation were

analyzed (Figure 1b; Table 2). Methyl cytosine (average of

three replicates) was found higher at CG sites (51.2%),

compared to CHG (33.9%) and CHH (24.1%) in the AC sam-

ples in comparison to the CON samples (Table 2). Cytosine

methylation in CG and CHG context is comparatively

higher than CHH methylation in all tissue stages of cyto-

sine methylation (Figure 1b). In comparison to BC samples,

AC samples had 2–7% higher rate of cytosine methylation

in all contexts of cytosine methylation: CG, CH, and CHG

(Table 2).

Correlation analysis was performed between the sam-

ple biological replicates to test the sample reliability and

rationality of sample selection (Figure S2a). We observed a

strong correlation between the samples as presented in

the scatter plots (AC1 versus AC2, 0.975; BC1 versus BC2,

0.974; CON1 versus CON2, 0.972) (Figure S2a). Similar cor-

relation between all biological replicates in a tissue stage

were in the same ratio leading us to believe that the sam-

ples chosen were all true replicates and hence the robust-

ness of the data (Figure S2b). The correlation ratio of all

samples chosen for a particular stage was compared and

presented as a Pearson correlation table (Figure S2b). Fur-

ther, we performed motif analysis of the bases around the

methylated cytosine in the context of CG, CHH and CHG

methylation, to identify the most represented bases (Fig-

ure 2). We used Logo Plots (WebLogo) tool to explore the

sequence information of a methylated site or its nearby

nucleotide bases to help us understand the preference of

methylated sites (Crooks et al., 2004). From the motif anal-

ysis of the bases around cytosine methylation in M. trunca-

tula R108, there appears to be a bias to adenine, followed

by thymine and cytosine in the contexts of CHH and CHG

methylation and towards guanine in CG methylation

(Figure 2a). Interestingly, we found higher methylated cyto-

sines in all contexts of mCG, mCHG, mCHH patterns in the

AC samples compared with BC and CON samples

(Figure 1b; Table 2). This finding suggests that MLs are

very dynamic and correlate with stress induction during

tissue culture/SE (Table 2).

DNA methylation patterns in the coding sequences in

response to callus formation stress

To better understand the relationship between DNAmethyl-

ation and genetic structural regions, M. truncatula R108

genomic region was divided into several functional regions;

Table 1 Bisulfite sequencing summary

Samples Total reads Mapped reads
Unique mapping
rate (%)

Duplication
ratea (%)

Bisulfite conversion
rate (%)

Control-1 49 987 419 38 379 942 76.78 9.35 99.84
Control-2 51 817 441 39 526 720 76.28 9.92 99.875
Control-3 58 706 655 45 109 017 76.84 9.68 99.82
BC1 53 535 640 43 534 067 81.32 9.95 99.88
BC2 53 107 498 43 803 076 82.48 9.54 99.875
BC3 52 163 251 42 803 517 82.06 9.62 99.875
AC1 53 283 822 44 342 596 83.22 9.38 99.865
AC2 57 288 974 47 462 963 82.85 10.34 99.545
AC3 57 453 759 47 612 099 82.87 10.34 99.875

aDuplication rate is the percentage of repetitive sequences in all clean sequencing reads.
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assumed promoter regions (2 kb region upstream of tran-

scription start sites [TSSs]), 50 untranslated regions (UTRs),

exons, and introns and 30 UTRs. DNA methylation levels

(MLs) were calculated for the methylated sites using the for-

mula ML = mC/(mC + umC), where mC represents methyl-

ated cytosines and umC represents unmethylated cytosines

in all contexts of cytosine methylation in different stages of

tissue culture; CON, BC, and AC (Figure 2b). Methylation

profiling within genes in all stages of tissue culture exhib-

ited a higher overall degree of methylation at presumptive

promoter regions (2-kb upstream of the TSS) than genic

regions (50 UTR, exon, intron, and 30 UTR), suggesting that

the MLs of cytosine might be playing a role in gene expres-

sion. In each gene element, the frequencies of each context,

including CG, CHG, and CHH methylation, CG methylation

(green-colored graph) accounted for more than 50% of the

total methylated cytosine (mC) (Figure 2b). This suggested

that CG methylation was the highest methylation pattern

observed (Figure 2b). In all the three contexts of cytosine

methylation, CG (green-colored graph, Figure 2b), CHH

(pink-colored graph, Figure 2b) and CHG (orange-colored

graph, Figure 2b), methylation within 50 UTR region was

slightly lower than the coding (CDS) regions (Figure 2b). We

inferred that the presumptive promoter regions (2-kb

upstream of the TSS) methylation might have been

involved in the regulation of gene expression in response to

the abiotic stress during callus formation. Increased levels

of DNA methylation in the promoter regions and gene bod-

ies inform us about the probable nucleosome compaction

that might result in an altered gene expression.

Figure 1. Methylation mapping during various tissue culture stages in Medicago truncatula R108 genome.

(a) Unique mapping rate in different stages (AC, BC, and CON) at whole genome level.

(b) Different levels of cytosine methylation in various contexts (CG, CHG, and CHH) in different stages (AC, BC, and CON) are presented. Highest level of cytosine

methylation is observed in CG, CHG, and CHH methylation context in AC followed by BC in comparison to the CON. The horizontal line is drawn at base mean.

AC, after callus; BC, before callus; CON, controls represent different stages of tissue culture. Student’s t-test is used for statistical analysis based on three biolog-

ical replicates (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001).
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Differentially methylated regions in response to callus

formation stress

The DNA methylation profiles at different stages of tissue

culture (CON, BC, and AC) showed differentially methylated

regions (DMRs) that differ in methylated cytosines, lengths

of the regions that were methylated, and group MLs

(Table S1). These DMRs are significant as they signal an

important epigenetic change. DMRs may be involved in the

regulation of differentially expressed genes that might

affect the biological processes (Table S1). Each of the

observed DMRs were identified in different regions (pro-

moters, exons, introns, and intergenic regions) of genes,

with a larger footprint in the promoter region (Figure 3). In

comparison between stages of the tissue culture AC versus

CON, a total of 15 686 DMR regions were identified with

9207 hypermethylated regions and 6479 hypomethylated

regions (Figure 3; Table S1a). In a comparison between dif-

ferent tissue culture stages, AC and CON, a total of 15 686

DMRs were identified, with 13 494 regions encompassing at

least 100 bp of the methylated regions (Figure 3;

Table S1a). DMR regions with longest regions identified for

hypomethylated and hypermethylated regions were 3325

and 2713 bp, respectively (Table S1a). A few of the strong

hypomethylated regions by length include a NBS-LRR dis-

ease resistance gene (Medtr6g052750), a gene encoding

cytochrome P450 family protein (Medtr2g072310), a gene

involved in senescence (Medtr6g008015), and a gene-

encoding transmembrane protein (Medtr7g056577)

(Table S1a). A few hypermethylated regions by length

include a gene-encoding formin-like 2 domain protein

(Medtr7g080920) and LRR receptor like kinase proteins

(Medtr4g036575, Medtr3g048590, and Medtr8g469670)

(Table S1a). Highest hypermethylation ratio between DMR

regions of AC versus CON was found in subtilisin-like ser-

ine protease (Medtr4g125180) followed by chalcone and

stilbene synthase family protein (Medtr2g05870) (Table S1a).

DMRs were analyzed to identify the regions that contain the

genetic structural regions. After further analysis of these

genic regions that fall under the DMR umbrella, we found

that highest number of DMRs were distributed within the

promoter regions (10 279) followed by exons (4580) and

introns (4071) with lower distributions in the UTR (untrans-

lated) regions (Figure 3b). DMRs were mapped to the new

R108 HiC genome (Kaur et al., 2021; Table S2) and DMRs

mapped between AC and CON are presented in Table S2a.

In a comparison between different tissue culture

stages, BC and AC, a total of 6442 DMRs were identified,

with 5322 regions encompassing at least 100 bp of the

methylated regions (Figure 3; Table S1b). Strong hyper-

methylation of genes in BC versus AC was found in

extension-like repeat protein (Medtr4g029600), C2H2-type

zinc finger protein (Medtr1g090703) and an ABC trans-

porter protein (Medtr3g005100) (Table S1b). Strong hypo-

methylation of DMR regions was identified in comparison

to AC in placenta-specific 8 (PLAC8) family protein

(Medtr3g072040) followed by lower methylation in a kinase

protein (Medtr2g011640) (Table S1b). DMR distribution

between different tissue culture stages BC and AC were

observed as higher in exons (3455) followed by intronic

(2521) and promoter regions (2557) (Figure 3). Lowest dis-

tributions of DMRs were observed in 50 UTRs (Figure 3b).

The DMR regions between AC and BC were comparatively

mapped to the new HiC R108 genome (Table S2b).

Comparisons between BC and CON tissue culture

stages resulted in the identification of 13 805 DMRs, with

8387 hypermethylated DMRs and 5418 hypomethylated

DMRs (Figure 3; Table S1c). At least there were 11 332

DMRs that circumscribe methylated regions greater than

100 bp (Figure 3; Table S1c). Higher hypermethylation was

observed in the intronic region of cytokinin oxidase

(Medtr1g015410) with methylation ratio of 59 times higher

in comparison to CON (Table S1c). The highest number of

DMRs were observed in promoters (8409) and lowest in

UTRs (Figure 3). The number and distribution of DMRs

in the comparison between BC versus CON stages resemble

the comparison between AC versus CON stages (Figure 3b).

The DMR regions between BC and CON were comparatively

mapped to the new HiC R108 genome (Table S2c). Overall,

methylation was dominant in the promoter region of the

differentially methylated genes (DMGs) when compared to

other regions (Figure 3).

DMRs are further analyzed by separating them into

sequence context (CG, CHG, and CHH) between different

tissue culture stages AC versus CON, BC versus CON, and

BC versus AC (Figure S3). We observed higher numbers of

hypermethylated DMRs with CHH methylation in AC versus

CON and BC versus CON stages (Figure S3). The other

types of methylation CG or CHG methylation showed simi-

lar kinds of hyper and hypo methylation DMRs in all stages

of tissue culture comparisons (Figure S3).

Table 2 Statistical results of methylated cytosines in different
contexts

Samples mC (%)a mCpG (%)a mCHG (%)a mCHH (%)a

CON_1 20.62 38.48 26.89 17.53
CON_2 21.97 41.50 28.76 18.61
CON_3 22.15 41.27 28.72 18.87
BC_1 25.17 45.78 31.06 21.81
BC_2 25.41 45.81 31.21 22.08
BC_3 24.88 45.20 30.75 21.55
AC_1 28.39 50.32 33.71 24.95
AC_2 25.67 50.27 32.75 21.64
AC_3 29.61 53.15 35.20 25.92

amC percent (%) is the percentage of methylated cytosines in all
cytosines from the whole genome. mCG, mCHG, and mCHH per-
cent (%) are the percentages of methylated mCG, mCHG, and
mCHH in all corresponding cytosines context (C, CG, CHG, CHH,
and H represents A, C, T) in genome, respectively.
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DMPs in response to callus formation stress

Differentially methylated promoters (DMPs) refer to pro-

moter regions with differential methylation. Though we do

not know the exact promoter regions of every gene, the

upstream 2 Kb region is generally regarded as promoter

region for the gene in consideration. Promoter methylation

represses the gene expression, and this process plays an

important role in the regulation of gene expression. DMPs

were identified by testing for each cytosine in each context

(CG, CHG, and CHH) of the promoter region using Fisher’s

exact test and false discovery rate (FDR) was employed to

correct the P-value. DMPs were filtered based on the FDR

value <0.05 and with absolute difference of the MLs >0.2
between the samples. The FDR value estimation based on

multiple hypotheses testing and P-values are based on statis-

tical hypothesis test. Briefly, the absolute methylation data at

each cytosine is taken and cumulatively added for each stage

(methylated versus non-methylated) and ratio of methylated

over total depth is calculated for each stage. The normalized

difference between stages is attributed to the methylation

ratio differences. All the samples with a negative methylation

ratio difference of less than �0.20 is considered as hypo-

methylated and the samples with positive methylation ratio

difference of greater than 0.20 are considered hypermethy-

lated (Table S3). All the DMPs identified were clustered in dif-

ferent contexts of cytosine methylation (CG, CHH, and CHG)

and are presented as heat maps for visualization (Figure S4).

All the DMP MLs for union of clusters in different stages; AC,

BC, and CON (151 for CG; 247 for CHH and 120 for CG) were

clustered in different contexts of cytosine methylation (CG,

CHH, and CHG) and are also presented as heat maps for visu-

alization (Figure S4). The MLs of promoter region were plot-

ted for the 2-Kb distance upstream from the TSS for all

contexts of cytosine methylation (Figure 4). DMPs with

hypermethylation (>0.6, Figure S4) and hypomethylation

levels (<0.2; Figure S4) were observed in all the contexts of

cytosine methylation (CG, CHG, and CHH) clusters. In the

case of CHG methylation context, presumed promoter meth-

ylation (~2 Kb upstream of start codon) was lower in the AC

and BC tissue culture stages in comparison to the CON stage

Figure 2. DNA methylation patterns in different Medicago truncatula genomic regions.

(a) Weblogo plots show the most commonly occurring patterns of cytosine methylation in the context of CG, CHG, and CHH.

(b) DNA methylation levels for methylated cytosines were plotted against gene structures in different stages (AC, BC, and CON). Highest levels of methylation is

observed in the methylated cytosines of promoter regions in all the samples. Each of the panels are sub-divided into three sub-panels for each of CG, CHH, and

CHG methylation pattern. The methylated cytosines are plotted as Y-axis and different gene structures (promoters, UTRs, exons, and introns) were plotted on

the X-axis. The graphs in green, pink, and orange represent the CG, CHG, and CGG methylation patterns, respectively. AC, after callus; BC, before callus; CON,

controls represent different stages of tissue culture; UTRs, untranslated regions.

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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(Figure 4). In Figure 4, the methyl cytosine levels are mean

MLs for each context pertaining to genes with promoter

regions labeled as “DMPs” and are compared across the

stages of tissue culture. It is particularly interesting that pro-

moters were less methylated in AC stage compared to BC

stage in CHG context (Figure 4). Quite a contrasting pattern

of promoter methylation was observed in CHH methylation

context, with higher methylation pattern in tissue culture

stages of AC and BC in comparison to CON stage (Figure 4).

Gene ontology analysis of genes with DMRs and DMPs in

response to callus formation stress

In order to understand the specific gene groups that were

enriched within the DMRs and genes with differential meth-

ylation in promoters, we performed Gene Ontology (GO)

enrichment and KEGG pathway enrichment. In the compari-

son of tissue culture stages AC and CON, genes involved in

the metabolic processes and phosphorylation were signifi-

cantly enriched (Figure S5; Table S4a). GO enrichment pro-

files are presented for tissue culture stages BC versus CON

(Table S4b) and for AC versus BC (Table S4c). This pattern

of enrichment was conserved between stages AC and BC in

comparison to CON that leads us to conclude that several

genes involved in the metabolic and catalytic activity are

activated or affected during the callus formation in

comparison to the CON stage and that the activity of genes

could have been regulated by methylation either directly or

indirectly (Table S4). A similar approach was taken to iden-

tify the most enriched GO terms in DMP genes (Figure S6)

and DMR genes (Figure S7). A significant number of genes

involved in signal peptide processing, ATP hydrolysis and

transport-related biological processes were enriched

(Figure S6a). Further examination of DMPs in the hyper-

methylated regions identified genes involved in lipid glyco-

sylation, photosynthesis, transport of ions, nucleotide

binding, and RNA polymerase activity (Figure S6b;

Table S5a–c). Significantly enriched genes from DMPs and

DMRs are calculated based on P-values using hypergeo-

metric tests with P-values less than 0.05.

In order to analyze the specific pathways that were

enriched in genes with DMRs and DMPs, we performed

KEGG pathway mapping for DMRs (Table S6) and DMPs

(Table S7). KEGG pathway enrichment for DMGs in the tis-

sue culture stages of AC and CON showed an enrichment

in 128 metabolic pathways (Table S7a). Significant enrich-

ment in the secondary metabolite pathways including lino-

lenic acid and nitrogen metabolism pathways were

identified in the callus forming stages of AC and BC in

comparison to CON stage (Figure S8a). Similarly, in the

comparison between BC and AC stages, strong enrichment

Figure 3. Differentially methylated region (DMR) analysis during various tissue culture stages in M. truncatula R108 genome.

(a) In different stages of tissue culture (AC, BC, and CON) presented, DMRs are analyzed and graphs are plotted with DMR length on the X-axis and the corre-

sponding DMR count on the Y-axis.

(b) In different stages of tissue culture (AC, BC, and CON) presented, DMRs are analyzed for their distribution in different structural regions of the gene. The

analysis of DMR distributions were plotted as bar graphs with gene structural regions (promoters, exons, introns, 50 UTRs, and 30 UTRS) on the X-axis and the

number of DMRs on the Y-axis. AC, after callus; BC, before callus; CON, controls represent different stages of tissue culture.
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of pathways involved in amino acids, phosphate, and

lipid metabolism/synthesis were identified (Figure S8b;

Table S6c). Enrichment P-values were calculated using the

hypergeometric test and the FDR correction method was

applied using Benjamini and Hochberg test (Figure S8;

Tables S6 and S7). In the comparison between AC and

CON stages, genes involved in secondary metabolites,

plant–pathogen interactions, photosynthetic, and meta-

bolic pathways besides other important pathways were

strongly enriched (Table S7).

Correlation between DNA methylation status and Tnt1

insertion frequency

To understand the mechanism of Tnt1 insertion

frequency and its correlation to the methylation changes in

the genome during callus formation, we compared Tnt1

insertion frequency in the genes and physically mapped

those regions to the cytosine-methylated regions. Briefly,

the Tnt1 insertion frequencies were compared against the

cytosine methylation in DMRs between AC and CON

Figure 4. Differentially methylated promoter analysis during various tissue culture stages in Medicago truncatula R108 genome in the context of CG, CHH, and

CHG methylation.

In each of the panels, CG, CHH, and CHG context, promoter methylation is mapped and up to 2 Kb from transcription state site (TSS) is mapped. The distance

from the “TSS” is plotted on the X-axis and the methylation levels are plotted on the Y-axis. Higher amounts of DMP methylation levels were observed in the

CHH context. In the AC versus CON, AC is represented by red-barred graph and CON is represented by blue-colored graph. In BC versus CON, BC is represented

by red-barred graph and CON is represented by blue-colored graph. Each of the figures inset shows the color code used (Acallus: AC; Bcallus: BC, or Control:

CON). In AC versus BC, AC is represented by red-barred graph and BC is represented by blue-colored graph. AC, after callus; BC, before callus; CON, controls

represent different stages of tissue culture.

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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samples (Figure 5). We analyzed data from 7803 DMRs for

which the Tnt1 frequency insertion data exist. Correlation

analysis between the Tnt1 insertion frequency and DMRs

were analyzed and presented as a circular genomic visuali-

zation map (Figure 5). In the circular visualization map, all

the M. truncatula R108 genome chromosomes (1–8) are

mapped on the outermost circle and the GC percentage of

the chromosomes are plotted in the second circle from the

outer circle (Figure 5). Each of the GC percentage of

the chromosomes is plotted based on 500 Kb windows

(Figure 5, second circle from outside). The third circle was

plotted as a rainfall plot with hyper (blue) and hypo (red)

Figure 5. Circular genome visualization showing correlation between Differentially methylated regions (DMRs) and Tnt1 insertion frequency in Medicago trun-

catula R108 genome between control and somatic embryogenesis.

Circular visualization map generated by R circlize program. The outer circle represents the eight chromosomes and the physical positions. The second circle

shows the GC percent of the chromosomes shown as plots. The third circle shows the hypermethylated DMRs in blue and hypomethylated DMRs in red pre-

sented as rainfall plot. The fourth circle with dark blue bar diagrams represents the DMRs between CON and AC tissue culture stages and presented as density

plot. The fifth circle shows Tnt1 insertions as FST size at the corresponding positions as their insertion sites in the genome. AC, after callus; CON, controls repre-

sent different stages of tissue culture.

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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DMRs (Figure 5, third band). All the DMRs between AC and

CON are presented as dark blue histograms (Figure 5,

fourth circle from outside). The inner most circle shows

Tnt1 insertions as FST size at the corresponding physical

positions in the genome representing their insertion sites

(Figure 5, fifth circle from outside).

For each class of Tnt1 insertion frequency ranging from

one to 38 inserts per gene, DMRs were identified in AC stage

in comparison to the CON stage (Figure S9; Table S8a,b).

DMRs were further classified into hypermethylated regions

and hypomethylated regions and the correlation analysis

with Tnt1 frequency revealed that there is a direct correlation

of hypermethylated DMRs to the Tnt1 insertion frequency

(Figure S9a; Table S8a,b). Total DMRs that were identified in

the Tnt1 inserted regions corresponded to 89.8% (7803 DMRs

out of 8697 DMRs) compared to 10.3% (894 DMRs) in the

genes with no Tnt1 insertions (Table S8b). Among the 7803

DMRs that correlated directly to the Tnt1mapping frequency,

strong correlation exists for hypermethylation (51.5%; 4477

DMRs) compared to hypomethylated DMRs (38.2%; 3326

DMRs) (Table S8b; Figure 5). The genes with higher fre-

quency of Tnt1 inserts (37 Tnt1 insertions) and hypermethy-

lated DMRs were found to be Serine/Threonine kinase

encoding gene (Medtr3g102400), followed by a receptor-like

protein-encoding gene (Medtr3g027330) with 33 Tnt1 inser-

tions (Table S8a,b). In case of hypomethylated DMRs, genes

with highest frequency of Tnt1 insertions (55 insertions)

encoded a helicase protein (Medtr4g011450) and 1,3-beta--

glucan synthase component-like protein (Medtr2g090375; 54

Tnt1 insertions) (Table S8a). Enrichment of genes in the

DMR regions with Tnt1 insertions is calculated with hyper-

geometric tests with 95% confidence interval with odds

ratio greater than 1, with P value less than 0.05.

We further compared datasets between tissue culture

stages AC versus BC (Table S8c,d) and BC versus CON

(Table S8e,f) to verify the methylation patterns and their

correlations with Tnt1 insertions (Figure S9). In the com-

parison between BC and AC, we identified 3569 DMRs

among which, 90% DMRs correlated well with having at

least one Tnt1 insertion (Table S8c,d), compared to 72% of

DMRs (6836 DMRs) with at least one Tnt1 insertion

between BC and CON (Table S8e,f). DMRs with attributable

Tnt1 insertion in BC versus AC stages show a significant

hypomethylation (63.8%; 2276 DMRs) compared to 26.7%

or 953 hyper methylation DMRs (Figure S9b; Table S8d),

while BC versus CON shows a presence of more hyper

methylation DMRs (4132; 43.5%) compared to hypomethy-

lation (2706; 28.5) DMRs (Figure S9c; Table S8f). Similar

correlations were observed in the stages between AC and

CON tissues, and between AC and BC stages. Among the

hypomethylated DMRs between AC and BC stages,

DMRs with highest Tnt1 insertions include genes

encoding 1,3-beta-glucan synthase component-like protein

(Medtr2g090375, 54 Tnt1 insertions), and gene encoding

no exine formation protein, (Medtr7g006760, 36 Tnt1 inser-

tions; Table S8c). Hypermethylated DMRs with largest Tnt1

insertions include genes encoding translation elongation

factor (EF) protein (Medtr2g020660, 34 Tnt1 insertions) and

a receptor-like kinase (Medtr3g116450 with 28 Tnt1 inser-

tions; Table S8c). Enrichment of genes in the DMR regions

with Tnt1 insertions is calculated with hypergeometric

tests with 95% confidence interval with odds ratio greater

than 1, with P-value less than 0.05. Among the hyper-

methylated DMRs between BC and CON stages, DMRs with

highest Tnt1 insertions include genes encoding U5 small

nuclear ribonucleic helicase protein (Medtr4g011450, 66

Tnt1 insertions), and gene-encoding beta amyrin synthase,

(Medtr4g005270, 46 Tnt1 insertions; Table S8e). Hypo-

methylated DMRs with relatively larger number of Tnt1

insertions encodes a nucleotidyl transferase family protein

(Medtr4g027425), with 49 Tnt1 insertions (Table S8f).

Additionally, we performed the differential methyla-

tion site analysis at the Tnt1 insertion junctions. Since the

Tnt1 is flanked by LTRs, we have included the 50-bp inner

flanking region of the LTR regions from the insertion junc-

tions in our analyses (Figure S10). We have plotted the dif-

ferential methylated sites across the first 50-bp regions of

the Tnt1 junctions for each of the stages in the tissue cul-

ture AC versus CON, BC versus CON, and BC versus AC

(Figure S10). Analysis was further focused on different

types of methylation context; overall cytosine context, CG,

CHG, and CHH methylation patterns (Figure S10a–c). We

observed that CHH type of methylation is predominant at

the junctions that span the first 50 bp of Tnt1 insertions

at the insertion junctions (Figure S10a). Absolute methyla-

tion values in the R108 line were calculated as the average

methylation values and have correlated with the Tnt1

insertion sites. For plotting the data, we took the absolute

cytosine methylation values for the control R108 using

Tnt1 insertion sites (~10 bp) and have plotted the boxplots

(Figure S10d). Methylation patterns in M. truncatula R108

genome between various stages of tissue culture is plotted

on to the genome using bigwig files from the alignments

and are viewed through the integrated genome viewer

(IGV) (Figure S11). We present some examples of such

visualization (Figure S11). All bigwig files will be made

available upon request.

Differential gene expression and the corresponding

methylation pattern changes in response to callus stress

Differences in gene expression and corresponding MLs

were examined in three tissue culture stages CON, BC, and

AC of M. truncatula (Figure 6). We performed the RNAseq

experiment to understand the expression levels of genes

during CON, BC, and AC stages. We used the same leaf/-

callus tissue used for the methylation experiment and the

experiment was performed with three biological replicates

for each tissue sample type. The datasets from differential

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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gene expression (RNAseq data) and MLs were compared

to identify patterns of methylation and their correlation

with gene expression. All the methylation and gene

expression values were log transformed and correlation

studies are presented as heatmaps (Figure 6a). In a com-

parative analysis of DMRs and the corresponding gene

expression patterns within those DMRs, higher levels of

methylation in the DMRs correlated inversely to the corre-

sponding gene expression (Figure 6a). Quantification of

gene expression was performed by calculating the num-

bers of mapped reads and normalizing the results to FPKM

(expected number of Fragments Per Kilobase of transcript

sequence per millions of base pairs sequenced). Based on

the criteria preselected for differentially expressed genes

(DEGs) of P-value ≤0.05 a Log2 fold change of either ≥“2”
or ≤“2” and the presence of corresponding M. truncatula

gene annotations, a significant number of DEGs (3515)

exist between tissue culture stages AC versus CON

(Table S9a); 3106 DEGs between BC versus

CON (Table S9b) and comparatively lower number of 800

DEGs were identified between AC and BC stages

(Table S9c). Analysis of DEGs in AC stage against the CON

stage revealed that 172 protein kinase-related genes (e.g.,

LRR receptor-like kinase, Medtr8g023720: 20 fold change;

Osmosensor histidine kinase, Medtr8g075340: 14-fold

change); 123 transcription factors (e.g., WRKY family tran-

scription factor, Medtr1g013760: 11.8-fold change; myb

transcription factor, Medtr2g023100: 11.13 fold change), 10

embryogenesis related proteins (e.g., late embryogenesis

abundant hydroxyproline-rich glycoprotein, Medtr1g057420:

12.12-fold change; maternal effect embryo arrest protein,

putative, Medtr3g462220: 8.4-fold change), 39 histone and

methyltransferase protein-related genes [e.g., phosphoetha-

nolamine N-methyltransferase, Medtr6g069600: 16.65-fold

change; DNA (cytosine-5)-methyltransferase, putative,

Medtr2g046020: 8.98-fold change] and genes involved in the

active methylation pathway (Table S9). DEGs that were

expressed in AC stage in comparison to BC and CON tissue

culture stages were analyzed and the top 50 DEGs expressed

as FPKM counts were used to generate a heatmap

(Figure 6b). Using a P-value <0.05 and log2-fold change >2 in

one sampling point as the higher criteria, we have plotted

each of the DEGs as volcano plots at each pairwise compari-

son AC versus CON, BC versus CON, and AC versus BC

Figure 6. Differential gene expression between different tissue culture stages and correlation with gene methylation.

(a) RNAseq studies reveal the expression of genes that are differentially expressed between samples (AC, BC, and CON) in Medicago truncatula genome. Genes

that are differentially expressed are presented as heat maps with log transformed values on Y-axis. The corresponding methylation ratios and methylation

expression heatmaps for the similar genes were presented next to the gene expression profiles.

(b) The top 50 differentially expressed genes are presented. Samples are represented on X-axis and gene IDs along with the gene description are presented on

Y-axis. AC, after callus; BC, before callus; CON, controls represent different stages of tissue culture.
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(Figure S12). DEGs are color coded in the volcano plots to

represent the genes that are differentially expressed up to 2-

fold change (blue), 2- to 3-fold change (red) and greater than

3-fold change (green) (Figure S12). Correlation between the

gene expression data and the methylation expression was

calculated using Pearson correlation and since we used the

entire gene sets, a weak negative correlation was observed

in AC versus CON stages (with R value of �0.08 and P-value

of 2e-05) and in BC versus CON stages (with R value of

�0.072 and P-value of 8.9e-08) of tissue culture (Figure S13).

All the other DEGs expressed in all the libraries are pre-

sented as Supporting Information (Table S9d).

Methylation changes during SE

Tnt1 transposition occurs at the very early stage of regener-

ation phase in M. truncatula or during early SE (d’Erfurth

et al., 2003). In order to test the epigenetic changes through

the callus formation and SE stage, we extended the experi-

ment to study methylation changes during SE (Figure S1;

Figure 7; Table S10). The explants from SHMab medium,

which were represented by bright yellowish callus, were

transferred to SHMb medium for SE. To test the effect of

methylation specifically at SE, we used azacytidine (5-

azacytidine [5-azaC], a cytidine analog that can effectively

suppress methylation) as a negative control for methyla-

tion. Callus transfers to SHM medium were done either in

the presence or absence of 50 lM 5-azaC for embryo devel-

opment. 5-azaC was used as an inhibitor of DNA methyl

transferases (Santos, 2002). Genomic DNA was extracted

from the embryogenic calli after 2 weeks and WGBS was

performed in a similar manner as described above

(Figure S1). The resulting bisulfite-converted reads were

mapped on to the R108 M. truncatula genome (Kaur

et al., 2021) and the cytosine methylation was assessed in

the context of CG, CHH, and CHG methylation (Table S10).

Absolute methylation values were obtained for all the cyto-

sines in the treated and untreated samples and the methyla-

tion values were normalized based on the 5-azaC removal

of methylation (Table S10). Normalized methylation values

were used to calculate the percent methylation and are then

classified into hypomethylation or hypermethylation based

on their comparisons to the untreated calli. The samples

were considered hypermethylated if the percent of methyla-

tion falls between 70 and 100% in comparison to hypo-

methylated samples (1–20%). This was done for all of the

CG, CHH, and CHG forms of cytosine methylation

(Table S10). Based on our analysis of the bisulfite reads and

the cytosine methylation patterns during the SE stage, we

estimated that CG methylation contributes to majority of

methylation during SE stage (Figure 7; Figures S14

and S15) as seen in the earlier and later stages of callus for-

mation (Figure 1). Hence, we compared the CG methylation

and observed that at least 1008 genes were significantly

methylated over 70% compared to the SE samples treated

with 5-azaC (Table S10a,b; Figure 7a; Figure S15). Among

the 1008 genes that were strongly methylated during SE for

CG methylation, some of them include genes encoding

transcription factors, transporter proteins, and kinases

(Table S10b). Similar patterns were observed with the CG

methylation in the promoter regions and strong methyla-

tion was observed in the promoter regions of genes encod-

ing receptor-like kinases (Medtr3g028650, Medtr2g036480)

and NBS-LRR protein (Medtr2g038900) (Table S10a,b). Cor-

relation analysis of the SE methylation with Tnt1 insertion

frequency was done as described in the “Materials and

Methods” section. Strong hypomethylation of genes (10–
20% SE methylated genes) in CG context was observed

with lower rates of Tnt1 insertions and stronger hyper-

methylation of genes (70–100% methylated genes) for CG

methylation was observed with the higher numbers of Tnt1

insertions per gene (Figure 7a; Table S10b,c). This pattern

is similar to the previously observed pattern of Tnt1 inser-

tion correlation in AC and BC tissue culture stages.

In the CHG methylation context, which is approximately

20% of the total cytosine methylation (Figure S14), strong

methylation was observed for 1364 genes (Table S10e) cod-

ing for proteins involved in transport (Medtr1g059080,

Medtr3g093270, MFS transporters; Medtr1g029380,

bidirectional sugar transporter), ubiquitination pathways

(Medtr7g094280, SCF Ubiquitin ligase SKP1 component;

Medtr7g094290, E3 Ubiquitin ligase, Medtr3g114990, Ubiqui-

tin ligase), kinases (Medtr2g022810, Serine/Threonine recep-

tor kinase; Medtr2g055690, LRR receptor kinase), methyl

transferases (Medtr3g095830; Medtr4g013290), and other

important plant metabolic pathway proteins (Table S10d,e;

Figure 7b). Similarly, promoters of genes involved in receptor

kinases (Medtr1g027840, stress-induced receptor-like kinase;

Medtr1g018910, Serine/Threonine receptor kinase), transfer-

ases (Medtr7g445710, histone-lysine N-methyltransferase;

Medtr5g072825, Medtr6g014240, UDP-glycosyltransferases),

late embryogenesis proteins (Medtr7g118270,Medtr2g100060,

late embryogenesis abundant protein; Medtr2g081080,

Medtr1g075530, embryosac development arrest protein),

and other significant protein classes in the embryogenesis

were highly methylated relative to 5-azaC controls

(Table S10e). Correlation analysis of the SE methylation with

Tnt1 insertion in CHG context displayed a contrasting pattern

to the correlations observed in CG methylation to Tnt1 inser-

tions during SE (compare Figure 7a and 7b; Table S10d,f).

Strong hypermethylation of genes (70–100% SEmethylation)

was observed with lower rates of Tnt1 insertions in CHG con-

text and stronger hypomethylation of genes (1–20%methyla-

tion) was observed in CHG context with the higher numbers

of Tnt1 insertions per gene (Figure 7b; Table S9d–f). In the

context of CHH methylation, strong methylation was

observed for genes involved in stress responses

(Medtr1g028100, Medtr2g084315) among 2650 genes that

were differentially methylated (Table S10g,h; Figure 7c).
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Correlation analysis of the SE methylation with Tnt1 inser-

tions in CHH context displayed a pattern similar to the CG

methylation during SE (Figure 7c; Table S10h,i).

DISCUSSION

We performed a comprehensive genome-wide investiga-

tion of the methylation profiling during early embryogen-

esis/callus generation stage in M. truncatula. Methylation

profiling during the callus generative process of M. trunca-

tula revealed a genome-wide increase in DNA methylation

in the DMPs, which was most apparent for CHH methyla-

tion. We checked to see the correspondence of the CHH

methylation and the symmetric methylation (CG and CHG)

with the Tnt1 retrotransposition and hypothesized that an

active RdDM regulation process might be in play during

this process. We explored the methylation patterns and the

corresponding gene expression in the DMR regions and

the frequency of the Tnt1 insertions for those regions.

Based on our methylation profiling in the genes, we

found that assumed promoter regions (~2-Kb upstream

regions of TSS) displayed significantly higher levels of

methylation than exons and introns, suggesting that the

cytosine methylation may be correlated with gene expres-

sion. This is in accordance with the previously published

work that showed methylation most frequently occurs in

the so-called CpG islands in the 50 regulatory gene regions

(promoters) (Eprintsev et al., 2017, 2020; Lu et al., 2017).

Gene promoter methylation in AC and BC tissue culture

stages could be due to the de novo methylation to regulate

gene expression in response to the abiotic stress during

SE. This correlation was observed between the methylated

regions and the suppression of gene expression in the

highly methylated regions (Figures 6 and 7). In the DMP

analysis, we report the active site cytosine hypermethyla-

tion in the CHH context compared to CG and CHG methyla-

tion which is associated with CMT2/DDM1 and RdDM

components of methylation. This is associated with the

enrichment of 24-nt small RNA species and gene expres-

sion along with the transgene silencing (Stroud

et al., 2014). This kind of hypermethylation of cytosine

methylation was also observed in other abiotic stress

responses such as salinity stress in M. truncatula (Yaish

et al., 2018). Strong hypermethylation of genes (70–100%
methylated genes) for CG and CHH SE methylation was

observed with the higher numbers of Tnt1 insertions per

gene (Figure 7), while the pattern displayed an opposite

trend in CHG context during SE (Figure 7). This continuous

reconfiguring of methylation patterns could occur during

SE enabling the silencing of transposable elements as

observed in rice shoot apical meristem (Higo et al., 2020).

Based on the data we observed, there has been an

increase in methylated cytosines in the context of CG,

Figure 7. Correlation of Tnt1 insertions with gene methylation during somatic embryogenesis (SE).

(a) CG methylation in SE showing the correlation of hypermethylated and hypomethylated genes with Tnt1 insertion frequency.

(b) CHG CG methylation in SE showing the correlation of hyper and hypomethylated genes with Tnt1 insertion frequency.

(c) CHH CG methylation in SE showing the correlation of hyper and hypomethylated genes with Tnt1 insertion frequency. Hypo methylated genes are repre-

sented by blue-colored graph and hypermethylated genes are plotted using red-colored graph. The numbers of genes are plotted on Y-axis and Tnt1 insertion

frequency on X-axis. All the values are log transformed and the legends represent the range of their expression.
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CHG, and CHH methylation from tissue culture progression

CON stage to AC stage suggesting the increasing role of

MET1, CMT3, and CMT2 and a synergistic role of RdDM

pathway. In the RNAseq experiments, top 50 DEGs from

CON to AC stages suggest that the early embryogenesis is

triggering the expression of genes encoding several tran-

scription factors (WUSCHEL, MYB), kinases (SE receptor

kinases, MAP kinases, S/T kinases), ethylene responsive

genes, oxidases, carboxylases and transporters, and genes

related to small RNA regulation and methylation pathways

(Figure 6). The corresponding MLs for all these genes

seemed to be at a very low level, perhaps hypomethylated

in some cases (Table S10). This is expected since early

embryogenesis events are auxin-dependent and require

the expression of several transcription factors (Grzyb-

kowska et al., 2020; Tian et al., 2020). Several transcription

factors were shown to be expressed and forms the key to

embryo development in Arabidopsis (Le et al., 2010;

Meinke, 2020). Several studies involving transcription fac-

tors: for example, AGAMOUS LIKE (AGL), SOMATIC

EMBRYOGENESIS RECEPTOR-LIKE KINASE1 (SERK1), and

WUSCHEL (WUS ) in different species during embryogene-

sis were summarized (Mendez-Hernandez et al., 2019).

Studies involving SE report correlation with auxin signal-

ing and hypermethylation at non-CG methylation (CHH;

Kawakatsu et al., 2016). Embryo maturation stage was also

reported to show gradual increase in the global levels of

methylation (Gehring et al., 2009; Grzybkowska et al., 2020;

Hsieh et al., 2009; Santos, 2002). Similar studies in induc-

tion stage and globular stage SE in soybean reported a

genome-wide increase in methylation (Ji et al., 2019).

Plant retrotransposons including Tnt1 are known to be

activated during severe stress conditions such as SE

(d’Erfurth et al., 2003; Grandbastien, 1998; Melayah

et al., 2001). Both biotic and abiotic stress conditions

induce the expression of retrotransposons (Melayah

et al., 2001). In addition, plant stresses such as wounding,

fungal elicitors, viral inoculation, hormone treatment, etc.

have been shown to induce the expression of retrotranspo-

sons (Grandbastien, 2015). The SE protocol in the case of

M. truncatula uses leaf tissue as an explant. Sterile leaf

segments are subject to hormone treatment and other che-

micals that can generate stress (Lee et al., 2018). In M.

truncatula, it has been shown that plant regeneration by

SE, but not by organogenesis, will induce the transposition

of Tnt1 (Tadege et al., 2005). Interestingly, in M. truncatula

the osmotic treatment of explants (leaves) was able to

improve transposition frequency (Iantcheva et al., 2009).

However, the expression of retrotransposons does not

always correlate with transposition. It has been reported

that the expression of retrotransposons can be located in

specific tissues and that this expression can be mediated

by element-specific regulatory sequences where host tran-

scriptional factors play a role (Grandbastien, 1998). On the

other hand, LTR retrotransposons are frequently concen-

trated in hypermethylated regions as the intergenic hetero-

chromatic clusters and there is evidence of epigenetic

mechanisms of targeting transposable elements (Rigal &

Mathieu, 2011). Thus, when the retrotransposons Tto1 (Hir-

ochika et al., 2000) or Tnt1 (Lucas et al., 1995) were intro-

duced in Arabidopsis, they were active but methylated and

silenced as their copy number increased. With this com-

plexity, transposition, integration and/or the degradation

and silencing of transposable elements can be associated

with either biotic or abiotic factors that affect the outcome

of the events in plant species. Most asymmetric methyla-

tion (CHH) is facilitated by “Decreased DNA Methylation”

(DDM1) and mediated by the CHROMOMETHYLASE 2

(CMT2) separately from RdDM (Zemach et al., 2013). Het-

erochromatic sequences preferentially require DDM1 for

DNA methylation and that this preference depends on

linker histone H1 (Zemach et al., 2013). Together, DDM1

and RdDM mediate nearly all transposon methylation and

collaborate to repress transposition and regulate the meth-

ylation and expression of genes (Sasaki et al., 2019;

Zemach et al., 2013). RdDM on the other hand often seems

to target intergenic regions and plant genes located in the

euchromatin regions, which suggest Pol IV and RdDM will

act at the borders between open chromatin and regions

with elevated CG/CHG methylation (Li et al., 2015; Zemach

et al., 2013). It is possible that there might be synergistic

effects taking place with both the independent pathways in

action.

In our study, we observed the correlation between the

Tnt1 insertion sites and the presence of DMRs at AC and

BC stages in comparison to control. DMRs identified

between the tissue culture stages AC versus CON, BC ver-

sus CON, and BC versus AC, were used for correlation

studies with the Tnt1 insertion study and that included

both the hypermethylated and hypomethylated DMRs

(Table S1; Figure 5). A recent study in rice suggests the

inverse relation of loss of CG methylation to a burst of

transposable elements in the cell cultures (Hu et al., 2020).

We predict that the transposition of Tnt1 probably happens

during the stages between callus initiation to SE, given the

higher rate of CHH methylation and lower rates of CHG

and CG methylation in AC stage of tissue culture (Figure 5).

Sun et al. (2019) reported the correlation between Tnt1

insertions in M. truncatula R108 ecotype and methylation

frequency in the leaves of A17 ecotype, and concluded that

it was not certain that gene methylation actually affects

Tnt1 insertion. Probably the increase in methylation is to

reduce the ongoing transposition activity of transposable

elements. We found an indirect correlation with the DMR

regions spanning genes and the log transformed gene

expression values of the corresponding genes, showing

that active methylation is used as a regulation mechanism

to promote or suppress gene expression (Figure 6). Recent
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study confirms the Bestor hypothesis that “an important

function of DNA cytosine methylation was to silence the

expression of transposable elements” (Zhou et al., 2020).

This study was aimed at understanding why the methyla-

tion would allow for the coexistence of transposable ele-

ments and the host in a type of host–parasitic relationship,

given the potentially harmful effects of the ectopic expres-

sion of such elements (Zhou et al., 2020). They conclude

that though we still do not know the evolutionary signifi-

cance of genome expansion, CG methylation causes

increased rate of conversion from C-to-T transition muta-

tions, that generates a strong decrease in the observed/ex-

pected (O/E) ratio of CGs in the DNA of organisms (Zhou

et al., 2020). In a recent study on soybean SE in continuous

cultures for over 13 years, resulted in the identification of

rare failures to maintain DNA methylation and that the

demethylated regions accumulate over time (Ji et al.,

2019). The probable explanation that maintenance of DNA

methylation pathways cannot keep up with the continuous

and rapid rate of cell division without reinforcement of epi-

genome could also explain why there might be a need for

an increased methylation during embryogenesis.

In this study we observed the increased methylation

in all contexts of cytosine methylation after the initiation of

callus and post callus formation and this increased methyl-

ation correlated with the Tnt1 insertion frequency particu-

larly in the hypermethylated DMRs. Hypermethylated

regions (DMRs) have indirect correlation to the corre-

sponding gene expression in the AC and BC samples com-

pared to the CON samples.

MATERIALS AND METHODS

Plant materials and growth condition

Medicago truncatula ecotype R108 was used for all the experi-
ments described in this study. Seed materials were prepped as
per the methods described before (Lee et al., 2018). Briefly, scari-
fied M. truncatula seeds were germinated overnight on moist Petri
dishes and placed at 4°C for 1 week. Plants were grown at 25°C
day/23°C night temperature, 16 h day/8 h night photoperiod, 60–
70% relative humidity. Germinated seedlings were transplanted
into soil trays. After 4 weeks of growth, the leaf explants were col-
lected from wild type R108 M. truncatula plants. Explants were
surface sterilized with 70% ethanol and 30% clorox. The sterilized
explants (10–15) were placed on modified SH (Schenk & Hildeb-
randt, 1972) medium SHMab medium and incubated in a growth
chamber at 24°C. Following a week’s growth on the SHMab
medium, explants began to lose chlorophyll and showed signs of
callus induction. The explants at this stage that show a sign of cal-
lus formation was designated as BC stage. The explants were then
transferred to a new SHMab medium every 2 weeks and checked
for callus induction. After the third transfer, well grown callus
turns into yellowish color and was designated as AC stage.
Callus tissue from the AC stage was transferred to SHMb medium
and incubated under light in a growth chamber at 24°C for
embryogenesis. Callus is maintained on SHMb medium for
2 weeks. At the end of 2 weeks, callus starts to turn green,

suggesting embryogenesis is occurring and was designated as SE
stage. Samples were collected from at least three replications.

DNA isolation and library preparation

Leaf and callus tissue were flash frozen and finely ground to pow-
der using a mortar and pestle. DNA extractions were performed
on all samples using Qiagen DNeasy Plant Mini Kit (Qiagen, Ger-
mantown, MD, USA). Genomic DNA was fragmented by sonica-
tion to 200–300 bp with a Covaris S220 sonicator, followed by end
repair and adenylation. Lambda DNA was used as an unmethy-
lated control for calculating the bisulfite conversion rate. Then, the
DNA fragments were treated twice with bisulfite using the EZ DNA
Methylation-GoldTM Kit (Zymo Research, Irvine, CA, USA). BS-seq
library constructions and sequencing utilized three biological rep-
licates per sample. Libraries were sequenced on the Illumina
Hiseq 2500 platform (Novogene, Beijing, China) using paired end
sequencing.

High-throughput sequencing

Illumina sequencing was performed on an Illumina HiSeq 2500
instrument at Novogene. For MethylC-seq, raw reads were
trimmed for adapters and preprocessed to remove low-quality
reads using cutadapt 1.9 dev1 (Martin, 2011). All the raw data
were deposited at NCBI under the bioproject “PRJNA757187” with
biosample accessions SAMN20947071.

Reads mapping to reference genome

Bismark software (version 0.12.5) (Krueger & Andrews, 2011) was
used to perform alignments of bisulfite-treated reads to a refer-
ence genome, M. truncatula R108 v1.0, with the default parame-
ters. Briefly, low-quality reads were removed from raw data by
Trimmomatic (Bolger et al., 2014). The reference genome was first
transformed into bisulfite-converted version (C-to-T and G-to-A
converted) and then indexed using bowtie2 (Langmead & Salz-
berg, 2012). Sequence reads were also transformed into fully
bisulfite-converted versions (C-to-T and G-to-A converted) before
they were aligned to similarly converted versions of the genome
in a directional manner. Sequence reads that produce a unique
best alignment from the two alignment processes (original top
and bottom strand) were then compared to the normal genomic
sequence and the methylation state of all cytosine positions in the
read was inferred. The same reads that aligned to the same
regions of genome were regarded as duplicated ones. The
sequencing depth and coverage were summarized using dedupli-
cated reads. The results of methylation extractor were trans-
formed into bigWig format for visualization using Integrated
Genome Viewer (IGV) browser. The sodium bisulfite non-
conversion rate was calculated as the percentage of cytosines
sequenced at cytosine reference positions in the lambda genome.

DMR and DMP analysis

Differentially methylated regions were identified by the “bsseq”
package (http://www.bioconductor.org/packages/release/bioc/html/
bsseq.html) with read coverage ≥5, the difference of methylation
level (ML) ≥0.1 or fold change ≥2, and with corrected P-value
<0.01, using a sliding-window approach. Bsseq is based on
BSmooth algorithm (Hansen et al., 2012) that uses a sliding-
window method in a specified region with a false discovery rate
(FDR) <0.5. Differentially methylated sites were merged, and fil-
tered to get the final DMR using cutoff: (a) at least 0.1 difference
in ML; (b) at least three cytosine sites in the DMR region; and (c)
the two adjacent cytosine sites cannot go beyond 300 bp. The
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window was set to 1000 bp and the step length was 100 bp. The
Fisher test was implemented to detect the DMRs. Genes overlap-
ping with significant DMRs for at least 1 bp in the functional
region were defined as DMR-associated genes (DMGs). The DMRs
were identified by comparison of the MLs of 1-Kb windows/re-
gions throughout the genome between any two genotypes. For
the identification of DMGs, either the ML of the gene body or 2-Kb
upstream flanks (promoter) of the gene has a difference (calcu-
lated the same as DMCs). DMP is identified by testing for each
cytosine in each context (CG, CHG, and CHH) of the promoter
region using Fisher’s exact test and then FDR is employed to cor-
rect the P-value. DMP was filtered to only include promoters of
which FDR value was less than 0.05 and the absolute difference of
the MLs between different samples should be greater than 0.2.

Correlation analysis

To test the reliability of the experiment and the rationality of the
sample selection, correlation between the MLs of the sample repli-
cates was conducted in R. The closer the correlation coefficient is
to 1, the higher the similarity of methylation patterns between the
samples.

5-Azacytidine treatment

Callus transfers to SHM medium were done either in the presence
or absence of 50 lM 5-Azacytidine (5-azaC) for embryo develop-
ment. Cytidine analogue, 5-azaC, is used as an inhibitor of DNA
methyl transferases (Santos, 2002). Callus samples were collected
in at least three replications. Differential methylation data pro-
cessed was analyzed using Bismark software and the sample
treatments that were more than 70% methylated than the
5-azaC-treated samples were chosen for further analysis. Among
the samples chosen with greater than 70% methylated than 5-azaC
samples were further assessed to analyze the genes that had
greater than methylated cytosines between 5-azaC and non 5-azaC
samples.

Correlation of methylation to the Tnt1 insertion analysis

in SE

The data were averaged for all three biological samples either
among the azacytidine or non-azacytidine treatments. The azacyti-
dine values either in the promoter regions or genic regions were
subtracted from the non-azacytidine values to arrive at the MLs
and for calculation of methylation percentages for each of the
transcript/gene in M. truncatula. Corresponding M. truncatula
gene transcript names were mapped and the Tnt1 insertions were
plotted against the transcripts. The Tnt1 insertion frequencies in
M. truncatula were plotted against the number of genes that were
either hyper or hypomethylated. For hypermethylation, the num-
ber of genes that fall in the category of 70–100% methylation
range were summed up to get the number of genes that were
hypermethylated for the specific Tnt1 frequency. In case of hypo-
methylation, the number of genes that fall in the category of 1–
20% methylation range were summed up to get the number of
genes that were hypomethylated for the specific Tnt1 frequency.

Gene ontologies and KEGG pathway analysis

Gene ontology (GO) enrichment (Ashburner et al., 2000) analysis
of genes related to DMRs was implemented by the GO-seq R pack-
age (Young et al., 2010), in which gene length bias was corrected.
GO terms with corrected P-value less than 0.05 were considered
significantly enriched by DMR-related genes. All the DMGs were
annotated by BGI Web Gene Ontology Annotation Plotting

(http://wego.genomics.org.cn/). KEGG (Kanehisa et al., 2016;
Masoudi-Nejad et al., 2007; Okuda et al., 2008; Tanabe & Kane-
hisa, 2012) is a database resource for understanding high-level
functions and utilities of the biological system, such as the cell,
the organism, and the ecosystem, from molecular-level informa-
tion, especially large-scale molecular datasets generated by
genome sequencing and other high throughput experimental
technologies. KOBAS software (Mao et al., 2005) was used to test
the statistical enrichment of DMR-related genes in KEGG
pathways.

Expression analysis

For M. truncatula embryogenic callus gene expression profiles,
total RNA was isolated from the same samples used for methy-
lome analysis and RNA-Seq data was generated from total RNA.
Clean tags filtered by Trimmomatic (version 0.32) were aligned to
M. truncatula R108 genome (v1.0) by Tophat (version 2.0.13). The
suite of Cufflink software (version 2.2.1) was used for splicing
transcripts and analyzing expression scores (FPKM, reads per kilo-
base of exon model per million mapped reads) of each gene.
Genes with at least 2 log-fold expression change and significant
statistical difference (FDR cutoff 0.05) were identified as DEGs
using DEseq2 in R (Love et al., 2014). All the heatmaps and vol-
cano plots to visualize DEGs were generated in R (R Core Team,
2020).

FST sequence analysis

To accurately identify Tnt1 insertion sites in the M. truncatula
genome, all FST sequences with length shorter than 50 bp or
without the Tnt1 signature sequence (“CCCAACA”, “CATCATCA,”
or “TGATGATGTCC”) or the Tnt1 signature sequence not within
28 bp from the beginning or at the end of FST sequences were
discarded. The preprocessed reliable FST sequences were aligned
to the M. truncatula R108 v1.0 reference genome (Kaur
et al., 2021) using BLASTN with an e-value threshold ≤1.00E-5.
The FST sequences with the best hit from BLAST analyses were
further processed to filter incorrect alignments if the similarity
score was less than 90% (Altschul et al., 1997; Johnson
et al., 2008). DMR regions that are presented in the Supporting
Information were plotted in the visualization.

Visualization and statistics of Tnt1 insertion frequency

GC content was calculated as following: GC content =
(G + C)/(A + T + G + C) 9 100%. Circos was used to visualize the
GC content and Tnt1 insertion frequencies (Krzywinski et al., 2009;
Zhang et al., 2013).
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Figure S1. Schematic to generate the embryogenic calli from the
leaf explants. Schema to regenerate calli from leaf explants is
shown and the embryogenic calli samples grown from the leaf
explants are shown in the upper panel. Embryogenic calli samples
are shown as a representative picture in the inset.

Figure S2. (a) Correlation analysis between the methylation levels
of the sample replicates. In different stages of tissue culture (AC,
BC, and CON), presented, correlation between the sample repli-
cates is calculated. Each of the scatter plots in the top panel repre-
sent the correlation analysis performed between any two
replicates in the same stage (AC1 versus AC2, 0.975; BC1 versus
BC2, 0.974; CON1 versus CON2, 0.972). (b) In different stages of
tissue culture (AC, BC, and CON), presented, correlation between
the sample replicates is calculated. Correlation ratios of all the
sample replicates within the tissue stages is shown as a Pearson
correlation table. AC, after callus; BC, before callus; CON, controls
represent different stages of tissue culture.

Figure S3. DMRs in the sequence context between tissue culture
stages. DMRs are separated into sequence context (CG, CHG, and
CHH) methylation between different stages of tissue culture (AC,
BC, and CON). DMR numbers are represented on Y-axis and the
stages and types of methylation are represented on X-axis. AC,
after callus; BC, before callus; CON, controls represent different
stages of tissue culture. Hypermethylation is represented by green
colored bars and hypomethylation is represented by red
colored bars.

Figure S4. DMP cluster analysis during various tissue culture
stages in M. truncatula R108 genome in the context of CG, CHH,
and CHG methylation. In each of the panels, cluster analysis is
presented as a heatmap in CG, CHH, and CHG context. The bar
chart in the inset showing 0–1 (blue to red progression) shows the
methylation changes with blue being lowest and red being
highest.

Figure S5. GO enrichment of DMR-related genes during various
tissue culture stages in M. truncatula R108 genome. In different
stages of tissue culture (AC and CON), presented, DMRs are

analyzed for GO-related gene enrichment, and the genes repre-
senting various biological and metabolical processes are plotted
on X-axis with numbers of the genes along with their percentages
on the Y-axis. AC, after callus; CON, controls represent different
stages of tissue culture. Significantly enriched GO terms are calcu-
lated based on P-values in hypergeometric tests with P-values less
than 0.05.

Figure S6. GO enrichment of DMP-related genes during various
tissue culture stages in M. truncatula R108 genome. (a) In different
stages of tissue culture (AC and CON) presented, DMPs are ana-
lyzed for GO-related gene enrichment, and the genes representing
various biological, cellular, and molecular function processes are
plotted on Y-axis with numbers of the genes on the X-axis. (b) In
different stages of tissue culture (AC and CON) presented, DMPs
that are in hypermethylated regions are analyzed for GO-related
gene enrichment, and the genes representing various biological,
cellular, and molecular function processes are plotted on Y-axis
with numbers of the genes on the X-axis. AC, after callus; BC,
before callus; CON, controls represent different stages of
tissue culture. Enrichment P-values were calculated using the
hypergeometric test.

Figure S7. GO enrichment of DMR-related genes during various
tissue culture stages in M. truncatula R108 genome. (a) In different
stages of tissue culture (AC and CON) presented, DMRs are ana-
lyzed for GO-related gene enrichment, and the genes representing
various biological, cellular, and molecular function processes are
plotted on Y-axis and number of genes on the X-axis. (b) In differ-
ent stages of tissue culture (AC and CON) presented, DMRs that
are in hypermethylated regions are analyzed for GO-related gene
enrichment, and the genes representing various biological, and
molecular function processes are plotted on Y-axis and the num-
ber of genes on the X-axis. AC, after callus; BC, before callus;
CON, controls represent different stages of tissue culture. The
term with an asterisk is significantly enriched.

Figure S8. KEGG enrichment of DMR-related genes during various
stages of tissue culture in M. truncatula R108 genome. (a) In differ-
ent stages of tissue culture (AC and CON) presented, DMRs are
analyzed for KEGG-related gene enrichment, and the genes repre-
senting various biological, cellular, and molecular function pro-
cesses are plotted on Y-axis with richness factor of the genes on
the X-axis. (b) In different stages of tissue culture (AC and BC) pre-
sented, DMRs are analyzed for KEGG-related gene enrichment,
and the genes representing various biological, cellular and molec-
ular function processes are plotted on Y-axis with richness factor
of the genes on the X-axis. AC, after callus; BC, before callus;
CON, controls represent different stages of tissue culture. Enrich-
ment P-values were calculated using the hypergeometric test and
the FDR correction method applied was Benjamini and Hochberg.

Figure S9. Correlation between DMRs and Tnt1 insertion fre-
quency in M. truncatula R108 genome between various stages of
tissue culture. In each of the panels, DMRs are mapped to the cor-
responding regions where Tnt1 FSTs are present. (a) AC versus
CON. (b) BC versus AC. (c) BC versus CON. Tnt1 insertion fre-
quency is plotted on the X-axis and DMRs are plotted on the Y-
axis. AC, after callus; BC, before callus; CON, controls represent
different stages of tissue culture. P-value is based on hypergeo-
metric tests with 95% confidence interval with odds ratio greater
than 1 for total number of DMRs with genes of interest and Tnt1
insertions.

Figure S10. Differential methylation at Tnt1 insertion sites in M.
truncatula R108 genome between various stages of tissue culture.
In each of the panels, differential methylation sites are mapped to
the corresponding Tnt1 insertion sites and 50-bp flanking regions.

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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(a) AC versus CON. (b) BC versus AC. (c) BC versus CON. (d) Abso-
lute methylation values in R108 corresponding to the Tnt1 sites
are shown as a boxplot. Differential methylated sites per stages in
terms of sequencing context CG, CHG, and CHH is plotted on the
X-axis and Tnt1 insertion site numbers are plotted on the Y-axis.
AC, after callus; BC, before callus; CON, controls represent differ-
ent stages of tissue culture; Cyt, cytosine.

Figure S11. Methylation patterns in M. truncatula R108 genome
between various stages of tissue culture. In each of the panels,
methylation sites are mapped to the corresponding genomic posi-
tions. We have randomly chosen a gene to depict the differing
methylation at different stages of tissue culture. AC, after callus;
BC, before callus; CON, controls represent different stages of tis-
sue culture; Cyt, cytosine.

Figure S12. Differential gene expression presented as volcano
plots. Genes that are differentially expressed are presented as vol-
cano plots with log-transformed values on Y-axis. All the values
are log transformed and the legends represent the range of their
expression. AC, after callus; BC, before callus; CON, controls rep-
resent different stages of tissue culture.

Figure S13. Correlation plots between gene expression and meth-
ylation. Genes that are differentially expressed are presented on
X-axis and log-transformed methylation values are plotted on Y-
axis. (a) Correlation plots for overall methylation versus gene
expression between AC and CON stages. (b) Correlation plots for
gene expression ranging from �10- to �25-fold against the meth-
ylation changes. (c) Correlation plots for gene expression ranging
from 10- to 25-fold against the methylation changes. (d) Correla-
tion plots for gene expression ranging from 2- to �2-fold against
the methylation changes. AC, after callus; CON, controls represent
different stages of tissue culture. Correlation plots calculated
using R-statistics.

Figure S14. Cytosine methylation in the context of CG, CHH, and
CHG methylation from the somatic embryogenesis samples. Cyto-
sine methylation in the terms of three different contexts CG, CHH,
and CHG are plotted on X-axis, while the % of methylation is plot-
ted on the Y-axis.

Figure S15. Number of genes expressed as percent of methylation
in all contexts of cytosine methylation in M. truncatula R108
genome during somatic embryogenesis (SE). In each of the
panels, percent methylation is presented on X-axis and the num-
ber of genes with corresponding methylation on Y-axis. (a) CG
methylation at SE. (b) CHG methylation at SE. (c) CHH methylation
at SE. The values on Y-axis are transformed logarithmically to
base 10.

Table S1. A list of all DMRs identified between tissue culture
stages in M. truncatula. (a) DMR regions between tissue culture
stages in M. truncatula R108 genome—AC versus CON. (b) DMR
regions between tissue culture stages in M. truncatula R108
genome—BCs versus AC. (c) DMR regions between tissue culture
stages in M. truncatula R108 genome—BC versus CON. AC, after
callus; BC, before callus; CON, controls represent different stages
of tissue culture.

Table S2. A list of all DMRs mapped to M. truncatula R108 HiC
genome. (a) DMR regions mapped to R108 HiC assembly between
AC versus CON. (b) DMR regions mapped to R108 HiC assembly
between AC versus BC. (c) DMR regions mapped to R108 HiC
assembly between BC versus CON. AC, after callus; BC, before cal-
lus; CON, controls represent different stages of tissue culture.

Table S3. A list of all DMPs mapped to M. truncatula R108
genome. (a) DMPs between stages AC versus CON in M. trunca-
tula R108 genome. (b) DMPs between stages AC versus. BC in M.
truncatula R108 genome. (c) DMPs between stages BC versus

CON in M. truncatula R108 genome. AC, after callus; BC, before
callus; CON, controls represent different stages of tissue culture.

Table S4. Enriched GO classification of gene counts in DMRs
between tissue culture stages in M. truncatula. (a) Enriched GO
classification gene count in DMRs between M. truncatula AC ver-
sus CON. (b) Enriched GO classification gene count in DMRs
between M. truncatula BC versus CON. (c) Enriched GO classifica-
tion gene count in DMRs between M. truncatula BCs versus AC.
AC, after callus; BC, before callus; CON, controls represent differ-
ent stages of tissue culture.

Table S5. Enriched GO classification of gene counts in between
tissue culture stages in M. truncatula. (a) Enriched GO classifica-
tion gene count in DMPs between M. truncatula AC versus CON.
(b) Enriched GO classification gene count in DMPs between M.
truncatula BC versus CON. (c) Enriched GO classification gene
count in DMPs between M. truncatula BCs versus AC. AC, after
callus; BC, before callus; CON, controls represent different stages
of tissue culture.

Table S6. Enriched KEGG pathway classification of gene counts in
DMRs between tissue culture stages in M. truncatula. (a) Enriched
KEGG classification gene count in DMRs between M. truncatula
AC versus CON. (b) Enriched KEGG classification gene count in
DMRs between M. truncatula BC versus CON. (c) Enriched KEGG
classification gene count in DMRs between M. truncatula BCs ver-
sus AC. AC, after callus; BC, before callus; CON, controls represent
different stages of tissue culture.

Table S7. Enriched KEGG pathway classification of gene counts in
DMPs between M. truncatula pre-embryogenesis callus formation
stages. (a) Enriched KEGG classification gene count in DMPs
between M. truncatula AC versus CON. (b) Enriched KEGG classifi-
cation gene count in DMPs between M. truncatula BC versus CON.
(c) Enriched KEGG classification gene count in DMPs between M.
truncatula BC versus AC. AC, after callus; BC, before callus; CON,
controls represent different stages of tissue culture.

Table S8. A list of Tnt1 insertions correlating with DMRs in M.
truncatula genome. (a) A list of all Tnt1 insertions correlating with
the DMRs in M. truncatula genome during AC versus CON com-
parison. (b) Statistics of all Tnt1 insertions correlating with the
DMRs in M. truncatula genome during AC versus CON compari-
son. (c) A list of all Tnt1 insertions correlating with the DMRs in
M. truncatula genome during BC versus AC comparison. (d) Sta-
tistics of all Tnt1 insertions correlating with the DMRs in M. trun-
catula genome during BC versus AC comparison. (e) A list of all
Tnt1 insertions correlating with the DMRs in M. truncatula
genome during BC versus CON comparison. (f) Statistics of all
Tnt1 insertions correlating with the DMRs in M. truncatula
genome during BC versus CON comparison. AC, after callus; BC,
before callus; CON, controls represent different stages of tissue
culture.

Table S9. Differentially expressed genes using RNAseq in various
stages of tissue culture in M. truncatula. (a) Differential gene
expression studies between tissue culture stages CON and AC. (b)
Differential gene expression studies between tissue culture stages
BC and AC. (c) Differential gene expression studies between tissue
culture stages CON and BC. (d) Summary statistics for FPKM
values of RNAseq transcript levels in M. truncatula in comparison
between tissue culture stages CON, BC, and AC. AC, after callus;
BC, before callus; CON, controls represent different stages of tis-
sue culture.

Table S10. Cytosine methylation in the context of CG, CHH, and
CHG methylation in M. truncatula somatic embryogenesis. (a)
Cytosine methylation in CG context in M. truncatula in compari-
son between non-azacytidine versus azacytidine treatments during

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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somatic embryogenesis. (b) Summary table of cytosine methyla-
tion in CG context in M. truncatula in comparison between non-
azacytidine versus azacytidine treatments during somatic embryo-
genesis. (c) Summary statistics of cytosine methylation in CG con-
text in M. truncatula in comparison between non azacytidine
versus azacytidine treatments during somatic embryogenesis. (d)
Cytosine methylation in CHG context in M. truncatula in compari-
son between non-azacytidine versus azacytidine treatments during
somatic embryogenesis. (e) Summary table of cytosine methyla-
tion in CHG context in M. truncatula in comparison between non-
azacytidine versus azacytidine treatments during somatic embryo-
genesis. (f) Summary statistics of cytosine methylation in CHG
context in M. truncatula in comparison between non-azacytidine
versus azacytidine treatments during somatic embryogenesis. (g)
Cytosine methylation in CHH context in M. truncatula in compari-
son between non-azacytidine versus azacytidine treatments during
somatic embryogenesis. (h) Summary table of cytosine methyla-
tion in CHH context in M. truncatula in comparison between non-
azacytidine versus azacytidine treatments during somatic embryo-
genesis. (i) Summary statistics of cytosine methylation in CHH
context in M. truncatula in comparison between non-azacytidine
versus azacytidine treatments during somatic embryogenesis.
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