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Abstract: The auxin-induced embryogenic reprogramming of plant somatic cells is associated with
extensive modulation of the gene expression in which epigenetic modifications, including DNA
methylation, seem to play a crucial role. However, the function of DNA methylation, including
the role of auxin in epigenetic regulation of the SE-controlling genes, remains poorly understood.
Hence, in the present study, we analysed the expression and methylation of the TF genes that play a
critical regulatory role during SE induction (LEC1, LEC2, BBM, WUS and AGL15) in auxin-treated
explants of Arabidopsis. The results showed that auxin treatment substantially affected both the
expression and methylation patterns of the SE-involved TF genes in a concentration-dependent
manner. The auxin treatment differentially modulated the methylation of the promoter (P) and gene
body (GB) sequences of the SE-involved genes. Relevantly, the SE-effective auxin treatment (5.0 µM
of 2,4-D) was associated with the stable hypermethylation of the P regions of the SE-involved genes
and a significantly higher methylation of the P than the GB fragments was a characteristic feature of
the embryogenic culture. The presence of auxin-responsive (AuxRE) motifs in the hypermethylated P
regions suggests that auxin might substantially contribute to the DNA methylation-mediated control
of the SE-involved genes.
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1. Introduction

Plants have a unique capacity for switching on of embryogenic development in in vitro cultured
somatic cells. Following a process called somatic embryogenesis (SE), embryo-like structures that
are capable of regenerating plants are formed. The genes that control the induction of SE have been
intensively studied in order to understand the molecular determinants of cellular toti-/pluripotency in
plants [1]. In particular, studies on SE in the model plant Arabidopsis have contributed substantially to
deciphering the genetic factors that are involved in the embryogenic reprogramming of plant somatic
cells [2,3]. In Arabidopsis, similar to other plants, auxin treatment is the most effective method of SE
induction [4]. The impact of auxin treatment on the global methylome of in vitro cultured plant explants,
including those undergoing SE induction, has been reported [5–7]. Moreover, auxin-modulated changes
in the global transcriptomes have also been reported in embryogenic cultures of plants including
Arabidopsis [8–10]. The analysis of global methylome implies that auxin treatment might control the
embryogenic reprogramming of explant cells via the DNA methylation-mediated regulation of gene
expression [11].
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Numerous genes that encode the transcription factors (TFs) of auxin/hormone- and stress-related
including LEAFY COTYLEDON (LEC1 and LEC2), BABY BOOM (BBM), AGAMOUS-LIKE15 (AGL15)
and WUSCHEL (WUS), which plays a central role in the regulatory network that controls SE induction,
had a modulated level of expression during SE induction [2,3]. The LEC1 gene encodes the CCAAT
box-binding factor HAP3 subunit, while LEC2 belongs to the LAFL B3 subfamily of the plant-specific
B3 domain of the TFs [12]. The essential regulatory functions of LEC1 and LEC2 in both somatic
and zygotic embryogenesis have also been demonstrated [13,14]. The hormone-related functions
of LEC1 and LEC2 include the activation of auxin biosynthesis YUCCA genes [15,16] and the
LEC2-mediated control of the GA/ABA balance via feedback regulatory interactions with AGL15
from MADS-box family of TFs [17]. The BBM gene encodes an AINTEGUMENTA-LIKE (AIL)
APETALA2/ethylene-responsive element–binding factor (AP2/ERF) that transcriptionally regulates
LEC1 and LEC2 during SE induction [18]. The AGL15 contributes to SE induction by controlling
the metabolism of gibberellic acid and ethylene and targeting the regulators of auxin signalling [19].
A hormone-related function of the WUS gene, a member of the plant-specific homeobox superfamily of
the WOX genes, was attributed to controlling the cytokinin signalling in stem cells and the regulatory
interactions between WUS and LEC2 during SE have also been postulated [20,21].

In conjunction with genetic factors, epigenetic modifications of DNA and histones are believed
to play a pivotal role in controlling the developmental processes in animals and plants (reviewed in
Reference [22,23]). In Eukaryotes, DNA methylation involves the addition of a methyl group (CH3) to
the carbon-5 of cytosine in the dinucleotide CpG context. In plants, the CpNpG and CpNpN (N-any
nucleotide except for G) sequences are also extensively methylated in DNA [24]. The methylation of
cytosine in DNA positively impacts on the compactness of chromatin and, thus, CpG methylation is
believed to negatively regulate the gene transcription level [25]. However, the effect of DNA methylation
on gene expression depends on the type of the methylated genic sequence, and the methylation of the
regulatory and coding sequences of genes seems to impact on gene expression differently [26–28].

Changes in promoter methylation have been demonstrated to control the expression of genes in
plant development, but the reports have shown diverse and contrasting effects of promoter methylation
on gene expression [29–31]. Although, the classical concept considers a repressive function of promoter
methylation in gene transcription [28,32], a positive effect of promoter methylation on gene expression
has also been demonstrated including in plants [33,34]. Moreover, the effect of promoter methylation
on gene expression seems to be highly specific to the organ and tissue type [35,36].

Besides promoters, the coding region of gene, termed as “gene body” (GB), might be methylated,
and a variety of factors appear to modulate the functional outcome of GB methylation [37–39].
A number of reports have provided arguments for the genomic functionality of GB methylation in the
ontogenesis and evolution of eukaryotic organisms including plants [25].

The role of DNA methylation in controlling developmental processes in planta has been
demonstrated [40,41]. The impact of DNA methylation on somatic cell reprogramming in plants has
mostly been focused on the effects of a demethylation agent, 5-azacitidine (5-AzaC), on the morphogenic
responses of in vitro cultured tissue [42]. The reports have presented conflicting results, and either a
positive [43–45] or negative [6,46,47] impact of the 5-AzaC treatment on the embryogenic response of
the plant explants have been indicated. Both an increased and decreased global DNA methylation
level have consistently been reported as accompanying SE induction [6,43,46,48].

Because embryogenic and non-embryogenic cultures can display similar changes in global
DNA methylation [6,49], insight into the methylation of specific genes might be more conclusive for
revealing the role of this epigenetic mark in plant cell reprogramming in vitro. However, reports on
the methylation of specific genes during SE induction are still quite limited. The activation of some
hormone-related and WOX genes in an embryogenic culture of cotton was associated with decreased
methylation of the CHH sites in the gene promoters [50]. The hypomethylation of the promoters of
LEC1 has been reported in an embryogenic culture of Daucus carota [51] and, similarly, the SOMATIC
EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK), LEC2 and WUS genes have been shown to
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have a decreased methylation level in the embryogenic calli of Boesenbergia rotunda [37]. Although the
reports suggest that gene methylation might be involved in the embryogenic response of somatic plant
cells, more detailed studies are needed in order to reveal the SE-associated relationships between
methylation and the expression of the genes that control embryogenic induction.

In a methylome analysis, 5-mC abundance can be evaluated at the global and/or ”site-specific”
levels, and a variety of analytical methods are used that differ in their sensitivity and accuracy
in detecting 5-mC [52]. The assays that are used to analyse the DNA methylation of the specific
genes/regions of interest are based on different techniques, including bisulfite conversion, selective
digestion of DNA by specific endonucleases and enrichment strategies in which the methylated DNA
is immunoprecipitated with anti-methylcytosine binding proteins (MBD) or antibodies against 5-mC
(MeDIP, methylated DNA immunoprecipitation) [52,53].

Here, we used the MeDIP method to gain insights into the role of DNA methylation in the
epigenetic regulation of SE. To this end, we analysed the changes in the methylation and expression of
the transcription factor genes that are associated with SE induction in the model plant Arabidopsis.
Arabidopsis explants were cultured in vitro on media with different 2,4-D concentrations, and the
level of 5-mC in specific regions of the SE-regulatory genes, including the promoter and gene body
sequences, were subjected to a MeDIP analysis. The results indicated that 2,4-D affected both the
methylation and expression of the SE-regulatory TF genes in a concentration-dependent manner.
The SE-effective auxin treatment caused a specific expression pattern of the SE-involved genes that
was associated with distinct changes in the methylation status of the auxin-responsive motifs in the
gene promoters. The study provides new pieces of evidence on the role of DNA methylation in the
epigenetic control of the auxin-mediated embryogenic transition in plant somatic cells.

2. Results

2.1. 2,4-D Significantly Modulates the Expression Level of the SE-Involved TF Genes in a
Concentration-Dependent Manner

Embryogenic transition is associated with the auxin-induced modulation of the explant
transcriptome, and the efficiency of SE induction depends on the 2,4-D concentration that is
used to treat explants [4]. Hence, we assumed that 2,4-D might affect the gene expression in a
concentration-dependent manner. To verify this assumption, we examined the expression profiles
of the SE-regulatory genes (LEC1, LEC2, BBM, WUS and AGL15) in Arabidopsis explants that had
been induced on media with different 2,4-D concentrations (0.1, 5.0 and 20.0 µM). The explants
that had been cultured on a medium with 5.0 µM of 2,4-D were efficiently induced towards SE,
while the other treatments promoted the development of a non-embryogenic callus. The control culture
included explants that had been induced on an auxin-free medium (0.0 µM of 2,4-D) that promoted
seedling development.

The results of the RT-qPCR analysis revealed two distinct expression profiles of the genes that
involve the up- (LEC1, LEC2 and BBM) and downregulation (WUS and AGL15) of gene transcripts in
the in vitro cultured explants (Figure 1). Regardless of the general expression profile, the analysed
gene responded similarly to the SE-effective treatment with 5.0 µM of 2,4-D. Accordingly, we found
that SE induction is associated with a stable and relatively high transcript accumulation compared
to the other treatments. It is worth noting that two of the genes, WUS and AGL15, were expressed
exclusively in the explants cultured on the SE-effective medium with 5.0 µM of 2,4-D. By contrast,
the treatments that were ineffective in SE induction either resulted in a distinctly lower (0.1 µM of
2,4-D) or transiently increased (20.0 µM of 2,4-D) gene expression.

The analysis indicated that the SE-effective concentration of 2,4-D (5.0 µM) resulted in a specific
expression pattern of the TF genes. This result implies that the SE-promoting activity of auxin involves
a specific transcriptional fine-tuning of the genes that have a regulatory function during SE induction.
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Figure 1. The expression profiles of the SE-involved TF genes (A–E) on media that had been 
supplemented with different 2,4-D concentrations (0.0 µM; 0.1 µM; 5.0 µM; 20.0 µM). (A) LEC1, (B) 
LEC2, (C) BBM, (D) WUS and (E) AGL15. The relative transcript level was normalised to the internal 
control (At4g27090) and calibrated to the 0 d of culture. Values that were significantly different than 
0d are indicated with an asterisk (*);values that were significantly different than 5.0 µM of 2,4-D at 
the corresponding day of the culture are indicated with a hashtag (#) (Student’s t-test, p < 0.05). Error 
bars indicate the SD. 

The analysis indicated that the SE-effective concentration of 2,4-D (5.0 µM) resulted in a specific 
expression pattern of the TF genes. This result implies that the SE-promoting activity of auxin 
involves a specific transcriptional fine-tuning of the genes that have a regulatory function during SE 
induction. 

2.2. Different Methylation of the SE-Involved TF Genes in Response to 2,4-D Treatment 

In our previous study, we demonstrated that the global demethylation of DNA by 5-AzaC 
treatment affected both the induction of SE and the expression of the SE-regulatory genes [6]. Given 
the specific expression profile of the genes on the SE-effective medium (present results), we assumed 
that 2,4-D might control the expression of the SE-involved genes in the treated explants via the 
differential methylation of these genes. 

Figure 1. The expression profiles of the SE-involved TF genes (A–E) on media that had been
supplemented with different 2,4-D concentrations (0.0 µM; 0.1 µM; 5.0 µM; 20.0 µM). (A) LEC1,
(B) LEC2, (C) BBM, (D) WUS and (E) AGL15. The relative transcript level was normalised to the internal
control (At4g27090) and calibrated to the 0 d of culture. Values that were significantly different than 0d
are indicated with an asterisk (*);values that were significantly different than 5.0 µM of 2,4-D at the
corresponding day of the culture are indicated with a hashtag (#) (Student’s t-test, p < 0.05). Error bars
indicate the SD.

2.2. Different Methylation of the SE-Involved TF Genes in Response to 2,4-D Treatment

In our previous study, we demonstrated that the global demethylation of DNA by 5-AzaC
treatment affected both the induction of SE and the expression of the SE-regulatory genes [6]. Given the
specific expression profile of the genes on the SE-effective medium (present results), we assumed that
2,4-D might control the expression of the SE-involved genes in the treated explants via the differential
methylation of these genes.

To verify this hypothesis, changes in the DNA methylation in specific sequences of the SE-regulatory
genes were evaluated in explants that had been cultured on media with different 2,4-D concentrations
(0.0; 0.1, 5.0 and 20.0 µM). Because the effect of DNA methylation on gene expression might differ



Int. J. Mol. Sci. 2020, 21, 6849 5 of 22

among the sequences that have a regulatory or coding function [28], the regions localized in the
promoter (P) and gene body (GB) regions of the SE-involved genes were analysed (Table S2; Figure 2).
The P fragments of most of the analysed genes (LEC1, LEC2, BBM and WUS) included the ARF-binding
auxin-responsive motif (AuxRE). In the promoter of AGL15, which lacks the AuxRE, the ethylene
response motif was analysed. The analysed GB fragments were localised in the first exon of the genes
except for LEC1 in which a fragment of the first intron was analysed. The results of the magMeDIP
analysis are presented in Supplementary Materials Tables S4 and S5 and are described below.
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2.3. Methylation of the Gene Sequences in Freshly Isolated Explants (0 d) 

Analysis of freshly isolated explants (0 d) indicated significant differences in the methylation 
level between the genes and the types of gene sequences (Figure 3). The P and GB fragments differed 
markedly in their methylation frequency. On average, 12% and 4% of the P and GB sequences, 
respectively, were methylated, and the P regions had a distinctly higher (1.5–6.0 fold) frequency of 
methylation than the GB sequences of the analysed genes. The frequency of the methylated P 
fragments ranged from 4.5 to 18.8 % depending on the gene, while 1.2 −2.9% of the exonic fragments 
were methylated. Interestingly, the intron fragment that was analysed in LEC1 had the highest 
methylation frequency (12.8%) of the GB fragments. 

Figure 2. Promotor- and gene body-localised regions of the SE-involved TF genes that were analysed
using the magMeDIP method. (A) LEC1, (B) LEC2, (C) BBM, (D) WUS and (E) AGL15. The exons (black
boxes) and introns (thick lines) are indicated. White boxes show the regions within the promoter (P),
first exon (E) and intron (I) that were selected for the analysis; the distance of the analysed fragments
from the TSS (Transcription Start Site) is indicated.

2.3. Methylation of the Gene Sequences in Freshly Isolated Explants (0 d)

Analysis of freshly isolated explants (0 d) indicated significant differences in the methylation
level between the genes and the types of gene sequences (Figure 3). The P and GB fragments differed
markedly in their methylation frequency. On average, 12% and 4% of the P and GB sequences,
respectively, were methylated, and the P regions had a distinctly higher (1.5–6.0 fold) frequency of
methylation than the GB sequences of the analysed genes. The frequency of the methylated P fragments
ranged from 4.5 to 18.8 % depending on the gene, while 1.2 −2.9% of the exonic fragments were
methylated. Interestingly, the intron fragment that was analysed in LEC1 had the highest methylation
frequency (12.8%) of the GB fragments.
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Figure 3. Methyl DNA enrichment (%) in promoter (P) and gene body regions (E and I) of the
SE-involved TF genes (LEC1, LEC2, BBM, WUS and AGL15) in the explants before the culture (0 d).
Promotor (P), first exon (E) and intron (I) fragment. Any significantly higher methylation of promoter
than the gene body fragment of the corresponding gene is indicated with an asterisk (*) (Student’s
t-test, p < 0.05). Error bars indicate the standard deviation (SD).

2.4. The Hypomethylation of Both the P and GB Sequences is a Common Response of the SE-Involved Genes to
In Vitro Culture Conditions

After the explants had been transferred to the in vitro conditions, there were significant changes
in the methylation of the gene sequences and a considerable decrease in the methylation frequency of
genic fragments (both P and GB) in the vast majority of the culture combinations (Figures 4 and 5).
It is worth noting that in the majority of the culture combinations, a substantial hypomethylation
was characteristic of both the gene fragments that had been treated with 2,4-D and those that were
untreated, which suggests that the demethylation genic sequences might manifest a genome response
to the abiotic stress that is imposed by in vitro culture conditions.

Despite the similarity of the general response to in vitro culture conditions, there were substantial
differences in the methylation frequency in the P and GB sequences relative to the auxin concentration
in the medium. Accordingly, the P fragments had the highest methylation frequency in the explants
that had been treated with 5.0 µM of 2,4-D that had efficiently induced SE (Figure 4). By contrast,
treatment of the explants with 0.1 and 20.0 µM of 2,4-D resulted in a P methylation at a frequency that
was similar to that found on the auxin-free medium. This finding suggests that the SE-effective 2,4-D
treatment seems to specifically impact on the methylation of the gene promotors.

Conversely, the SE-effective 2,4-D treatment had no specific effect on the methylation of the GB
sequences (Figure 5). Rather, we found that the treatment that induced a non-embryogenic callus
(20.0 µM of 2,4-D) resulting in a significantly increased methylation of the exonic fragments of the
LEC2, BBM, WUS and AGL15 genes. In contrast to the exonic sequences, the intron fragment that was
analysed in LEC1 had a similar methylation frequency in response to the different 2,4-D treatments.
These results imply that auxin treatment might affect the exonic and intronic sequences differently.

To expose any differences in the methylation of the P and GB regions, we compared the methylation
frequency of the P to GB in the different genes and culture combinations. The analysis confirmed that
there was a significantly higher methylation frequency for the P sequences than for the GB sequences in
most of the genes and media combinations that were analysed (Figure 6). In particular, the methylation
of the P sequences significantly exceeded (from 2 to 17 fold, depending on the gene) that of the GB
fragments in the embryogenic culture that had been induced with 5.0 µM of 2,4-D. The genes with
opposed expression patterns during SE induction (i.e., the genes of up- (LEC1, LEC2, BBM) and
downregulated (WUS, AGL15) expression in an embryogenic culture) had a high P versus GB ratio of
methylation (Figure 1). An inverse methylation ratio between the P to GB regions was observed on
the SE-ineffective medium that had been highly enriched in auxin (20.0 µM of 2,4-D) which caused a
significant hypermethylation of the exonic sequence. In conclusion, these findings showed that auxin
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treatment affected the methylation of the regulatory and coding sequences differently and that the
SE-effective concentration of 2,4-D (5.0 µM) resulted in the specific hypermethylation of the promoter
regions of the SE-involved TF genes.

The study provided evidence that the auxin (2,4-D)-triggered mechanism of SE induction might
involve the DNA methylation-mediated regulation of the SE-involved TF genes. We assumed that the
methylation of the specific auxin-related regulatory sequences in the promotors of the TF genes was of
crucial importance for the correct fine-tuning of the activity of the genes during SE induction.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 23 
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Figure 4. Methyl DNA enrichment (%) in the promotor fragments (P) of the SE-involved TF genes
(A–E) in the explants that were cultured on media with different 2,4-D concentrations (0.0 µM; 0.1 µM;
5.0 µM; 20.0 µM). (A) LEC1, (B) LEC2, (C) BBM, (D) WUS and (E) AGL15. Values that were significantly
different than 0 d are indicated with an asterisk (*). Values that were significantly different than 5.0 µM
of 2,4-D at the corresponding day of culture are indicated with a hashtag (#) (Student’s t-test, p < 0.05).
Error bars indicate the standard deviation (SD).
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Figure 5. Methyl DNA enrichment in gene body fragments of the SE-involved TF genes (A–E) in the
explants that were cultured on media with different 2,4-D concentrations (0.0 µM; 0.1 µM; 5.0 µM;
20.0 µM). (A) LEC1, (B) LEC2, (C) BBM, (D) WUS and (E) AGL15. The analysed gene body fragments
include the intron (LEC1) and exon (LEC2, BBM, WUS and AGL15) fragments. Values that were
significantly different than 0 d are indicated with an asterisk (*). Values that were significantly different
than 5.0 µM of 2,4-D at the corresponding day of the culture are indicated with a hashtag (#) (Student’s
t-test, p < 0.05). Error bars indicate the SD.
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3. Discussion

In our previous study, an inhibition of the embryogenic response and a deregulation of the genes
was found in the 5-AzaC-treated culture of Arabidopsis, which suggested a role of DNA methylation
in the transcriptional reprogramming of somatic cells during embryogenic induction [6]. Given the
essential function of auxin in the SE-induction mechanism [54,55], we assumed that auxin might control
the expression of the SE-involved genes by modulating DNA methylation. To verify this assumption,
we analysed the association between the changes in methylation and expression of the SE-involved
TF genes (LEC1, LEC2, BBM, WUS and AGL15) relative in relevance to the auxin treatment in the
in vitro-cultured explants of Arabidopsis.

3.1. In Vitro Culture-Related Stress Causes the General Demethylation of the Gene Sequences

We found that a significant hypomethylation of both types of genic sequences, including the
regulatory and coding fragments, was a common explant response to an in vitro culture. Similarly,
the demethylation of DNA at a global level was reported in in vitro cultured Arabidopsis explants [6].
These findings suggest that the stress that is imposed by in vitro culture conditions, such as isolation
and explant transfer to a culture medium, might per se promote the demethylation of DNA [56,57].
Genome-wide changes in the DNA methylation, including DNA hypomethylation, were found to be
associated with plant in vitro cultures [47,58–60]. Similarly, different biotic and abiotic stresses distinctly
modulate the plant methylome at the genome- and gene-level during in vivo development [28,61–64].
The erasing, at least in part, of the pre-existing epigenetic marks in a genome, including DNA
methylation, seems to be required for the developmental transition of cells [65–68]. Hence, we assumed
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that the hypomethylation of DNA that is caused by stress, including in vitro culture conditions might
prime the somatic cells to become poised for developmental stimuli such as auxin treatment.

3.2. The SE-Effective Auxin Concentration Promotes the Methylation of the Promoters of the SE-Regulatory
TF Genes

We found that the promoters (P) and coding (GB) sequences of the SE-involved TF genes,
including LEC1, LEC2, BBM, WUS and AGL15, showed significantly different methylation patterns
in response to 2,4-D, which implies the that there are different roles for P versus GB methylation
in the auxin-mediated mechanism that controls SE induction. In line with this assumption, distinct
differences in the methylation of different genomic sequences, including the promoters and coding
gene regions (exons and introns) have been reported [28,69–71], and the various biological function of
methylation in the regulatory versus coding sequences was postulated [72–74].

The results showed that the methylation of the TF genes was distinctly modulated by the 2,4-D
treatment in a concentration-dependent manner. In Arabidopsis, treatment of the explants with
2,4-D at a strictly defined concentration (5.0 µM) is required for SE induction, while a decrease or
increase of 2,4-D in a medium results in shoot organogenesis or non-embryogenic callus development,
respectively [16,75–77]. We assumed that the SE-effective auxin treatment might modulate the expression
of the SE-involved TF genes via the hypermethylation of the promoters specifically. The SE-involved
TFs seem to belong to a small group of genes (less than 5% in Arabidopsis) of the developmentally
regulated methylation of the promoters [69,74]. The analysed TFs, similar to other promoter-methylated
genes, had a tissue- and organ-specific expression and response to stress [30,39,69,78,79].

The mechanism by which auxin might impact on DNA methylation to control gene expression
includes the auxin-mediated regulation of the genes encoding the DNA (de)methylases, which are
essential components of the epigenetic mechanism that controls developmental processes [69,80–82].
Similarly, the function of the DNA (de)methylases in auxin-induced embryogenic cultures of
different plants, including Arabidopsis, has been postulated [6,7,50,83–85]. Different DNA methylases
and demethylases operate in plant genomes and their sequence-specific functions have been
demonstrated [28,86–89]. Thus, specific enzymes that differentially methylate the promoters of the
SE-involved TF genes remain to be identified. Recently, auxin was shown to control gene expression
by affecting the organisation of chromatin through the TIR1/AFBs auxin-signalling pathway that has
been indicated as contributing to the SE-induction mechanism; however, the role of DNA methylation
in this regulation remains unclear [90].

The results also showed that the SE-effective auxin treatment seemed to promote the methylation
the hormone-related regulatory motifs, including the auxin- and ethylene-responsive regions in the
promoters of the SE-involved TFs. The methylation of the cis-regulatory elements in the gene promoters
distinctly changes the capacity of the regulatory proteins for DNA binding and creates new binding
sites for the TFs [32,91]. Changes in the methylation status of the TF-binding motifs might positively
impact the gene expression by recruiting transcriptional activators and preventing the binding of
the repressors [28]. Consequently, we hypothesised that the methylation of the AuxRE motifs in the
promoters of the LEC1, LEC2, BBM and WUS genes might recruit the methylation-sensitive ARFs that
have a regulatory function in SE induction [92]. In Arabidopsis, a high number (over 75%) of TFs was
estimated as being methylation-sensitive, including the ARF5/MONOPTEROS [93], which has been
reported as playing role in SE induction [92–99]. Whether the auxin-controlled differential methylation
of the TF gene promoters affects the binding of auxin-responsive regulatory proteins, including ARF5,
to the promoters of the SE-involved genes, requires experimental confirmation.

Auxin has been indicated to modulate the expression of AGL15 (present results and Reference [100]);
however, a lack of the AuxRE motif in the gene promoter suggests an indirect impact of auxin on the
AGL15 expression. Accordingly, auxin might control AGL15 through auxin-responsive LEC2 and BBM
that directly target AGL15 during SE induction [15,18]. We found that auxin treatment modulated the
level of the methylation of the ethylene-responsive element that is present in the AGL15 promoter,
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and this implies a contribution of ethylene to the methylation-mediated control of AGL15 during
auxin-induced SE. In support of this scenario, the extensive crosstalk between auxin and ethylene
has been documented in plant development [72,101–103] including SE induction in Arabidopsis [104].
The molecular components of the auxin–ethylene interactions that control the expression of AGL15
during SE induction remain to be identified.

Interestingly, AGL15 and several other TFs of the SE-regulatory network, including
FUS3 (FUSCA3), AIL6/PLT3 (AIL6/PLETHORA3), AIL7/PLT7, PHV (PHAVOLUTA), and CUC
(CUP-SHAPED) [18,105–109] were found among the TFs that have a methylation-sensitive regulatory
activity [110]. Thus, the role of DNA methylation in controlling the genes that are targeted by the
methylation-sensitive TFs during SE might be explored in future studies.

The results showed that the 2,4-D treatment modulated both the expression and methylation
in the SE-involved genes in a concentration-dependent manner. Importantly, the SE-effective auxin
treatment (5.0 µM of 2,4-D) promoted both the expression and methylation of the gene promoter
regions that control the hormone (auxin) responses, which suggests a role of DNA methylation in the
transcriptional control of genes during auxin-induced SE. However, the relationships between the
auxin treatment, the methylation of the promoters and the expression of the SE-involved genes did not
seem to be straight and obvious for all of the genes (Supplementary Materials Figure S1). Such an
association was clear for WUS and AGL15 because the genes were activated exclusively after treatment
with the SE-effective auxin concentration, which caused the hypermethylation of the promoters. Thus,
AGL15 and WUS seem to be candidates that could be used to study the quantitative relationship
between auxin and gene transcription [111].

The results also imply a positive impact of promoter methylation on gene expression in SE
induction. Reports have shown highly diverse and contrasting effects of promoter methylation on
gene expression in embryogenic cultures of plants. Accordingly, both a negative [26,50,112,113], and a
positive [50,79,84,114] impact of promoter methylation on specific gene expression in embryogenic
cultures of different plants has been demonstrated. The outcome of promoter methylation on gene
expression seems to strongly depend on the content of methylated cytosine and the position of the
methylated region in the gene promoter, specifically, the distance from the transcription start site,
TSS [50,69,115,116]. Consequently, we found the hypermethylation of the promoter fragments that
were located in the proximity of the TSS (up to -172 bp for LEC1 and -650 bp for WUS) to be associated
with an increased gene expression in SE. By contrast, the hypomethylation of the regulatory regions
that were far from the TSS (more than 2 kbp) was associated with the expression of LEC1 and WUS in
an embryogenic culture of Daucus carota [51] and shoot-regenerating callus of Arabidopsis [117].

3.3. Methylation of the Coding Sequences Seems to Have no Apparent Impact on the Expression of the
SE-Involved Genes

In plants, the bodies of highly expressed genes are often extensively methylated, but the
relationship between intragenic methylation and this expression is not well established and remains
controversial [118,119]. We found that 2,4-D treatment resulted in a differential methylation of the GB
sequences in the SE-involved genes. However, the changes in the GB methylation of the SE-involved
genes appears to be unspecific for embryogenic induction and might reflect a general response of the
GB regions to hormones and stress [39,79,120]. Although in a number of reports, GB methylation
positively correlated with gene expression [38,116,121,122], other studies demonstrated a lack of any
significant impact of GB methylation on the gene transcription [25,123], including that which was
expressed in an in vitro culture [84,124]. Similarly, the present results did not reveal any association
between GB methylation and the gene expression pattern of the SE-involved genes. In contrast,
there was a negative correlation between the DNA methylation in the CG and CHG contexts in the
coding sequence of the SERK, BBM, LEC2 and WUS genes and the expression levels in an in vitro
culture of Boesenbergia rotunda [37].
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The inconclusive results of studies on the relationships between GB methylation and gene
expression might result from the diverse locations of the GB sequences that are analysed within
genes since the distance of the methylated region from the TSS significantly modulates the effect of
methylation on gene transcription [28,36,79,125–127]. A clear inverse association of the first exon
methylation with gene expression has been reported in mammalian cells [125,126,128]. In plants,
the impact of the first exon methylation on gene transcription is less conclusive [28,69,118] and similarly,
the SE-specific expression pattern of genes was not associated with the distinct pattern of the first exon
methylation in the recent study. However, we found that two of the genes, LEC2 and BBM, had a
significant increase of the transcripts and the hypermethylation of the exonic fragments in response to
an auxin concentration that was above the optimal (20.0 µM of 2,4-D). By contrast, the intron region
that was analysed in LEC1 was methylated similarly in response to different auxin concentrations
(0.1–20.0 µM of 2,4-D). The differential methylation of introns appears to be less frequent than exon
methylation, and in Arabidopsis; two-fold fewer genes undergo intron than exon methylation [22,129].
The negative impact of the first intron methylation on gene transcription was found to be characteristic
of the majority of genes in animals [130]. In plants, reports have demonstrated the highly diverse and
contrasting effects of intron methylation on gene regulation that seem to be modulated by a variety of
factors, such as the presence of transposon and the cis-regulatory element in the intron, and the context
of the methylated cytosine [131–136].

In a few reports, the level of intron versus exon methylation was evaluated, and both similarities
and differences in the methylation frequencies of these sequences were observed [127,137]. We noted
that the intronic sequence of the LEC1 gene had a distinctly higher level of methylation compared to the
exonic fragments that were analysed in the other SE-involved genes. The question of the functionality
of intron methylation in LEC1 remains open. The methylation of introns is primarily postulated as
controlling gene expression by maintaining the heterochromatin marks within the gene in order to
silence the transposons [116,138,139] or as affecting the gene splicing [132,140,141]. However, the LEC1
gene is built of only one intron, which lacks transposon elements.

4. Materials and Methods

4.1. The Plant Material and Growth Conditions

Arabidopsis thaliana (L.) Heynh. plants of the Columbia (Col−0) ecotype (purchased from NASC;
The Nottingham Arabidopsis Stock Centre, UK; http://arabidopsis.info/) were used as the source of the
explants for the in vitro culture in this study. The plants were grown in a phytotron under controlled
conditions at 20–22 ◦C under a 16 h/8 h (light/dark) photoperiod of 100 µM photons m−2 s−1 of white,
fluorescent light.

4.2. The Induction of SE on Different 2,4-D Concentrations and In Vitro Culture Conditions

Immature zygotic embryos (IZEs) at the late cotyledonary stage of development were used as the
explants for SE induction [75]. After isolation from the siliques, the explants were cultured in vitro
on a solid medium containing B5 salts and vitamins [142], 20 g L−1 sucrose and 8 g L−1 agar (Oxoid,
Hampshire, United Kingdom) and supplemented with different concentrations of 2,4-D (0.0; 0.1 µM;
5.0 µM; 20.0 µM). The plant materials that were grown in sterile conditions were kept at 23 ◦C under a
16 h photoperiod of 40 µM m−2 s−1 white, fluorescent light.

Because the induction of embryogenic response in the 2,4-D-treated IZEs in Arabidopsis takes up
to 8–10 days [75,76], the explants that had been induced on the culture medium for 0, 5 and 10 days
were used for molecular analysis. For RNA/DNA isolation at the selected time points of culture,
a corresponding number of explants were used to start a culture: 350–450 for 0 d, 250–350 for 3 d, 5 d
and 50–100 for 10 d (d = day of culture) for one biological replicate. All of the DNA/RNA material
from the corresponding days of culture were isolated from three biological replicates.

http://arabidopsis.info/
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4.3. RNA Isolation, RT-PCR and Gene Expression Analysis (RT-qPCR)

The total RNA was isolated using an RNAqueous Total RNA Isolation Kit (Thermo Fisher
Scientific, Waltham, MA, USA) from explants that were obtained from 0 d, 3 d, 5 d and 10 d (d = day
of culture) cultures with different 2,4-D concentrations. The amount and purity of the isolated RNA
were evaluated with an ND−1000 spectrophotometer (Nano Drop technologies, LLC, Wilmington,
DE, USA). In order to prevent the potential DNA contamination of RNA, the probes were incubated
with DNAze (RQ1 RNase-free DNase I kit; Promega Corporation, Madison, WI, USA). The reverse
transcription reaction (RT-PCR) was conducted using a Revert Aid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA, USA). All of the described steps from RNA isolation to the
cDNA synthesis were performed in accordance with the manufacturer’s instructions for each kit.

To analyse the gene expression level for the selected genes encoding TFs, after RT-PCR reaction,
the synthetised cDNA was diluted with water at 1:4 rate and a 2.5 µL prepared cDNA solution were
used for the RT-qPCR (Real-Time Quantitative PCR) reaction, each sample was analysed in two
technical replicates. All of the RT-qPCR reactions were performed using an LC480 Instrument II
system (ROCHE, Basel, Switzerland) and LightCycler 480 SYBR Green I Master Mix (ROCHE, Basel,
Switzerland). The relative expression level was calculated using 2−∆∆CT methods and was normalised
to an internal control—the At4g27090 gene encoding the 60 S ribosomal protein [6,16,108,143–146].
All of the primers for the RT-qPCR analysis are listed in Table S1.

4.4. DNA Isolation

The total DNA was extracted from explants that were obtained from 0 d, 3 d, 5 d and 10 d
(d = day of culture) cultures with different 2,4-D concentrations using the micro c-TAB methods with
some slight modifications that corresponded to the durations of the centrifugations [147].

4.5. The magMeDIP (Magnetic Methylated DNA Immunoprecipitation) Technique

The DNA methylation level in selected fragments of genomic DNA was analysed using the
magMeDIP technique (magnetic Methylated DNA Immunoprecipitation kit; DIAGENODE; Denville,
NJ, USA, which is based on MeDIP methode [53,148]). All of the steps of procedure were performed
according to the to manufacturer’s instruction with a slight modification: magMeDIP kit’s internal
control (metDNA/unmetDNA from Arabidopsis) were treated as an independent probe next to the
tested DNA samples and, therefore, the control DNA was not added to the DNA samples from
SE culture and were replaced with water. The immunoprecipitation of all of the DNA probes was
performed in two technical replicates and three biological replicates. This technique enables any
DNA sequence with at least one methylated cytosine to be identified. The immunoprecipitated DNA
fractions were analysed next using RT-qPCR with sequence-specific primers.

4.6. The RT-qPCR Analysis of the DNA Methylation Level

Each experimental combination was represented by two samples: (a) a fraction of the methylated
DNA and (b) the total, non- and methylated DNA. The efficiency of methyl DNA immunoprecipitation
was calculated according to manufacturer’s instruction (DIAGENODE; Denville, NJ, USA): 5-mC (%) =

2[(Ct(10% input)−3.32)-Ct(met DNA IP)*100%] were Ct(10% input)—Ct for the total, non- and methylated DNA
(b) and Ct(met DNA IP)—Ct for the methylated DNA (a). All of the RTqPCR reactions were performed
in two technical and three biological replicates using the LC480 Instrument II system (ROCHE, Basel,
Switzerland) and LightCycler 480 SYBR Green I Master Mix (ROCHE).

4.7. The Primers for the RT-qPCR Analysis

Creating the RT-qPCR primers: for the primers dedicated to the promotor fragments,
a bioinformatic analysis was conducted and a search of their regulatory motifs was performed.
All of the gene encoding sequences were downloaded from the NCBI (NCBI, Bethesda, MD, USA
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http://www.ncbi.nlm.nih.gov). The regulatory motifs were screened using some open-access databases
(softberry; Mount Kisco, NY, USA—http://linux1.softberry.com; AGRISH; Ohio, OH, USA—http:
//arabidopsis.med.ohio-state.edu; PLANT CARE; Gent, Belgium—http://bioinformatics.psb.ugent.be).
Most of the genes that were analysed contained the ARF-binding motif within the promotor regions
(LEC2, LEC1, WUS and BBM), for one gene (AGL15), the ethylene-response element was selected as the
main target for creating the primers for RT-qPCR (Table S2).The primers for gene body fragments were
created in based on the 1st exons encoding sequences with the exception of the LEC1 gene in which the
sequence that was localised in the 1st intron was analysed. All of the primers that were used in the
RT-qPCR reactions are listed in Table S3.

4.8. Statistical Analyses

Statistical analysis of any significant differences between the samples from the analysed
experiments was performed using Statistica v.12 software (StatSoft Poland; Cracow, Poland,
http://www.statsoft.pl) and the Student’s t-test (p = 0.05).

5. Conclusions and Perspectives

We found that the TF genes that are involved in the induction of the embryogenic transition
of somatic cells in Arabidopsis are differentially methylated in response to auxin treatment.
The methylation of the regulatory and coding sequences seems to affect the gene expression differently,
and the hypermethylation of the hormone (auxin)-responsive motifs in the gene promoters seems to be
involved in the auxin-mediated regulation of the TF genes during SE induction.

Understanding of the contribution of DNA methylation to the transcriptional regulation of the
genes that control SE induction requires insights into the interactions of DNA methylation with the
other epigenetic processes [81,82,149]. In Arabidopsis, several studies have provided support for a
self-reinforcing loop between DNA and histone methylation, and the CMT2/CMT3 chromomethylases
of DNA were found to contain binding sites for silencing the chromatin mark of H3K9me2 [149].
The interplay between DNA methylation and histone methylation could involve the gene repressive
PRC2 (POLYCOMB REPRESSIVE COMPLEX 2) complex that has a histone methyltransferase activity
with a reported role in controlling the SE-involved genes [150,151]. Moreover, histone acetylation might
cooperate with DNA methylation to control gene expression [152,153]. Because histone acetylation
affects SE induction [154], the insights into the interplay between DNA methylation and the acetylation
of histones are required to decipher the epigenetic mechanism that controls the embryogenic response.

The mechanism of DNA methylation-mediated gene regulation in SE induction might also involve
the miRNAs that have an essential regulatory function in SE induction [155]. Relevantly, the miRNAs
that operate at the chromatin level to direct the methylation of specific coding sequences have been
identified, including a particular class of longer miRNAs [156]. In Arabidopsis, the methylation of the
defined sites in the coding sequences of PHB/PHV genes that play a regulatory role in SE might contribute
to the miR165/166-mediated regulation of these genes during embryogenic induction [108,157]. Finally,
DNA methylation might also impact the miRNA-regulated gene expression by affecting the biogenesis
of miRNAs [158–160].

In conclusion, to decipher how DNA methylation regulates genes during the embryogenic
transition of somatic cells, the complex interplay among the diverse epigenetic processes that control
the SE-regulatory genes in response to auxin needs to be explored.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/18/6849/s1.
Table S1. Primers that were used to analyse gene expression (RTqPCR). Table S2. Characteristics of the regulatory
motifs in the promoters of the SE-involved genes that were analysed using the magMeDIP method. The motifs
include: the ARF-binding (consensus sequence: TGTCTC) and the ethylene-response-element (consensus
sequence: TTTGAAAT) sequences (AGRIS, http://arabidopsis.med.ohio-state.edu/AtcisDB; PLANT CARE,
http://bioinformatics.psb.ugent.be; SOFT BERRY, http://linux1.softberry.com/). Table S3. The gene primer
sequences that were selected for the magMeDIP analysis. Table S4. Methyl DNA enrichment (%) in the promotor
(P) fragments of the SE-involved TF genes on different 2,4-D concentrations (0.0 µM; 0.1 µM; 5.0 µM; 20.0 µM).
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Analysis was performed using the magMeDIP method and the percentage of P fragments with methylated cytosine
were evaluated. Values that were significantly different than 0d are indicated with an asterisk (*) (Student’s t-test,
p < 0.05). Table S5. Methyl DNA enrichment (%) in the gene body (GB) fragments of the SE-involved TF genes on
different 2,4-D concentrations (0.0 µM; 0.1 µM; 5.0 µM; 20.0 µM). Analysis was performed using the magMeDIP
method and the percentage of the GB fragments with methylated cytosine were evaluated. Values significantly
different from the 0 d are indicated with an asterisk (*) (Student’s t-test, p < 0.05). Figure S1. Transcript level of the
SE-involved TF genes (A–E) relative to the methylation of promoter (P) and the gene body (GB) in explants that
were cultured on media with different 2,4-D concentrations (0.0 µM; 0.1 µM; 5.0 µM; 20.0 µM). (A) LEC1, (B) LEC2,
(C) BBM, (D) WUS and (E) AGL15. The analysed GB fragments include the intron (LEC1) and exon (LEC2, BBM,
WUS and AGL15) regions. Error bars indicate the standard deviation (SD).
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144. Ledwoń, A.; Gaj, M.D. LEAFY COTYLEDON2 gene expression and auxin treatment in relation to embryogenic
capacity of Arabidopsis somatic cells. Plant. Cell Rep. 2009, 28, 1677–1688. [CrossRef] [PubMed]

145. Gliwicka, M.; Nowak, K.; Ciela, E.; Gaj, M.D. Expression of seed storage product genes (CRA1 and OLEO4)
in embryogenic cultures of somatic tissues of Arabidopsis. Plant. Cell. Tissue Organ. Cult. 2012, 109, 235–245.
[CrossRef]

146. Nowak, K.; Wojcikowska, B.; Gaj, M.D. ERF022 impacts the induction of somatic embryogenesis in Arabidopsis
through the ethylene-related pathway. Planta 2015, 241, 967–985. [CrossRef]

147. Doyle, J.J.; Doyle, J.L. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phytochem. Bull.
1987, 19, 11–15.

148. Fouse, S.D.; Nagarajan, R.; Costello, J.F. Genomic analysis of DNA methylation. Epigenomics 2010, 2, 105–117.
[CrossRef]

149. Du, J.; Johnson, L.M.; Jacobsen, S.E.; Dinshaw, J.P. DNA methylation pathways and their crosstalk with a
histone methylation. Natl. Rev. Malecular Cell Biol. 2015, 16, 519–532. [CrossRef]

150. Mozgova, I.; Köhler, C.; Hennig, L. Keeping the gate closed: Functions of the polycomb repressive complex
PRC2 in development. Plant J. 2015, 83, 121–132. [CrossRef]

151. Mozgová, I.; Muñoz-Viana, R.; Hennig, L. PRC2 Represses Hormone-Induced Somatic Embryogenesis in
Vegetative Tissue of Arabidopsis thaliana. PLoS Genet. 2017, 13, 1–27. [CrossRef] [PubMed]

152. Peng, M.; Cui, Y.; Bi, Y.-M.; Rothstein, S.J. AtMBD9: A protein with a methyl-CpG-binding domain regulates
flowering time and shoot branching in Arabidopsis. Plant J. 2006, 46, 282–296. [CrossRef] [PubMed]

153. Yaish, M.W.; Peng, M.; Rothstein, S.J. AtMBD9 medulates Arabidopsis development through the dual
epigenetic pathways of DNA methylation and histone acetylation. Plant J. 2009, 59, 123–135. [CrossRef]
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