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Abstract

Epigenetics refers to the study of modifications in DNA bases, histone proteins and/or alterations in non-coding-RNA biogenesis
that cause changes in gene expression without affecting the underlying nucleotide sequence. Epigenetic variation is emerging as
one of the regulators of developmental processes and stress responses in animals and plants. Identification and interrogation of
epigenetic changes provide unprecedented opportunities for resolving some of the enigmas that could not be solved based on
genetic principles. Moreover, epigenome editing might become a preferred technique for the manipulation of gene expression in
the desired organism. Although epigenetics is still in its infancy, the need of the day is to identify epigenetic marks and associate
them with heritable phenotypes. Several techniques have been developed to analyze the epigenetic changes and associate them
with molecular/physiological processes. It is necessary to examine them in a site- and cell-specific manner. Though considerable
progress has been made in the last decade towards mapping DNA modifications as well as other epigenetic changes, there is a need
to improve the specificity, sensitivity, and resolving power of the techniques to conduct epigenetic research in a cell-specific manner.
The recent technological advancements are currently driving the field of epigenetics, and facilitating a better understanding of the
field of functional genomics. The present review outlines the recent advances in epigenomic tools and techniques and presents the
future perspectives of epigenomic studies.
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Introduction

Epigenetics is described differently by different researchers.
However, with the identification of molecular mechanisms
involved and a better understanding of the genetic
phenomena, epigenetics can be defined as the study of
molecular changes in and around the DNA that control
genome activity independent of the alteration in the
nucleotide sequence that is inherited through mitosis
or meiosis. Epigenomic changes are being reported
throughout the development of an organism and exposure
to environmental stresses, which may correlate with
the expression level of genes (Kumar and Singh 2016;
Kumar 2018a; Kumar and Mohapatra 2021a). The genome
of an individual is considered to be stable; however,
the epigenome continuously gets altered during the
developmental processes and due to environmental cues.
Thus, the epigenome is highly dynamic, with varying levels
of modified DNA bases and chromatin architecture, which
affect gene expression (transcriptome dynamics) (Kumar
et al. 2018). Therefore, epigenetic changes include the

biological phenomena wherein macromolecules like DNA,
RNA, protein, and chromatin get modified chemically/
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structurally without any alteration in their primary structure
(Kumar and Mohapatra 2021a; Kumar and Mohapatra
2021b; Kumar et al. 2021). Cellular processes like cell cycle,
DNA replication, abiotic/biotic stress tolerance, growth,
and development are regulated through epigenetic
modifications. Some of the epigenetic changes might
be heritable, leading to transgenerational changes in
phenotype. Therefore, epigenetics is considered to be the
connecting link between the genotype and the acquired
character. Such epigenetic changes include modification in
DNA bases, histone proteins, and alteration in non-coding-
RNA (ncRNA) biogenesis (Kumar 2017a).

Many of the epigenetic changes occur due to covalent
modifications in DNA bases, among which the most common
is methylation of cytosine at the 5™ carbon of the pyrimidine
ring (5-mC, Fig. 1a). Because of its ubiquitous occurrence in
the eukaryotic genome, 5-mCis now considered the 5t base
of DNA. In the human genome, 60 to 80% of the cytosines
present in the CG context were reported to be methylated
(Smith and Meissner 2013). In angiosperms, the highest
(43%) level of genome-wide 5-mC has been detected in
Beta vulgaris (Alonso et al. 2015; Shi et al. 2017). Recently, we
reported >17% 5-mCin rice under P-starvation stress (Kumar
et al. 2022). After the discovery of 5-mCin calf thymus DNA,
subsequent studies have identified its role in the regulation
of gene expression. Gene expression is not only affected
directly by DNA base modifications but it is also affected
through histone modification and modulation in chromatin
architecture. The enzymes that transfer the methyl (CH)
group to the DNA base (DNA methyltransferases, DNMT1

and DNMT3a) also bind to the histone methyltransferase
(SUV39H1) and help selective methylation of histone
tails, which suppress transcription of the gene (Fuks et al.
2003). Methylated DNA is recognized by methyl-binding
protein (MBD) that recruits DNMT and enzymes for histone
modification (Moore et al. 2013). Thus, methylation of
cytosine (5-mC) in DNA may result in the compaction of the
chromatin (formation of heterochromatin), which creates an
additional layer of genetic information.

With the advent of high-throughput and more sensitive
techniques, the occurrence of other modifications of cytosine
[5-hydroxymethylcytosine (5-hmC), 5-formylcytosine
(5-fC), and 5-carboxylcytosine (5-caC)] as well as adenine
[NS-methyladenine(6-mA), 8-oxo-adenine (8-oxoA)]are also
being discovered (Fig. 1). The role of ten-eleven translocation
(TET) enzyme in the oxidation of 5-mC to 5-hmC (<0.002%)
was observed in the genomic DNA of mouse embryonic
stem (MES) cells as well as in several tissues of an adult
mouse (He et al. 2011; Ito et al. 2011; Pfaffeneder et al. 2011).
Since 5-hmC is often associated with open chromatin and
found in the promoter region (Ficz et al. 2011), it has been
suggested to play animportant role in the regulation of gene
expression. Although the occurrence of other DNA base
modifications such as 5-hmC, 5-fC, 5-caC, Né-methyladenine
(6-mA), 6-hmA, and 8-oxoGhave been reported to be less
frequent, they are proposed to play important roles in
regulating gene expression (Wion and Casadesus 2006;
Kriaucionis and Heintz 2009; Tahiliani et al. 2009; He et al.
2011; Ito et al. 2011; Pfaffeneder et al. 2011; Liu et al. 2016).
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Fig. 1. Modified DNA bases observed in eukaryotes. (A) Modified cytosine: 5=methylcytosine (5-mC), 5=hydroxymethyl cytosine (5-hmC),
5=formylcytosine (5-fC), 5=carboxylcytosine (5-caC), N*=methylcytosine (4-mC) and (B) Modified adenine: N°=methyladenine (6-mA),
Né=hydroxymethyladenine (6-hmA), 8=oxo-adenine (8-oxoA). (C) Modified guanine: 8=oxo-guanine (8-0xoG)
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After the discovery of various modified DNA bases and
dynamic changes in their content, it is evident that
epigenetic modification of DNA is more important than
they were initially thought. The epigenetic changes may
create stable variation(s) in the (epi)Jgenome which can pass
on to the next generation, resulting in the inheritance of
the associated phenotype/trait(Johannes et al. 2009). Thus,
epigenetics acts as a connecting link between the genotype
and phenotype as it regulates various cellular processes like
gene expression, cell cycle, DNA replication, recombination,
growth, and development (Reik et al. 2007). Richards et al.
(2010) emphasized the need for epigenetic variations in
the adaptation and evolution of natural populations. To
date, our knowledge of epigenetic modifications and their
functions in gene expression is limited mainly because of
the limitations of tools and techniques required for the
detection, characterization, and validation of epigenetic
features (Tiwari 2017). Epigenetic studies on animals have
been comparatively far ahead compared to those on
plants. However, it is gaining interest to understand the
mechanisms that plants adapt to withstand continuous
and diverse environmental stresses. Hence, we need to
understand epigenetic diversity, identify the epigenetic
marks, their association with the trait of interest, and their
inheritance, and to explore the possibilities to utilize them
in crop improvement programs (Alvarez-Venegas et al. 2016;
Kumar et al. 2017; Kumar and Mohapatra 2021a).

The significance of 5-mC, one of the most commonly
modified DNA bases in the genome, is not only determined
by its abundance but also by its occurrence in asymmetric
(CHH) and symmetric (CG and CHG) contexts (Kumar et
al. 2018). In addition, its location in different parts of the
gene has different effects on the expression of the gene
(Kumar et al. 2022). In plants, it has been reported to occur
in all three contexts (CG, CHG, and CHH) (Wang et al. 2016;
Kumar et al. 2018). The 5-mC may affect the accessibility
of the genomic region to the transcriptional machinery
regulatory proteins/complexes; thus, it influences chromatin
architecture and affects the transcriptional rate of the gene.
Though 6-mAwasfirst detected in a bacterial genome, its
occurrence, significance and functions are being established
in eukaryotic genomes. Considerable progress has been
made in the identification and quantification of modified
DNA bases, which broadens the area of epigenomic research
and applications. Several methods for determination of
5-mC content, even at single-base resolution, have been
devised; several of them take advantage of sodium-bisulfite
conversion reaction to distinguish cytosine from 5-mC
wherein unmethylated cytosine (C) gets converted to uracil
(U) which finally gets converted to thymine (T) during the
synthesis of the complementary strand on polymerase
chain reaction (PCR). To detect the presence of 6-mA in
the genome, liquid chromatography coupled with tandem
mass spectrometry was used (Wion and Casadesus 2006) to

detect it even at a very low level. Recent studies report the
genome-wide distribution of 6-mA even in many flowering
plants. Liang et al. (2018) deployed a single-molecule real-
time (SMRT) sequencing technology to detect 6-mA in a
strand-specific manner at single-nucleotide resolution in
Arabidopsis. Zhou et al. (2018) presented a 6-mA genomic
profile of rice by immune precipitation and sequencing. In
Arabidopsis, 6-mA is enriched in the gene body compared
to that in the intergenic regions and it shows a dynamic
change in different tissues and at different developmental
stages. Studies indicate that the occurrence of 6-mA in the
gene body is associated with the actively expressed genes,
while its occurrence in the promoter represses the gene
expression. Though studies have established that 6-mAisan
epigenetic mark in plant genomes, its distribution pattern
and detailed functions in plants remain to be deciphered.

This review aims to provide an update on the recent
methodological developments in the detection and
quantification of covalent base modifications in DNA
bases. Different methods with several variations are being
employed for the characterization of modified DNA bases.
Each method has its advantages and disadvantages, which
become evident with its specificity, sensitivity, resolution,
and potential artifacts. The choice of a technique to be
used for epigenomic analysis would depend on the quality
and quantity of DNA, and the number of samples to be
analyzed with the required coverage and resolution. It
would also be important to take into account the organism
and its (epi)genome size to be studied. For epigenomic
studies, high-throughput sequencing techniques are used
for whole-genome deep sequencing; hence, the availability
of good-quality reference genome sequences becomes
necessary for comparative analyses.

Importance of modifications in DNA bases

Though nine different types of modifications in DNA bases
(Fig. 1) have been reported so far in eukaryotic organisms
(compared to about 170 distinct modifications identified in
RNAs) (Kumar and Mohapatra 2021b), only little is known
about their role and importance except for those of the
5-mC. Interestingly, 5-mC is known to play important roles
in the regulation of gene transcription, X chromosome
inactivation, genomic imprinting, cell differentiation,
tumorigenesis, etc. (Table 1). Though potential functions
of 5-hmC at promoter and gene-body are not clearly
understood, it is known to play a role in maintaining and/
or promoting gene expression. The occurrence of 6-mA
is common in microbial genomes which plays important
functions in regulating numerous biological processes. It
might act as a carrier of heritable epigenetic information
in C. elegans (Greer et al. 2015) and transposon suppression
in Drosophila during embryogenesis (Zhang et al. 2015).
Methylome profiling for 6-mA in Arabidopsis suggests
that the occurrence of 6-mA positively correlates with the
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level of gene expression and transition from vegetative to
reproductive growth (Liang et al. 2018). In addition to these
modified bases, the presence of 5-hydroxymethyluracil
(5-hmU) in diverse organisms (from bacteriophages
to mammals) (Gommers-Ampt and Borst 1995) and
N’-methylguanine (7-mG) in insect and fish (Chao et al. 2007)
has been reported. The occurrence of enzyme-mediated
pathways for the synthesis of 5-hmU in eukaryotes suggests
its functional significance (Pfaffeneder et al. 2014); however,
their biological significance is not yet fully understood.

Epigenetic modifications in DNA bases are reported
to affect gene expression levels in controlling growth,
development, and tolerance to various abiotic and biotic
stresses in different organisms. However, the prevalence,
context/location, and dynamics of modified DNA bases are
important for affecting the expression of the trait. Therefore,
the detection of epigenetic variations in a different cell or
tissue in a dynamic manner becomes critically important
for scientific/diagnostic purposes. More importantly,
information on epigenetic marks associated with a trait of
interest is crucial for the detection of stress/problems. For
example, theinitiation of cancerous activity can be detected
at the early stage of its development even when none of
the symptoms has appeared if some of the epigenetic
marks associated with the cancer are known. Technological
advancesin the detection/analysis of DNA base modifications
have been exciting developments in the field of epigenomics
(Cokus et al. 2008; McIntyre et al. 2017; Kumar et al. 2018).
A better understanding of DNA base modifications and
knowledge about non-covalent interactions between the
epigenetic modifications would be required to gaininsights
into the functional diversity. Though considerable progress
is being made every day in understanding various DNA base
modifications, deeper insights into the dynamics, functions,
interactions and newly identified modifications would be
needed for applied purposes. Rapid developments in high-
throughput sequencing techniques, together with the use
of conventional methods (Table 2), are expected to further
improve our understanding of epigenetics and its possible
applications for the benefit of humankind.

Techniques for profiling DNA base modification

A specific technique is needed not only to identify the
modified DNA base but also to distinguish a particular
modified base from the unmodified as well as other
modified bases. The resolution power of the technique is
important to identify the modified base at the single-base
level to determine the context of modification. While some
of the methods can determine the presence or abundance
of a modified base within the genome, other methods, like
bisulfite treatment of DNA followed by DNA sequencing, can
detect specific modified bases in a precise context-specific
manner virtually in any stretch of DNA. Thus, a method

that can identify a wide range of base modifications has
a lower horizontal resolution, while the method having a
higher horizontal resolution is specific to a particular base
modification. A technique does not pose any difficulty
in analyzing animal or plant (epi) genome for a modified
base unless the presence of the modified base has been
established by analyzing the total base composition.
Unfortunately, the conventional methods have been
laborious and time-consuming to scan a large rgenome.
Such issues could be addressed, to some extent, using
modification-sensitive restriction endonucleases (MSREs),
which provide a relatively simple method for mapping
methylated-cytosine and -adenine at specific sites. Such a
strategy was initially used for large-scale screening to map
the genomic locations for the modified bases in specific
restriction endonuclease recognition sites/sequences.

Initially, the detection of 5-mC was dependent on the
methylation-sensitive amplified polymorphism (MSAP)
technique (Xiong et al. 1999). Subsequently, a monoclonal
antibody specific to the 5-mC was used to quantify
methylcytosine at the whole-genome level, which offers
reliable detection at a lesser cost with high throughput
in comparison to the results gained through HPLC-based
analysis. Then, a number of efficient tools and techniques
have been developed (based on sodium-bisulfite conversion
reaction) to determine 5-mC content at single-base
resolution. Quantification of 5-hmC has been based on
liquid chromatography and mass spectrometric techniques
(LC-MS, HPLC-MS); however, immunoassay is also being
developed and used for the purpose. The occurrence of
6-mA was initially quantified using high-pressure liquid
chromatography (HPLC) (Eick et al. 1983; Woodcock et al.
1984). Some of the modified bases, like 6-mA and 4-mC
occur at a low level. They are detectable using highly
sensitive techniques (Heyn et al. 2015; Liu et al. 2019). Most
of the common methylated DNA bases (5-mC, 6-mA and
4-mC) can be detected by SMRT sequencing, requiring
only 25-fold coverage to obtain higher confidence in
their detection (Davis et al. 2013). DA-6mA-seq (Dpnl-
Assisted 6-mA sequencing) approach was used to cleave
methylated adenine sites, wherein Dpnl cuts duplex DNA
in other sequence motifs besides the canonical GATC
restriction sites. Thus, DA-6mA-seq was considered to be
more sensitive, requiring only nanograms of input DNA and
lower sequencing depth than conventional techniques (Luo
et al. 2016). Recently, the existence of 6-hmA was reported
in mammalian cells by using LC-MS analysis (Xiong et al.
2019). Significant technological advancements have been
made in the detection/quantification of modifications in
DNA bases that resulted in enriched knowledge/interest in
epigenomics. Here, we present an overview of the recent
technological advancements in the detection of modified
DNA bases, their applications and limitations.
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Table 1. DNA base modifications and their role in the biological process

Modified DNA base

Modification process

Role

References

5-methylcytosine
(5-mC)

Methylation of Cytosine by DNA
methyl transferases (DNMT)

Genomic imprinting, X-chromosome

Luoetal. 2016

inactivation, transposon suppression, gene
regulation and epigenetic memory maintenance

5-hydroxymethylcytosine

(5-hmC)

Oxidation of 5-mC by Ten Eleven
Translocation (TET) dioxygenases

Presence of 5-hmC in promoter seems to inhibit
transcription. Also, studies suggest that 5-hmC
functions as an epigenetic mark in mammalian

Breiling and Lyko
2015; Klungland and
Robertson 2017

neuronal development

5-formylcytosine Oxidation of 5-hmC by TET Role in recruiting DNA repair machinery Breiling and Lyko
(5-fC) dioxygenases 2015
5-carboxylcytosine Oxidation of 5-fC by TET Role in recruiting DNA repair machinery Breiling and Lyko

(5-caQ)

dioxygenases

2015

N*-methylcytosine
(4-mC)

Methylation of Cytosine by DNA
methyl transferases (DNMT)

Play role in bacterial restriction-modification

Ehrlich et al. 1987

(R-M) systems as defense mechanisms

Né-methyladenine
(6-mA)

Methylation of adenine, DNA
Né adenine methyltransferases

(DAMT-1)

Regulate transcription, transposable elements

Luoetal. 2016

and trans-generational epigenetic inheritance

Neé-hydroxymethyladenine
(6-hmA)

hydroxylation of 6-mAby ALKBH1
in genomic DNA of mammals

Potential role remains undeciphered

Xiong et al. 2019

8-oxo-adenine
(8-0x0A)

Modification of adenine by reactive
oxygen species

Affect DNA replication and gene expression

Malins et al. 2000

during oxidative stress

8-oxo-guanine
(8-0x0G)

Modification of guanine by reactive
oxygen species

Involved in modulating gene expression during
oxidative stress

Ba et al.2014; Park et
al. 2019

8-0x0-2'-deoxyguanosine
(8-oxodG)

Oxidation of deoxyguanosine

Biomarker for oxidative DNA damage under
oxidative stress

Karahan et al. 2019;
Chiorcea-Paquim
2022

Advances in the detection of modified DNA bases
Considerable technological advances in detecting
the modified DNA bases, as well as their effects on
phenotype, have been achieved since it was discovered that
modification in DNA bases also happens in eukaryotic cells.
The techniques currently used for the detection of DNA base
modification can be categorized into two broad categories
based on the results they generate. The first is relative
quantification, while the other is detection at the level of
single-base resolution. Initially, thin-layer chromatography
was used to quantify the modified DNA base (Gunthert et
al. 1976); however, several other advanced techniques are
being used to detect the modified DNA bases.

Though the HPLC-UV technique, used by Kuo and
coworkers (Kuo et al. 1980), is considered to be the “gold
standard” assay for quantitative analysis of 5-mC content,
this method has certain limitations like the need for
specialized equipment and requiring a larger amount (3-10
pg) of genomic DNA sample. In this method of analysis, the
DNA sample is hydrolyzed to its constituent bases, C and
5-mC are separated chromatographically, and then the
fractions are measured to quantify 5-mC content. Liquid
chromatography coupled with tandem mass spectrometry

(LCG-MS/MS) was then used as an alternative technique, which
is highly sensitive and requires a much smaller amount of the
DNA sample (Song et al. 2005; Thuc et al. 2011; Liu et al. 2009).
Later on, an enzyme-linked immunosorbent assay (ELISA)-
based kit for quick and comparative assessment of the level
of modified DNA bases has become available; however,
the technique is prone to give variable results. Though the
technique is easier and faster, it is less sensitive and requires
a larger difference in global DNA methylation level.
Subsequently, the techniques used to detect DNA
methylation include enzyme-based methylome profiling.
The enzyme-based method exploits methylation-sensitivity
of restriction enzymes like Mspl [digestion blocked due
to methylated cytosine (5-mC) in CHG context] and Hpall
(restriction blocked due to 5-mC in CG and CHG contexts).
Such a method was initially used in plants to detect
differentially methylated sites in wild-type and mutant
Arabidopsis by microarray analysis of smaller DNA fragments
(Tran et al. 2005). Methylation-specific enzyme McrBC,
which preferentially digests methylated DNA, has also been
used to detect DNA methylation. A combination of McrBC
digestion and tiling microarray (Vaughn et al. 2007; Li et al.
2008) or high-throughput sequencing (Wang et al. 2009;
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Table 2. Techniques used for the detection of modified DNA bases
Technique used Modified base Host system References

Quantitative LC-MS 5-mC Mouse brain cells Muinzel et al. 2010
Chemical isotopic labeling of genomic DNA coupled 5-hmC Mammalian cells Bachman et al. 2014
with ultra-sensitive analytical liquid chromatography-
tandem mass spectrometry
Reduced bisulfite sequencing (redBS-Seq) and oxidative ~ 5-mC, 5-hmC, Mouse embryonic stem cells Booth et al. 2014
bisulfite sequencing (oxBS-Seq) 5-fC
Nanopore sequencing 5-mC Human breast cell lines Simpson et al. 2017
NanoHPLC-MS/HRMS 5-fC Mouse cell Bachman et al. 2015
hmC-CATCH bisulphite-free sequencing. 5-hmC Human embryonic stem cell Zeng et al. 2018
4mC-Tet-assisted bisulfite-sequencing (4mC-TAB-seq). 4-mC Caldicellulosiruptor sp. Yu et al. 2015
Liquid chromatography-multistage mass spectrometry 5-hmC Oryza sativa Wang et al. 2015
(LC-MS/MS/MS) followed by Illumina Hi-Seq 2000 system
Methyl flash hydroxylated DNA quantification 5-hmC Brassica rapa Golubov and Kovalchuk
(colormetric) 2017
Single-molecule real-time (SMRT) sequencing 6-mA Tetrahymena thermophila Wang et al. 2017
Liquid chromatography-mass spectrometry (LC-MS/MS) ~ 6-mA Mammalian embryonic stem Wu et al. 2016
cell

Ultra-high-performance liquid chromatography coupled ~ 6-mA Zebrafish Liu et al. 2016
with a triple-quadrupole tandem mass spectrometry
(UHPLC-QQQ-MS/MS) assay
UHPLC-QQQ-MS/MS 6-mA Chlamydomonas Fuetal.2015
SMRT sequencing 6-mA Arabidopsis thaliana Liang et al. 2018
SMRT sequencing 6-mA, Rosaceae members Liuetal. 2019

4-mC
LC-MS analysis 6-hmA Mammalian cell Xiong et al. 2019
Oxford Nanopore long-read sequencing in coordination ~ 5-mC, Escherichia coli, Liu etal. 2019
with Deep-Mod, a bidirectional recurrent neural network ~ 6-mA Chlamydomonas reinhardtii,

(RNN) with long short-term memory (LSTM) to detect
DNA modifications

and human genomes

He et al. 2010) was used for genome-wide analysis of DNA
methylation.

Affinity purification, deploying the protein that
preferentially binds methylcytosine using immuno-
precipitation (mCIP), is used to select/concentrate
methylated DNA fragments. A widely used 5-mC-binding
protein is MBD domain-containing human protein MeCP2,
which specifically binds to methylated DNA but does not
bind to unmethylated DNA at high salt concentrations.
The MeCP2 recognizes only CG-methylated DNA and its
binding affinity is positively correlated with the number
of methylated CG sites in the DNA fragments. The mCIP
enrichment of methylated DNA fragments was combined
with Illumina high-throughput sequencing (mCIP-seq)
to profile the DNA methylation in plants (Yan et al. 2010;
Gohlke et al. 2013).

For context-specific analysis of 5-mC at single-base
resolution, whole-genome bisulfite sequencing (WGBS)

is considered to be of “gold standard”. In WGBS analysis,
the genomic DNA is treated with sodium bisulfite, which
converts unmodified cytosine, 5-caC, and 5-fC to uracil, but
5-mC and 5-hmC remain unmodified. Since its discovery in
1992 (Frommer et al. 1992), bisulfite sequencing has been
confidently used for DNA methylation studies. However,
the potential of this technique was only realized when
bisulfite-treated DNA could be subjected to shotgun
sequencing (MethylC-seq) in deciphering 5-mC at single-
base resolution (Urich et al. 2015). WGBS analysis allows
genome-wide detection of DNA methylation patterns
at single-base resolution in all three (CG, CHG, and CHH)
sequence contexts, which is of particular interest in plants.
Three distinct DNA methyl transferases methylate cytosine
in different sequence contexts (i.e., MET1 at CG site, CMT3
at CHG site and DRM2 at CHH site) and they have distinct
effects/importance in the regulation of gene expression
(Kumar et al. 2022).
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Next-generation sequencing to analyze modified
DNA bases

Advances in third-generation sequencing facilitate the
detection of modified DNA bases directly without any
prior chemical or enzymatic treatment of DNA samples
(Plongthongkum et al. 2014). Pacific Biosciences (PacBio)
developed SMRT sequencing technology that enables the
detection of 5-mC and its oxidation derivatives directly
while sequencing based on the nucleotide incorporation
time/kinetic signature (Eid et al. 2009; Flusberg et al. 2010).
The SMRT sequencing uses a zeptolitre-volume cylindrical
cavity (~100 nm diameter and height) known as a zero-
mode waveguide (ZMW), which isimmobilized with a DNA-
polymerase complex. In SMRT, DNA polymerase is used for
the replication of DNA strands, which is optically measured
using fluorescently labeled dNTP analogs. For sequencing
of a DNA fragment, a polymerase-bound DNA template
is fixed to the bottom of the ZMW utilizing the biotin-
streptavidin chemistry, which requires substantial time
for DNA to pass through the ZMW. This allows preferential
entry of short DNA templates over long ones under diffusive
conditions. Although the requirement of input DNA is still
higher (above nanogram levels), magnetic bead assays have
been deployed to improve loading efficiency. Shorter DNA
fragments are removed to minimize competitive binding.
However, a smaller difference in the kinetic signature of the
base variants may lead to poor accuracy in the quantification
of the modified bases, which is considered to be one of the
major shortcomings of SMRT. Moreover, in certain cases,
chemical labeling or enzymatic conversion is used to
improve signal detection efficiency. For example, conversion
of 5-hmCto N3-5-gmC or HS-N3-5-gmCis performed before
SMRT sequencing for enhanced signal detection efficiency
(Eid et al. 2009). Nevertheless, SMRT is considered to be a
promising and efficient technique for the detection of 6-mA
and 4-mC at single-nucleotide resolution. A higher average
read length of 8.5 kb enables SMRT to detect 5-mC and its
oxidation derivatives more efficiently, even in the repetitive
regions.

Further advances in the single-molecule-based method
were made using the nanopore sequencing technique
(Clark et al. 2013), which directly produces DNA methylome
profiles without the need for bisulfite conversion to
discriminate 5-mC from other bases (Flusberg et al. 2010).
Nanopore sequencing utilizes an electrical field to mobilize
the electrically charged biopolymer passing through a
nanoscale aperture. When the biopolymer (DNA strand) is
passed through the nanopore, it partially blocks the flow
of ionic current, resulting in obstruction in the flow of ion
current. Since the DNA strand passes through the nanopore
in a single-file manner, it enables scanning the variation in
the ion current obstruction, thereby detecting different
bases, including modified DNA bases, direct along the

DNA strand. The nanopore can be modified for different
applications like DNA barcoding, binding of transcription
factors to DNA, and label-free identification of single
nucleotides (Feng et al. 2015). Engineered nanopores were
utilized for profiling modified DNA bases by nanopore
sequencing, and some such examples include MspA channel
(Laszlo et al. 2013) and solid-state NP (ssNP) (Zahid et al.
2016). A modified method for directly detecting the modified
base (e.g., 5-mC) on the basis of electrical readout, without
any requirement of chemical treatment, using MinlON of
Oxford Nanopore Technology, was suggested by Simpson et
al. (2017). Like the SMRT sequencing technology, nanopore
sequencing also takes the advantages of longer-read
length and rapid sequencing. Though the error rate in base
identification is higher (18-20%) for SMRT (Ross et al. 2013),
it is significantly lower (6-10%) for nanopore sequencing
(Delahaye and Nicolas 2021). However, the throughput and
depth of sequencing for third-generation sequencing need
to be improved by orders of magnitude before they can be
used for routine methylome analysis for larger genomes.

Recent advances in epigenetic and epigenomic
studies

Epigenetic changes are the continuous process that occurs
throughout the development of an organism as well as
during exposure to various environmental stresses. The
standard methods currently being used to analyze the
epigenetic variations are discontinuous and destructive.
Normally, for the analysis of epigenetic change, one is
required to collect/fix the tissue sample (discontinuing the
normal biological processes that have been happening
inside the cells) and isolate the molecules of interest (DNA
and/or histone proteins) by rupturing the cells (destroying
the living cells). Moreover, the sample used for epigenetic
analysis is the tissues containing a mixture of different types
of cells (rather than a single cell). Generally, the diverse
mixture of cells possesses different methylation states,
which cannot be correlated with the phenotype of the
organism. Since the epigenome is dynamic in nature, the
cell-specific analysis would be necessary for analyzing an
epigenetic change, and its functional assignment. Using a
bimolecular anchor detector (BiAD) system, the epigenetic
changes can be monitored in live tissue (Fig. 2). It contains
a fluorescence-based sensor with two components. The
first one is an anchor protein (e.g., a zinc finger protein)
with a non-fluorescent fluorophore that binds to a specific
part of DNA, but it cannot emit fluorescence until it joins
a complementary fluorophore fragment. The second
component is a detector protein (e.g., Methyl-CpG-binding
domain protein 2) with the complementary fluorophore,
which recognizes and binds specifically to an epigenetically
modified DNA site. When the anchor and detector proteins
are present in close vicinity, they fuse to form the complete
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Fig. 2. Bimolecular anchor detector (BiAD) system detects methylation of DNA at a specific site (green) in the nucleus of a cell. (A) The BiAD sensor
detects methylation of DNA at the site of investigation (green) in a gene. The anchor protein (blue) is positioned in the vicinity of the site of
investigation for the epigenetic change. Only when the detector (purple) binds to the epigenetically modified site in the proximity of the anchor
the fluorophore component proteins are coupled to produce a fluorescent signal (green), which can be detected with a fluorescence microscope;
and (B) Working model of BiAD sensor system.The anchor (blue) recognizes a specific DNA fragment, and it is coupled to an N-terminal half (N-Sig)
of a fluorophore (black). The detector protein (purple) recognizes an epigenetic modification (e.g., 5-methylcytosine, 5-mC), and it is coupled
to the C-terminal (nal-C) half of the fluorophore (black). Under stress, cytosine residue in the site of investigation gets methylated (5-mC) and
provides a binding site for the detector protein. This leads to the assembly of N- and C-terminal fluorophore components (grey) into an active

fluorophore (green)

fluorescent protein, which happens when the DNA/gene to
be examined gets methylated (providing the binding site for
the detector). The fluorescent signal can be detected using
a fluorescence microscope in the live cells. The anchor can
be combined with different detector domains specifically
designed for different types of epigenetic modifications,
and it can work with different types of cells.

Quantification of modified DNA bases

Accumulating evidence indicates that epigenetic changes
areimportant players in determining cellular differentiation,
growth, development, as well as tolerance to various
environmental stresses in most of living organisms.
Association among environmental stresses, changes in
DNA base modifications, and gene expression level is
being demonstrated in animals as well as plants. Thus,
guantitative analyses of epigenomic variations have become
crucial for investigative applications. Some of the technical
improvements in epigenetics have been the introduction of
effective methods to identify/analyze modified DNA bases,
particularly at single-base resolution. The progress made
in the identification and quantification of modified DNA
bases has considerably increased/broadened the area of
epigenomic research in several fields of biology.

Quantification of 5-mC

Combining the bisulfite conversion along with the high-
throughput DNA sequencing for estimation of DNA
methylation in a context-specific manner is referred to
as whole-genome bisulfite sequencing (WGBS). In WGBS,
unmethylated cytosine is converted to uracil first and then to
thymine during the PCR amplification process. The presence
of cytosine in aWGBS read indicates that the cytosine was
methylated (5-mC), as methylcytosine is secured from
conversion due to bisulfite treatment. Moreover, the
location/position, content, and context of cytosine(de)
methylation need to be determined for meaningful
interpretation of the findings. WGBS analysis generates
computable data for DNA base methylation/demethylation
atindividual cytosine locations as multiple reads are aligned
on the reference sequence. In the recent years, the Nanopore
sequencing technique was used to detect 5-mC depending
on the changes in electrolytic current due to the modified
DNA base. Quantitative analysis of 5-mC was reported
using Oxford Nanopore Technologies deploying MinION
sequencer in the human genome (Simpson et al. 2017),
wherein bisulfite conversion and its associated demerits
could be minimized. Further advancements in Nanopore
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sequencing techniques are likely to transform epigenetic
investigations using high throughput NGS technologies.

Quantification of 5-hmC

Quantification of 5-hydroxymethylcytosine utilizing
immunoassay principles (deploying 5-hmC-specific
antibody) is being deployed. Though such methods are
quantitative as well as reproducible; these are intricate,
costly, less sensitive, and have less suitability for the
desired high throughput epigenetic analysis. Although a
number of methods have been available for the detection/
quantification of 5-hmC, most of the methods do not meet
the prerequisites for cutting-edge epigenomic investigation.
Generally, a large amount of sample is needed when the
sample tissue possesses lesser 5-hmC content. Usually
detection capacity of such an assay is about 0.03% 5-hmC
only which limits its utility in such studies. In addition, these
assays provide only a relative value for 5-hmC quantity;
therefore, quantification of 5-hmCrequires a standard curve
to be generated.

An alternative method uses an enzyme (3-gluco-
syltransferase) from phage T4 that catalyzes the attachment
of B-D-glucosyl residues from uridine-diphosphoglucose
(UDP-Glu) to the hydroxyl group of 5-hmC. In this method,
5-hmC is labeled with a reactive azide group; the azide
group is labeled with a fluorescent alkyne tag (e.g.
dibenzocyclooctyne-Cy5) as a reporter. Tough this method
provided accurate and high-throughput quantification of
5-hmC, a large quantity (@about 6 pg) of DNA is needed. To
lower the requirement of DNA, the ultra-sensitive single-
molecule method is utilized for directly visualizing and
counting the fluorescent 5-hmC mark (Gilat et al. 2017).

Quantification of 6-mA/1-mA

Ultra-high performance, liquid chromatography coupled
with mass spectrometry (UHPLC-MS/MS) has recently been
used to detect 6-Ma (Boulias and Greer, 2021). While thisis a
qualitative technique for detecting 6-mA, it does not provide
any information about the genomic location/context of
modification. Combining UHPLC-MS/MS with methylated
DNA immune precipitation (MeDIP) can differentiate 1-mA
from 6-mA, which provides unambiguous detection of 1-mA
in the genome (Greer et al. 2015). Therefore, accuracy in
the detection of 6-mA requires combining complementary
methods as an individual technique has certain limitations.

Challenges in the detection of modified DNA bases

One of the major challenges in the detection/mapping
of modified DNA bases is its very low/low occurrence in
the genome. While some of the techniques detect the
presence/magnitude of the modified base (the first step
in epigenetics of DNA base modification), others are used
to map it at the single-nucleotide (context/location) level.
However, the specificity, sensitivity, and resolving power
of the technique are very important, and these must be

considered while selecting the technique(s) to detect/
map the modified DNA base. A meticulous selection of the
technique(s) and inclusion of control(s) in the experimental
design is essential for precision in the base modification
studies. Mostly, a well-known DNA sequence (e.g., lambda/
M13 phage DNA) not containing the modified base (\DNA~
mC) is used to spike the sample DNA aimed at checking the
efficiency of the technique used. For example, bisulfite
conversion efficiency needs to be checked while performing
a WGBS study. Bisulfite conversion and subsequent PCR
amplification may cause pronounced sequencing bias/
artifact. Degradation of genomic DNA is a concurrent
effect of bisulfite conversion, posing another challenge
in its usage for analyzing DNA samples available in only a
limited amount, such as single-cell epigenome profiling.
Bisulfite treatment-induced fragmentation of genomic
DNA was initially attributed to the loss of purines (Frommer
et al. 1992; Raizis et al. 1995), but later on, it was found to
result from random base losses at unmethylated cytosine,
causing backbone breakage on exposure to heat and alkali
(Tanaka and Okamoto 2007). Such cytosine-specific effects
lead to biases like depletion of cytosine-rich DNA (resulting
in a skewed representation of the genomic sequences)
and depletion of fragments containing unmethylated
cytosine (leading to the overestimation of 5-mC content)
(Olova et al. 2018). Generally, epigenome analysis uses
genomic DNA from millions of cells from a sample. As
the epigenome is highly dynamic, a cell-specific analysis
would be essential for analyzing base modification and
its functional characterization. Epigenetic analysis of DNA
methylation is also affected by the diversity and complexity
of the technique used. In addition to the aforementioned
challenges in the detection of the known modified DNA
bases, we may encounter several other modified bases not
yet known, and we may require devising a new strategy to
analyse them. It would also be essential to determine the
heritable component of DNA base modifications to identify
the trait-associated epimarks.

Future perspectives

Continuous technological advances have provided
unprecedented opportunities for the identification/
detection of modified DNA bases and in the application of
epigenomic tools for practical significance. We envisage
that rapidly advancing modern techniques, particularly
the newer chemical biology would be applied to expedite
studies in the field of epigenomics. One of the limitations
in epigenomic understanding has been the limited
information about the writers, readers, and/or erasers of
the modified DNA bases. Quick ablation of writer, reader,
and eraser does not allow much investigation of the site-
specific role of these factors and limits functional studies
on DNA base modification. However, advances in genome/
epigenome editing might prove to be an efficient approach
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for site-specific manipulation of DNA (Kumar 2019) to better
understand the role of base modification in a context-
specific manner.

Plant system provides a better opportunity to elucidate
the biological functions of modified DNA bases and study
their regulatory aspects through easier and more rapid
investigations of epigenetic alteration in higher eukaryotes,
which are otherwise difficult to perform using animal system
(Shen et al. 2019). Using a combination of techniques like
genetic ablation and NGS-based mapping, regulatory
functions of epigenetic modifications on developmental
processes and stress tolerance in plants have been
demonstrated. Readers of the base modifications have
been reported to play more important roles in abiotic stress
responses. This suggests that deciphering the context of
base modification is more important than detecting the
change (writing/erasing). Epigenetic understanding would
be further improved with the discovery of other covalent
modifications in DNA bases and their writers/readers/
erasers.

Recent studies reveal the interaction between the
epigenetic modifications (e.g., modified DNA base
and histone modification) as well as between the
epigenetic (histone protein) and epi transcriptomic
(N®-methyladenosine) modifications, which present a new
regulatory mechanism (Kumar and Mohapatra 2021; Kumar
etal.2021). Thisindicates a linkage between epigenetic and
epi transcriptomic modifications and suggests a complex
role of base modifications in regulating gene expression.
To understand the shared role of reversible biochemical
modifications in DNA and RNA for the dynamic and
effective regulation of gene expression, investigations on
DNA methylation, histone modification, sSRNA biogenesis,
and epi transcriptomic modifications in rice under abiotic
(drought and P deficiency) stress are being carried out by
our team. Identification of epigenetic marks and their role
in stress memory is another challenging task. However,
once a heritable mark is identified, a CRISPR-based
epigenome-editing tool might be utilized for targeted/
site-specific alteration in the epigenome to achieve the
desired phenotype (Seem et al. 2024). A comprehensive
understanding of the epigenetic-epitranscriptomic
regulation of gene expression might enable us the
development of climate-smart crops in the near future.
This would not only improve the adaptability/productivity
of crops under the changing climatic conditions but would
also ensure food security.

Considerable functional diversity of DNA base
modifications has been deciphered during the last
decade mainly because of the high-throughput NGS-
assisted detection of modified bases and their functional
validation. Several other dynamic base modifications in
DNA (4-mC, 6-mA, and 8-0x0G) are also being detected/

analyzed in different organisms, which would require
functional characterization and validation to strengthen
their epigenetic role as an additional factor in regulating
gene expression. Other epigenetic modifications might
be identified in the future, which may demonstrate
positive/negative interaction with other modified bases
in modulating gene expression. The biological functions
of DNA base modifications are not yet fully understood,
probably because of the lack of optimized/efficient
methods for detection and functional characterization.
Detection of the modified base at single-base resolution
using third-generation direct sequencing technology such
as nanowells (SMRT) and nanopore (Oxford Nanopore)
sequencing is very promising for the rapid developments
in epigenomics. However, proper experimental design
with a sufficient number of replicates and controls is very
important for confidence in the findings. Identification of
the enzyme (writer) involved in base modification, readers
for the modified base, and erasers for replacing it with the
unmodified base are necessary for devising the strategy
for epigenome editing. Moreover, several fundamental
questions remain to be answered (Kumar 2017); some more
questions may arise after getting answers to the existing
questions, but our epigenomic understanding would
certainly improve with such investigations on plants for
growth, fitness, and survival under environmental stress
(Kumar 2018b; Kaur and Kumar 2020).
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