
EDITED BY : Sajad Ahmad Dar, Tanvir Ul Hassan Dar and Naseem Akhter

PUBLISHED IN : Frontiers in Genetics and Frontiers in Ecology and Evolution

EPIGENOMIC POLYMORPHISMS: 
THE DRIVERS OF DIVERSITY AND 
HETEROGENEITY

https://www.frontiersin.org/research-topics/19666/epigenomic-polymorphisms-the-drivers-of-diversity-and-heterogeneity#articles
https://www.frontiersin.org/research-topics/19666/epigenomic-polymorphisms-the-drivers-of-diversity-and-heterogeneity#articles
https://www.frontiersin.org/research-topics/19666/epigenomic-polymorphisms-the-drivers-of-diversity-and-heterogeneity#articles
https://www.frontiersin.org/research-topics/19666/epigenomic-polymorphisms-the-drivers-of-diversity-and-heterogeneity#articles
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/ecology-and-evolution


Frontiers in Genetics 1 November 2022 | Epigenomic Polymorphisms

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-83250-644-8 

DOI 10.3389/978-2-83250-644-8

https://www.frontiersin.org/research-topics/19666/epigenomic-polymorphisms-the-drivers-of-diversity-and-heterogeneity#articles
https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact


Frontiers in Genetics 2 November 2022 | Epigenomic Polymorphisms

Topic Editors: 
Sajad Ahmad Dar, Jazan University, Saudi Arabia
Tanvir Ul Hassan Dar, Baba Ghulam Shah Badshah University, India 
Naseem Akhter, Albaha University, Saudi Arabia

The authors declare that the research was conducted in the absence of any commercial 
or financial relationships that could be construed as a potential conflict of interest.

Citation: Dar, S. A., Dar, T. U. H., Akhter, N., eds. (2022). Epigenomic 
Polymorphisms: the Drivers of Diversity and Heterogeneity. 
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83250-644-8

EPIGENOMIC POLYMORPHISMS: 
THE DRIVERS OF DIVERSITY AND 
HETEROGENEITY

https://www.frontiersin.org/research-topics/19666/epigenomic-polymorphisms-the-drivers-of-diversity-and-heterogeneity#articles
https://www.frontiersin.org/journals/genetics
http://doi.org/10.3389/978-2-83250-644-8


Frontiers in Genetics 3 November 2022 | Epigenomic Polymorphisms

05 Editorial: Epigenomic Polymorphisms: The Drivers of Diversity and 
Heterogeneity

Tanvir-Ul-Hassan Dar, Naseem Akhter and Sajad Ahmad Dar

08 Epigenetic DNA Modifications Are Correlated With B Chromosomes and 
Sex in the Cichlid Astatotilapia latifasciata

Adauto Lima Cardoso, Bruno Evaristo de Almeida Fantinatti, 
Natália Bortholazzi Venturelli, Bianca de Oliveira Carmello, 
Rogério Antonio de Oliveira and Cesar Martins

22 Genomic, Transcriptomic and Epigenomic Tools to Study the 
Domestication of Plants and Animals: A Field Guide for Beginners

Josué Barrera-Redondo, Daniel Piñero and Luis E. Eguiarte

46 Whole-Exome Sequencing for Identification of Genetic Variants Involved 
in Vitamin D Metabolic Pathways in Families With Vitamin D Deficiency in 
Saudi Arabia

Shatha Alharazy, Muhammad Imran Naseer, Eman Alissa, 
Margaret Denise Robertson, Susan Lanham-New and Adeel G. Chaudhary

56 Epigenetic Alteration and its Association With Downregulated FOXP3 
Gene in Indian Breast Cancer Patients

Sadaf, Naseem Akhter, Raed A. Alharbi, Abdulmajeed A. A. Sindi, 
Mohammad Zeeshan Najm, Fahad A. Alhumaydhi, Mohammad Aasif Khan, 
S.V.S Deo and Syed Akhtar Husain

66 DNA Methylation of ABC Transporters Differs in Native and Non-native 
Populations of Conyza canadensis L.

Ambreen Tahir Shah, Zafar A. Reshi and Mohammad Altaf

76 FOXO1 Gene Downregulation and Promoter Methylation Exhibits 
Significant Correlation With Clinical Parameters in Indian Breast Cancer 
Patients

Mohammad Aasif Khan, Sheersh Massey, Irfan Ahmad, Sadaf, 
Naseem Akhter, Maria Habib, Saad Mustafa, S. V. S. Deo and 
Syed Akhtar Husain

90 Exploration of Potential Biomarker Genes and Pathways in Kawasaki 
Disease: An Integrated in-Silico Approach

Priyanka Srivastava, Chitra Bamba, Rakesh Kumar Pilania, Anu Kumari, 
Rajni Kumrah, Archan Sil and Surjit Singh

102 Genetic and Epigenetic Differentiation Across Intertidal Gradients in the 
Foundation Plant Spartina alterniflora

Jeannie M. Mounger, Isolde van Riemsdijk, M. Teresa Boquete, 
Cornelis A. M. Wagemaker, Samar Fatma, Marta H. Robertson, 
Sandy A. Voors, Jenna Oberstaller, Fleur Gawehns, Torrance C. Hanley, 
Ivo Grosse, Koen J. F. Verhoeven, Erik E. Sotka, Catherine A. Gehring, 
A. Randall Hughes, David B. Lewis, Marc W. Schmid and 
Christina L. Richards

Table of Contents

https://www.frontiersin.org/research-topics/19666/epigenomic-polymorphisms-the-drivers-of-diversity-and-heterogeneity#articles
https://www.frontiersin.org/journals/genetics


Frontiers in Genetics 4 November 2022 | Epigenomic Polymorphisms

119 Rare Alleles and Signatures of Selection on the Immunodominant 
Domains of Pfs230 and Pfs48/45 in Malaria Parasites From Western Kenya

Kevin O. Ochwedo, Fredrick O. Ariri, Wilfred O. Otambo, 
Edwin O. Magomere, Isaiah Debrah, Shirley A. Onyango, Pauline W. Orondo, 
Harrysone E. Atieli, Sidney O. Ogolla, Antony C. A. Otieno, 
Wolfgang R. Mukabana, Andrew K. Githeko, Ming-Chieh Lee, Guiyun Yan, 
Daibin Zhong and James W. Kazura

129 Unravelling the Role of Epigenetic Modifications in Development and 
Reproduction of Angiosperms: A Critical Appraisal

Priyanka Kumari, Sajid Khan, Ishfaq Ahmad Wani, Renu Gupta, 
Susheel Verma, Pravej Alam and Abdullah Alaklabi

https://www.frontiersin.org/research-topics/19666/epigenomic-polymorphisms-the-drivers-of-diversity-and-heterogeneity#articles
https://www.frontiersin.org/journals/genetics


Editorial: Epigenomic
polymorphisms: The drivers of
diversity and heterogeneity

Tanvir-Ul-Hassan Dar1, NaseemAkhter2 and Sajad Ahmad Dar3*
1Department of Biotechnology, Baba Ghulam Shah Badshah University, Rajouri, India, 2Department of
Neurology, Henry Ford Health System, Detroit, MI, United States, 3Research and Scientific Studies Unit,
College of Nursing, Jazan University, Jizan, Saudi Arabia

KEYWORDS

epigenomic diversity, genomic variation, DNA methylation, phenotypic characters,
epigenome

Editorial on the Research Topic

Epigenomic polymorphisms: The drivers of diversity and heterogeneity

Evolutionary potential of a species is primarily driven by its genetic diversity, however

accumulating evidence underscores the important role of epigenomic diversity (Agarwal

et al., 2020; Neinavaie et al., 2021). Genomic diversity resulting from changes in DNA

nucleotide sequences is not the only heritable information influencing population survival,

evolution and ecology in plant and animal species; epigenomic variations, such as DNA

methylation or chromatin states, percolate from generation to generation influencing

phenotypic characteristics (Flatscher et al., 2012; Miryeganeh and Saze, 2019). Recent

studies have found that epigenomic diversity substantially compensates for the loss of

genomic variation(s) in small wild populations of genetically homogeneous colonies,

thereby demonstrating an additional component of genomic variation(s) (Jueterbock

et al., 2020; Mounger et al., 2021). This suggests that both genomic and epigenomic

changes in plants and animals affect species and population diversity.

Even though research on inter-and intra-species heterogeneity has progressed

significantly, the interplay between genomic (genetic) and epigenomic changes in the

wild populations remains to be elucidated. The idea that epigenomic diversity can

compensate for genomic diversity loss is relatively new and the extent and patterns of

genomic and epigenomic diversity in eukaryotic species, especially those that are closely

related but ecologically distinct, warrants comprehensive investigation.

In the present Research Topic, we have collated ten articles (eight original research and two

reviews), illustrating the patterns of genomic and epigenomic diversity in eukaryotic species.

Barrera-Redondo et al., in their review, have summarized the theoretical and technical bases for

conducting domestication genomics, from acquiring a reference genome and genome assembly

to population genomics, transcriptomics, epigenomics, and experimental validation of

domestication-related genes. The mechanism of epigenetic changes and their dynamic role

in maintaining genomic integrity during plant growth and reproduction have been reviewed

here by Kumari et al. in an elaborated way.
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In addition to genetic variation patterns linked to various

environmental challenges (Hodgins et al., 2015; Neinavaie et al.,

2021), mounting evidence suggests that epigenetic variation plays a

role in ecology and this variation can be both environmentally induced

and contribute to phenotypic plasticity (Ashe et al., 2021; Stajic and

Jansen, 2021). In their research, Mounger et al. have dealt with

differences between genetic and epigenetic parameters in Spartina

alterniflora (Sporobolus alterniflorus, foundation plant), across

intertidal gradients. They used epigenotype-by-sequencing

(epiGBS), in combination with environmental factors and plant

phenotypic variation, in wild S. alterniflora populations to connect

patterns of genomic and epigenomic diversity with environmental and

phenotypic variations. A small but considerable amount of genetic and

epigenetic diversity is accounted for by the habitat within populations.

While differences in ABC transporter methylation patterns under

various environmental conditions and their role in plant growth,

development and response to biotic and abiotic stresses have beenwell

documented (Tani et al., 2016; Moretti et al., 2017), little is known

about variation inABC transportermethylation patterns in native and

non-native plant species. The results of changes in the methylation of

ABC transporters of Conyza canadensis (Erigeron canadensis) in its

native (North America) and non-native (Kashmir Himalayas) ranges

are presented in this Research Topic by Shah et al. The DNA

methylation of ABC transporter genes has been found to be lower

in Kashmir Himalayas than in North America.

The B chromosome has recently been discovered to affect the

cell’s DNA methylation status, thereby impacting the global gene

expression profile (Mendioroz et al., 2015). In this Research

Topic, Cardoso et al. have used immunocytogenetics to analyse

the epigenetic DNA modification status of B chromosomes in

cichlid fish (Astatotilapia latifasciata), and the effect of B

chromosome presence on the global contents of 5-

methylcytosine (5 mC) and 5-hydroxymethylcytosine (5hmC).

They found that A. latifasciata’s B chromosome has an energetic

pattern of DNA epimarks, and that its presence promotes the loss

of 5 mC in females with the B chromosome’s gonads and the loss

of 5hmC in males with the B element’s muscle.

FOXP3 (Forkhead box P3) is a member of the Forkhead/winged-

helix family of transcription factors that causes X-linked autoimmune

disorders in mice and humans (Schubert et al., 2001). In their

Research Topic, Sadaf et al. have focussed on epigenetic changes

and their link to the downregulated FOXP3 gene in female breast

cancer patients. FOXO1 promoter methylation and expression at the

mRNAand protein levels in different stages of breast cancer, as well as

their relationship with various clinical indicators, are still to be

investigated (Jiang et al., 2018; Xing et al., 2018). Using

methylation-specific PCR, mRNA expression, and

immunohistochemistry, Khan et al. have examined

FOXO1 mRNA and protein expression in breast cancer. The

downregulated protein expression and promoter hypermethylation

of the FOXO1 gene are found to have a significant relationship.

Using whole-exome sequencing analysis, Alharazy et al. have

explored genetic variations in genes related to vitaminDmetabolism

in Saudi Arabian families with vitamin D deficiency. Their study has

revealed relevant and novel exonic missense variants in both

DHCR7 and LRP2 genes, stressing the need to find their

association with vitamin-D deficiency. Ochwedo et al. have

assessed the genetic polymorphism and temporal stability of

Pfs230 domain one and Pfs48/45 domain three in Plasmodium

falciparum parasites from western Kenya. They found that the

domains of the Pfs230 and Pfs48/45 from various malaria-prone

regions, including areas where clinical trials are undertaken, should

be followed indefinitely subsequent to the discovery of novel

polymorphic sites. Srivastava et al. used an integrated

transcriptomic method and bioinformatic analysis to uncover

altered molecular processes that explain the underlying aetiology

of Kawasaki disease (KD). Their approach revealed deregulated

molecular mechanisms explaining the underlying etiology of KD

which could aid in identifying therapeutic targets and a biomarker

panel for early diagnosis and severity of this disease.

In summary, the Research Topic offers an updated assembly of

articles assessing the genomic and epigenomic variations in health

and diseases of different species of plants and animals. The recent

development in methodologies and techniques, such as

epigenotyping-by-sequencing, whole-exome sequencing, methylated

DNA immunoprecipitation, chromatin immunoprecipitation assay,

DNA epi-marks, immunocytogenetics and methylation-specific PCR

will help researchers in investigating population genetics and

trajectories of the evolution of mutations causing DNA

methylation changes. This, combined with genome editing, could

unravel the evolutionary significance of epigenome variations.
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Supernumerary B chromosomes are dispensable elements found in several groups
of eukaryotes, and their impacts in host organisms are not clear. The cichlid fish
Astatotilapia latifasciata presents one or two large metacentric B chromosomes. These
elements affect the transcription of several classes of RNAs. Here, we evaluated the
epigenetic DNA modification status of B chromosomes using immunocytogenetics
and assessed the impact of B chromosome presence on the global contents
of 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC) and the molecular
mechanisms underlying these variations. We found that the B chromosome of
A. latifasciata has an active pattern of DNA epimarks, and its presence promotes
the loss of 5mC in gonads of females with B chromosome (FB+) and promotes
the loss of 5hmC in the muscle of males with the B element (MB+). Based on the
transcriptional quantification of DNA modification genes (dnmt, tet, and tdg) and their
candidate regulators (idh genes, microRNAs, and long non-coding RNAs) and on RNA-
protein interaction prediction, we suggest the occurrence of passive demethylation
in gonads of FB+ and 5hmC loss by Tet inhibition or by 5hmC oxidation in MB+
muscle. We suggest that these results can also explain the previously reported variations
in the transcription levels of several classes of RNA depending on B chromosome
presence. The DNA modifications detected here are also influenced by sex. Although the
correlation between B chromosomes and sex has been previously reported, it remains
unexplained. The B chromosome of A. latifasciata seems to be active and impacts cell
physiology in a very complex way, including at the epigenetic level.

Keywords: supernumerary chromosome, 5-methylcytosine, 5-hydroxymethylcytosine, DNA methylation, DNA
demethylation, microRNA

INTRODUCTION

Supernumerary B chromosomes (B) are numerical chromosome polymorphisms reported in
several groups of eukaryotes, including plants, fungi and animals (Jones, 2017). B chromosomes
are dispensable, exhibit non-Mendelian patterns of inheritance and were traditionally seen as
inert elements (Beukeboom, 1994; Camacho et al., 2000). However, the identification of functional
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sequences in B chromosomes and the effects of these elements
in hosts changed the view of these chromosomes as non-
functional units (Camacho et al., 2000; Banaei-Moghaddam
et al., 2015). Moreover, recent advances based on large-
scale DNA/RNA analyses have allowed an understanding of B
chromosome biology at a level never considered before (Martis
et al., 2012; Valente et al., 2014, 2017; Huang et al., 2016;
Li et al., 2017; Ruban et al., 2017; Navarro-Domínguez et al.,
2019). This new scenario has provided evidence of complex B
chromosome effects in the cells and organisms. In several species
B chromosomes have sex-associated differences in frequency,
effects and transmission, and they can even generate or were
derived from sex chromosomes (Camacho et al., 2011). The
influence of Bs over sex seems to be one of the most fascinating
and still not understood phenotypic effects of the presence of
extra chromosomal elements.

The African cichlid Astatotilapia latifasciata has a standard
karyotype with 44 chromosomes and supernumerary
chromosomes that can be found in several individuals, ranging
from 0 to 2 (Poletto et al., 2010; Fantinatti et al., 2011). This B
chromosome is large, metacentric, fully heterochromatic and
rich in repetitive sequences (Poletto et al., 2010; Fantinatti et al.,
2011; Valente et al., 2014). Among the repetitive DNA classes,
a sequence that is enriched in the B chromosome and called
BncDNA was characterized as a potentially long non-coding
RNA and identified as differentially processed and differentially
expressed by the effect of supernumerary chromosomes (Ramos
et al., 2017). Expansion of several transposable elements in the
B chromosome was found (Coan and Martins, 2018). The B
chromosome carries potentially duplicated protein-coding genes
(Valente et al., 2014) and retro-inserted hnRNP Q-like genes
(Carmello et al., 2017). To the best of our knowledge, the B
chromosome presence seems to impact the transcription levels
of several classes of RNA, thereby influencing cellular function
(Carmello et al., 2017; Ramos et al., 2017; Valente et al., 2017;
Coan and Martins, 2018).

Despite the reported functional effects of the B chromosome
in A. latifasciata cells, it is still not clear how the B element
has such an influence. Moreover, total or partial inactivation of
this element should be necessary to avoid gene dosage effects,
such as those observed in aneuploidies (Han et al., 2007).
A wide range of regulatory mechanisms may be involved in
these processes, and the epigenetic regulation of chromatin
seems to be one of possible pathways that B chromosome
uses to impact cell physiology, since chromatin modifications
directly impact the regulation of gene expression (Cedar and
Bergman, 2009). Among these modifications, DNA methylation
is described as inactivating complete B chromosomes (Bugno-
Poniewierska et al., 2014) or specific B-sequences (López-León
et al., 1991; Leach et al., 1995; Langdon et al., 2000; Stitou
et al., 2000; Koo et al., 2011) and can be a mechanism
that silences transposable elements in the B chromosome of
A. latifasciata (Coan and Martins, 2018). In turn, the presence
of a B chromosome can affect the DNA methylation status of the
cell and thereby impact the global profile of gene expression, as
observed in aneuploidies (Mendioroz et al., 2015), another type
of numerical variation.

DNA methylation (5mC formation) is carried out by the
enzyme class DNA methyltransferases (Dnmt1, Dnmt3a, and
Dnmt3b) (Plongthongkum et al., 2014). These enzymes catalyze
the addition of methyl radicals on cytosines. Dnmt3a and
Dnmt3b have de novo methylation function, and Dnmt1
is the maintainer Dnmt (Goll and Bestor, 2005). Although
DNA methylation is well studied, active and passive DNA
demethylation (5mC removal) is poorly explored. Active DNA
demethylation is conducted by dioxygenases of the ten-eleven
translocation family (Tet1, Tet2, and Tet3) and thymine DNA
glycosylase (Tdg), which promote oxidation and base excision,
respectively (Kohli and Zhang, 2013). This process involves
the transient formation of the variants 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC),
from 5mC until the recovery of the unmethylated cytosine
status (Ito et al., 2011; Kohli and Zhang, 2013; Shen et al.,
2014). In turn, passive DNA demethylation occurs during
DNA replication in the absence of the maintainer Dnmt
activity (Kohli and Zhang, 2013). In fish, the percentage of
DNA methylation in CpG contexts is usually higher than in
mammal and bird species (Varriale and Bernardi, 2006; Goll
and Halpern, 2011; Head, 2014), which suggests the relevance
of this epigenetic change to genome function. Epigenetic DNA
modifications can be assessed by several methods reaching from
cytological approaches, as chromosome immunostaining (Rens
et al., 2010; Costa et al., 2016), to strategies that provide the
epigenetic status of cytosines (Harrison and Parle-McDermott,
2011; Kurdyukov and Bullock, 2016).

Deregulation of Dnmt, Tet, and Tdg activity can change the
pattern of DNA epimarks, and this can result in disturbances
of the transcriptional or posttranscriptional mechanisms that
regulate the expression of the dnmt, tet, and tdg genes (Denis
et al., 2011; Arvinden et al., 2017). Among these mechanisms,
the action of microRNAs (miRNA) is widely recognized (Kuc
et al., 2017). miRNAs are a class of short (∼20–22 nucleotides),
non-coding RNAs that regulate gene expression by target 3′UTR
regions of mRNAs (Bartel, 2004) in normal and pathological
conditions (Alvarez-Garcia and Miska, 2005). Protein–RNA
interactions are a regulatory mechanism of DNA modification
enzymes (Di Ruscio et al., 2013). Deregulated activity of isocitrate
dehydrogenase enzymes (Idh1 and Idh2), which catalyze the
conversion of isocitrate to α-ketoglutarate, a cofactor to Tet,
can affect the functions of these dioxygenases and DNA
demethylation (Figueroa et al., 2010; Turcan et al., 2012).

Considering that B chromosomes of A. latifasciata are the
source of several classes of RNAs (Valente et al., 2014, 2017;
Carmello et al., 2017; Ramos et al., 2017; Coan and Martins,
2018), it is possible these chromosomal elements regulate DNA
modification genes in several ways and promote epigenetic effects
on a DNA level. Therefore, to understand if the B chromosome
promotes epigenetic DNA modifications in the host cells, we
analyzed the DNA modification status of this chromosome and
its effects on the routes of DNA methylation and demethylation.
In terms of DNA epimarks, the B chromosome of A. latifasciata
seems to be active and impacts heterogeneously the levels of 5mC
and 5hmC, which can in part explain the differential expression
of several classes of RNAs induced by B chromosomes.
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MATERIALS AND METHODS

Samples
Twenty-nine mature A. latifasciata individuals [5 males without
B (MB−), 10 males with B (MB+), 4 females without B (FB−),
and 10 females with (FB+)], which constituted the offspring
of two crosses between MB+ and FB+ individuals maintained
in standardized environmental conditions in the fish facility of
Integrative Genomics Laboratory at São Paulo State University
(UNESP), Botucatu, Brazil, were used in this study. The first
cohort was 180 days old and was composed of 3 MB−, 6 MB+,
3 FB−, and 5 FB+. The second cohort was 210 days old and
was composed of 2 MB−, 4 MB+, 1 FB−, and 5 FB+. All the
procedures were in accordance with the ethical principles of the
Brazilian College of Animal Experimentation and were approved
by the Institute of Biosciences (UNESP) ethics committee on
the use of animals (Protocol No. 486-2013; 769-2015). The
individuals were genotyped for B chromosome presence by PCR
with a set of primers developed by Fantinatti and Martins (2016).
The PCR protocol only detected the B chromosome presence and
did not allow discrimination of 1 or 2 B chromosomes. Therefore,
B+ samples included 1 or 2 B chromosomes.

DNA and RNA Extraction
Total DNA was obtained from the caudal fin for genotyping
(B chromosome absence or presence) and from the encephalon,
muscle and gonad for 5mC and 5hmC global quantification.
Previous gene ontology analysis of B chromosome gene copies
(Valente et al., 2014) revealed enrichment of terms related
to these tissues and, therefore, they were selected for the
present study. DNA was extracted with phenol-chloroform
(Sambrook and Russel, 2001), and its integrity was assessed
using agarose gel electrophoresis. Total RNA was extracted
from 10 mg of encephalon, muscle and gonads with TRIzol R©

Reagent (Thermo Fisher Scientific, cat. 15596026) following the
manufacturer’s instructions. RNA integrity number (RIN) was
assessed in a Bioanalyzer 2011, and only samples with RIN
greater than or equal to 7 and 8 were used in the Quantitative
Reverse Transcription PCR (RT-qPCR) experiments and small
RNA sequencing, respectively. Nucleic acid concentrations were
determined with a Nanodrop 2000 spectrophotometer.

Chromosome Immunostaining
Metaphasic chromosomes used in the immunostaining of DNA
modifications were obtained from kidney cells, which constitute
the hematopoietic tissue of fish, following the protocol of Bertollo
et al. (1978). Chromosomes were fixed in Carnoy solution (3:1
methanol:acetic acid). Immunofluorescence with 5mC (Abcam,
cat. Ab-124936) and 5hmC antibodies (Active Motif, cat. 39770)
was performed following the protocol of Rens et al. (2010)
with modifications. Cell suspensions containing the metaphasic
chromosomes were dropped on slides, followed by dehydration
in an ethanol series (70, 85, and 100%). The slides were denatured
in 2 N HCl for 15 min at 37◦C, incubated in 0.1 M borax (pH
8.4) for 1 min, incubated in PBS for 1 min, dehydrated in an
ethanol series and rehydrated in PBS for 3 min. The slides were

covered with 10% bovine serum for 7 min, followed by treatment
with a primary antibody overnight at 4◦C. The slides were washed
three times for 5 min each in PBS-Tween 0.01%. The slides were
then covered with a 1:100 ratio of secondary antibody anti-rabbit
IgG-FITC (Sigma-Aldrich, cat. F0382) in PBS-Tween 0.01% for
40 min and washed as before. Finally, the slides were mounted in
Vectashield with DAPI (Vector Laboratories, cat. H-1200). Line
scans of the chromosomes were obtained using ImageJ software
to determine the levels of fluorescence along each chromosome.
Thirty cells of each three individuals (one male and two female)
with one B chromosome were analyzed to detect 5mC and 5hmC
signal distribution and levels of fluorescence. One metaphase was
selected to represent the results of immunostaining and line scan.

Global DNA Methylation
and Hydroxymethylation
The global DNA methylation (5mC) and hydroxymethylation
(5hmC) were quantified in three individuals of each group
(MB−, MB+, FB−, and FB+) with the colorimetric
MethylFlash Methylated DNA Quantification and MethylFlash
Hydroxymethylated DNA Quantification kits (Epigentek, cat.
P-1034, P-1036), respectively, following the manufacturer’s
instructions. The experiments were performed in technical
duplicates with an initial amount of DNA of 100 ng per sample.
The relative percentages of methylated and hydroxymethylated
DNA in relation to positive control were detected by measuring
the absorbance at 450 nm and using the formula described
by the manufacturer: 5mC% or 5hmC% = ((Sample OD –
NC OD)/S × 100%)/((PC OD – NC OD) × F∗)/R, where
OD is optical density; NC is negative control (a unmethylated
polynucleotide containing 50% of cytosine used for 5mC
quantification or a methylated polynucleotide containing 20%
of 5-methylcytosine used for 5hmC quantification) supplied
by the manufacturer; PC is positive control (a methylated
polynucleotide containing 50% of 5-methylcytosine used for
5mC quantification or a hydroxymethylated polynucleotide
containing 20% of hydroxymethylcytosine used for 5hm
quantification) supplied by the manufacturer; S is amount of
input sample DNA in nanograms; F is a factor to normalize 5mC
or 5hmC in the positive control to 100%, as the positive control
contained only 50% of 5mC or 20% of 5hmC, where F = 2 for
5mC and F = 5 for 5hmC quantification; and R, amount of input
positive control in nanograms.

miRNA Target Prediction
To determine if miRNAs regulate DNA modification genes, the
3′UTRs of these genes were obtained in the gene annotations
available on SaciBase1 and BouillaBase2. Sequences of the
expressed miRNAs were acquired by alignments of the reads
of the small RNA sequenced libraries (Fantinatti, 2015) against
the fish mature miRNA sequences downloaded from miRBase
v.213. MicroRNA target predictions were performed using
PITA (Kertesz et al., 2007), miRanda (Enright et al., 2004)

1http://sacibase.ibb.unesp.br/
2http://cichlid.umd.edu/cichlidlabs/kocherlab/bouillabase.html
3http://www.mirbase.org/
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and RNAhybrid (Krüger and Rehmsmeier, 2006). Overlapping
interactions in the three predictors with p-value less than 0.05 and
free energy less than−10 kcal/mol for PITA and−18 kcal/mol for
miRanda and RNAhybrid were considered significant.

miRNA Identification and Expression
Small RNA sequencing of two libraries of muscle and three
of encephalon and gonads of both groups were performed
using single-end Illumina HiSeq 2000 platform. The quality
of sequencing data was analyzed with FastQC software, and
reads with low quality were eliminated with FastX-toolkit
following quality thresholds: 90% of read extension with a
phred score of at least 30. Mature miRNA was identified by
alignment of filtered reads against a mature miRNA sequence
dataset of fish downloaded from miRBase v.21 using Bowtie2
software. The alignments did not accept mismatches and all
the parameters were kept on default. Only the miRNAs that
were found as candidates to regulate DNA modification genes
had their expression determined. Count data normalization and
differential expression (DE) of mature miRNAs were carried
out using R/Bioconductor DESeq1 package (Anders and Huber,
2010) that is based on the negative binomial distribution with

variance and mean linked by local regression. No filtering
after read count obtention was carried out. We considered DE
miRNAs those that showed fold-change ≥2 and p-value ≤ 0.05.

mRNA and miRNA Expression Validation
Relative expression of mRNA and miRNA was assessed in
5 MB−, 9 MB+, 4 FB−, and 8 FB+. RNA was treated with
DNase I, RNase-free Kit 1 U/µL (Thermo Fisher Scientific, cat.
EN0521). Reverse transcription (RT) of mRNA was performed
using a High Capacity kit (Thermo Fisher Scientific, cat. 4368814)
with an initial 1,000 ng of RNA. RT of miRNA was conducted
in agreement with Mei et al. (2012), which included a first
step of miRNA polyuridylation with the initial 1000 ng of
RNA and cDNA synthesis with a poly(A)-stem-loop primer.
For quantification based on qPCR, we used 4 ng of cDNA
amplified with GoTaq qPCR Master Mix kit (Promega, cat.
A6001) and 400 nM of each primer in a final volume of
20 µL. U6 snRNA and ubce genes were used as a reference for
normalization of the miRNA and mRNA expression, respectively.
Both targets and reference genes were analyzed in duplicate.
Cycling conditions were as follows: 95◦C for 5 min and 40
cycles at 95◦C for 15 s and 60◦C for 1 min. The thermal

FIGURE 1 | Immunocytogenetics in Astatotilapia latifasciata. Representative image of immunostaining of 5mC (A) and 5hmC (B) in the metaphasic chromosomes of
one cell. 5mC and 5hmC signals are observed in green and red, respectively. The chromosomes are counterstained in blue with DAPI. For each karyotype
chromosome pair, the fluorescent signals of DAPI and 5mC or 5hmC are shown separated and merged.
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cycler was a StepOne Plus Real-Time PCR System (Thermo
Fisher Scientific). The 11Ct method was used to compare the
relative gene expression. The data were normalized using Q-Gene

software (Muller et al., 2002; Simon, 2003). The sequences of the
primers (specific for cDNA amplification) used are available in
Supplementary Table S1.

FIGURE 2 | DNA modifications in the presence of B chromosome in A. latifasciata. Global quantification of 5mC and 5hmC in the encephalon, muscle and gonads.
Statistically significant p-values determined by t-test (α = 0.05) are indicated by horizontal lines. Bar colors represent the different samples analyzed, which included
males without B chromosome (orange, MB−), males with B chromosome (brown, MB+), females without B chromosome (green, FB−), and females with B
chromosome (blue, FB+).
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RNA-Protein Interaction Prediction
The potential non-coding BncRNA is differentially expressed
in B chromosome samples, mainly the BncRNA region 2,
which is upregulated in B+ samples (Ramos et al., 2017).
Moreover, non-coding RNAs were described as inhibitors
of Dnmt1 (Di Ruscio et al., 2013). Thus, to explore the
possible association of BncRNA and Dnmt, we performed
interaction predictions of the BncRNA complete sequence and
BncRNA region 2 with the Dnmts amino acid sequences
using the tools RPIseq (Muppirala et al., 2011) and RPI-pred
(Suresh et al., 2015).

Statistics
The results of the global quantification of 5mC and 5hmC,
mRNA and miRNA transcription were analyzed as in Carmello
et al. (2017) and Ramos et al. (2017) using a generalized
linear model (GLM) statistical approach with averages adjusted
by the asymmetric gamma distribution of all the variables,
implemented in SAS version 9.3, procedure GENMOD, followed
by Bonferroni’s post hoc test. Associations of 5mC level and
BncRNA expression were determined by Pearson’s correlation.

In all the cases, significant results were accepted at a maximum
p-value of 0.05.

RESULTS

Chromosomal Immunolocalization of
5mC and 5hmC Marks
The chromosomal immunolocalization of 5mC showed marks
scattered over all A chromosomes and on the B chromosome,
without accumulation in any specific region and without
differences between A and B chromosomes (Figure 1A).
Similarly, the 5hmC marks were dispersed over the A and B
chromosomes without accumulation in any specific region and
without differences between A and B chromosomes (Figure 1B).
Line scan provided a more detailed signal distribution of
marks and showed peaks of 5mC marks along all the
chromosomes and regions of depletion of these marks, as
the centromeric regions of most chromosomes, including the
centromeric region of the B chromosome (Supplementary
Figure S1). In turn, line scan showed that 5hmC marks

FIGURE 3 | Relative expression of DNA modification genes in A. latifasciata. Transcription levels of the genes dnmt1, dnmt3a, dnmt3b, tet1, tet2, tet3, and tdg in
encephalon measured by RT-qPCR. p, p-values determined by generalized linear model (α = 0.05) followed by Bonferroni’s post hoc test. Bar colors represent the
different samples analyzed, which included males without B chromosome (orange, MB−), males with B chromosome (brown, MB+), females without B chromosome
(green, FB−), and females with B chromosome (blue, FB+). The box define median and the lines the minimum and maximum values.
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were distributed similarly along A and B chromosomes
(Supplementary Figure S2). Since we studied chromosomes of
one MB+ and two FB+ samples, we did not observe differences
among the three individuals.

Effects of B Chromosomes and Sex on
the Global Levels of 5mC and 5hmC
We assessed the contents of 5mC and 5hmC in encephalon,
muscle and gonads of MB−, MB+, FB−, and FB+ samples
(Figure 2). In encephalon, we did not find statistically significant
differences in the levels of 5mC and 5hmC among the groups,
although we observed a tendency of reduction of 5mC in FB+
compared to FB−. In muscle, we did not observed variations
in the level of 5mC among the groups, but the level of 5hmC
was different between MB− and MB+ (p = 0.0001; α = 0.05)
and between MB+ and FB− (p = 0.0053; α = 0.05). In gonads,
we identified statistical differences in the level of 5mC between
males and females (p = 0.0006; α = 0.05) and between FB− and
FB+ (p = 0.0175; α = 0.05). In addition, we observed a tendency
of increase of the level of 5hmC in females, but that was not
statistically significant.

Transcription of Genes of DNA
Modification Cycle
We determined the relative expression of DNA modification
genes in encephalon, muscle and gonads of MB−, MB+, FB−,
and FB+ samples. In encephalon, we did not detect statistically
significant differences in the transcription of dnmt1, dnmt3a,
dnmt3b, tet1, tet2, tet3, or tdg among the groups (Figure 3).
In addition, we observed a tendency of reduction in the
transcription of tdg gene in encephalon of MB+ and FB+,
although these variations have not been statistically significant.
In muscle, we identified significant differences only in the level of
expression of the gene tet3 between FB− and FB+ (p = 0.0143;
α = 0.05) (Figure 4). Moreover, we found a tendency of
increase of dnmt3b transcription in muscle of MB+ and FB+,
and reduction of tdg trancription in MB+ and increase of tdg
transcription in FB+, although these variations have not been
statistically proven. In gonads, we detected differences in the
transcription of dnmt1, dnmt3b, and tdg between males and
females independent of B chromosome presence (p < 0.0001;
α = 0.05) (Figure 5). We also found a tendency of reduction
of tet3 expression in ovaries of FB+, although this has not

FIGURE 4 | Relative expression of DNA modification genes in A. latifasciata. Transcription levels of the genes dnmt1, dnmt3a, dnmt3b, tet1, tet2, tet3, and tdg in
muscle measured by RT-qPCR. p-values determined by generalized linear model (α = 0.05) followed by Bonferroni’s post hoc test. Bar colors represent the different
samples analyzed, which included males without B chromosome (orange, MB−), males with B chromosome (brown, MB+), females without B chromosome (green,
FB−), and females with B chromosome (blue, FB+). The box define median and the lines the minimum and maximum values.
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FIGURE 5 | Relative expression of DNA modification genes in A. latifasciata. Transcription levels of the genes dnmt1, dnmt3a, dnmt3b, tet1, tet2, tet3, and tdg in
gonads measured by RT-qPCR. p, p-values determined by generalized linear model (α = 0.05) followed by Bonferroni’s post hoc test. Bar colors represent the
different samples analyzed, which included males without B chromosome (orange, MB−), males with B chromosome (brown, MB+), females without B chromosome
(green, FB−), and females with B chromosome (blue, FB+). The box define median and the lines the minimum and maximum values.

been statistically significant. Additionally, in muscle, we observed
differences in the transcription of idh1 between MB+ and FB−
(p = 0.0008; α = 0.05) and between FB− and FB+ (p = 0.0085;
α = 0.05) (Figure 6A).

Identification and Expression
of epi-miRNAs
Using alignments of mature miRNA sequences against the reads
of small RNA-seq libraries (Fantinatti, 2015), we identified
the set of miRNAs expressed in A. latifasciata (data not
shown). Then, we used these identified miRNAs to predict
miRNA/3′UTR interactions and found candidate miRNAs to
regulate DNA modification genes in this species (Table 1).
Next, we explored their expression profile in small RNA-seq
libraries (Fantinatti, 2015), and in agreement with the cutoff
used here, we did not found different expressed miRNAs
among the groups (Supplementary Table S2). We selected some
miRNAs to validate their expression by RT-qPCR and found no
differences in the expression of the miR-29b in the encephalon
among the groups (Figure 6B). We did not observe changes in
the expression of miRNAs in muscle (Figure 6C). We found

variations in the expression of miR-132b (p = 0.0002; α = 0.05)
and miR-199a-5p (p = 0.0002; α = 0.05) between testicles and
ovaries independent of B chromosome presence (Figure 6D). In
gonads, we also identified differences in the expression of miR-
17a-2-3p between MB− and FB− (p = 0.0286; α = 0.05) and
between MB− and FB+ (p = 0.0286; α = 0.05).

BncRNA Is a Candidate for
Dnmt Regulation
We performed RNA-protein interaction predictions based on
software that considers only the sequence of the RNA and protein
(RPIseq) and detected scores that indicated a positive interaction
of both the complete BncRNA and region 2 of the BncRNA
(Ramos et al., 2017) with Dnmt proteins (Supplementary
Dataset 1). Similarly, we conducted predictions that considered
sequence and structural information of RNA and protein (RPI-
Pred) and again identified positive interactions. We also assessed
the transcriptional status of BncRNA available in Ramos et al.
(2017), which studied the same samples of the present study,
and we correlated this data with the level of 5mC. This
analysis revealed negative correlation in encephalon (R = -0.3336;
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FIGURE 6 | Relative expression of the regulators of DNA modification genes in A. latifasciata. Transcription levels of idh genes in the muscle measured by RT-qPCR
(A). Transcription levels of selected candidate miRNAs regulating the DNA modification genes in encephalon (B), muscle (C), and gonads (D), as revealed by
RT-qPCR. p, p-values determined by generalized linear model (α = 0.05) followed by Bonferroni’s post hoc test. Bar colors represent the different samples analyzed,
which included males without B chromosome (orange, MB−), males with B chromosome (brown, MB+), females without B chromosome (green, FB−), and females
with B chromosome (blue, FB+). The box define median and the lines the minimum and maximum values.

p < 0.05) and ovaries (R = -0.4689; p < 0.05), suggesting that
B chromosome promotes reduction of 5mC level by increase
of BncRNA expression (Figure 7). Together, these data could
indicate a positive interaction between the BncRNA and Dnmts.

DISCUSSION

5mC and 5hmC Localization on
the B Chromosome
For decades, B chromosomes were thought of as non-functional
units, since they are dispensable and heterochromatic (Camacho,
2005). However, evidence of transcriptionally active B-sequences

has been emerging from several organisms (Miao et al.,
1991; Carchilan et al., 2007; Trifonov et al., 2013; Li et al.,
2017; Ma et al., 2017). Despite the discovery of these expressed
sequences in B chromosomes, the inactivation of these elements
should be necessary to avoid dosage effects, like those observed in
aneuploidies (Han et al., 2007). Thus, DNA methylation could be
a mechanism that acts in the silencing of specific genic regions or
at the chromosomal level.

The B chromosome is completely enriched by 5mC marks
in the canid Nyctereutes procyonoides, which is believed to be
a possible mechanism of silencing (Bugno-Poniewierska et al.,
2014). However, our chromosomal immunolocalization of 5mC
in A. latifasciata shows marks scattered over all A and B
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TABLE 1 | Candidate miRNAs in the regulation of DNA modification genes
predicted by the software PITA, miRanda, and RNAhybrid.

Target gene miRNA

dnmt1 ssa-miR-143-5p, ssa-miR-30d-2-3p

dnmt3a dre-miR-29b

dnmt3b ccr-miR-132b/dre-miR-29b

tet1 unidentified

tet2 ipu-miR-212

tet3 ccr-miR-199-5p/ola-miR-199a-5p

tdg dre-miR-181a-2-3p, dre-miR-17a-2-3p

FIGURE 7 | Comparison of the percentages of 5mC and transcriptional levels
of BncRNA per sample in FB− females without B chromosome (blue, FB−)
and females with B chromosome (red, FB+). Numbers inside parentheses
indicate sample ID. Pearson’s correlation indicates inverse correlation
between 5mC levels and BncRNA expression in encephalons (R = –0.3336
and p < 0.05) and ovaries (R = −0.4689 and p < 0.05) of FB+.

chromosomes. Likewise, a scattered and uniform pattern of 5mC
marks in A and B chromosomes was also observed in Secale
cereale (Carchilan et al., 2007; Pereira et al., 2016). In these cases,
high DNA methylation level likely is not involved in chromosome
inactivation. In turn, our line scan showed reduced 5mC marks
in centromeric regions of most chromosomes, including the

B, which is in agreement with previous results that revealed
hypomethylation of the active centromeres, even those located in
B chromosomes (Koo et al., 2011). This active epigenetic status
of the B chromosome centromere can represent an important
feature for the maintenance and transmission of this element.

At the sequence level, in the leaf tissue of S. cereale, the
E3900 subtelomeric sequence repeat of the B chromosome is
methylated (Langdon et al., 2000), as is the inactive centromeric
tandem repeat Bd49 in Brachycome dichromosomatica (Leach
et al., 1995). Moreover, in Zea mays the B-specific satellite ZmB
is hypomethylated in the active centromere, while its inactive
version is hypermethylated (Koo et al., 2011). In Eyprepocnemis
plorans (López-León et al., 1991) and Rattus rattus (Stitou et al.,
2000), ribosomal RNA genes localized in the B chromosome are
silenced by 5mC marks. Therefore, although DNA methylation
seems not to act at the chromosomal level of A. latifasciata,
this modification could be important to the inactivation at
the sequence level.

Similar patterns of 5mC observed among A and B
chromosomes of A. latifasciata could indicate that this
epimark has the same role in the regulation of both types
of chromosomes. Therefore, since A chromosomes are active,
this could also indicate functional activity of B chromosomes.
This hypothesis can be supported by evidence of active B gene
copies in this species (Valente et al., 2014). However, although
DNA methylation may not act in B chromosome inactivation,
other mechanisms, such as histone modifications and late
replication, can be acting, as suggested for the supernumerary
chromosome of B. dichromosomatica (Houben et al., 1997). In
mouse, for example, Rens et al. (2010) observed hypomethylation
both of active and inactive X chromosomes in females, which is
not common in eutherian mammals, and the authors attributed
the inactivation of one X chromosome to histone modifications.
Therefore, other possible mechanisms of B chromosome
inactivation in A. latifasciata need better investigation.

Chromosomal distribution of 5hmC is still poorly explored,
with studies focused only on mammals (Szulwach et al., 2011;
Kubiura et al., 2012; Li et al., 2013; Yamaguchi et al., 2013;
Bogomazova et al., 2014; Efimova et al., 2015, 2017), which
reported localization of this mark mostly in active regions, such
as R-bands (Kubiura et al., 2012; Efimova et al., 2015) and the
reactivated X chromosome (Bogomazova et al., 2014). Here, we
conducted the first localization of 5hmC in chromosome spreads
of a non-mammalian species and the first analysis focused
on supernumerary B chromosomes. Our immunostaining of
5hmC showed marks scattered over all A chromosomes and
on the B chromosome, without accumulation of this mark in
any region, which can indicate that 5hmC does not act at
the chromosome level. However, studies at the sequence level
need to be performed to advance our understanding of 5hmC
control of B chromosomes. Moreover, similar patterns of 5hmC
distribution between A and B chromosomes can be further
evidence of supernumerary chromosome activity, similarly to
that discussed for 5mC marks.

The chromosomal profiles of 5mC and 5hmC of the B
chromosome indicate that this element can be functional and
impact the global epigenetic DNA modification status of the
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FIGURE 8 | Hypothesis of causes of 5mC and 5hmC variations with B chromosome presence in A. latifasciata. (A) In individuals without B chromosomes, regular
function of Dnmt and Tet is observed. (B) In ovary of FB+, the chromosome transcribes BncRNA, which can inhibit Dnmt1 and promote loss of 5mC due to passive
dilution. (C) In muscle of MB+, the B chromosome reduces the inhibition of Tet function by an unidentified mechanism and promotes loss of 5mhC due to passive
dilution. (D) Alternatively, in muscle of MB+, the B chromosome can regulate Tet by an unidentified mechanism, which promotes 5hmC oxidation.

cell, which was confirmed in the quantification of 5mC and
5hmC. Therefore, the exploration of these effects is relevant
to elucidate the mechanisms of transmission and maintenance
of the B chromosome and to understand the consequences of
epigenetic modifications.

Impact of B Chromosomes in the Global
Levels of 5mC and 5hmC
To explore the molecular mechanisms underlying the loss of
5mC and 5hmC in some tissues of B+ individuals, we quantified
the transcription levels of the genes related to epigenetic DNA
modification (dnmt1, dnmt3a, dnmt3b, tet1, tet2, tet3, and
tdg) and detected upregulation of tet3 in muscle of FB+.
However, we did not observe variations in the level of 5mC
or 5hmC, indicating that these changes are not enough to
impact epigenetic DNA modifications. Moreover, we explored
the expression of candidate miRNAs targeting DNA modification
genes and the transcription of the idh1 and idh2 genes
(regulators of the DNA modification genes) in the presence of
supernumerary chromosome, and no variation was observed. In
ovaries of FB+, we did not observe 5mC reduction followed by
5hmC accumulation. Moreover, we did not observe substantial
alterations in the transcription of tet genes, which can indicate

that active modifications are not the mechanisms that promoted
reduction of 5mC to 5hmC, so passive mechanisms might be
responsible for this. Passive demethylation can be achieved by
reduced activity of Dnmt1 during replication (Kohli and Zhang,
2013). However, we did not observe changes in the transcription
of the dnmt1 gene in these samples, indicating the possible
occurrence of a posttranscriptional mechanism of regulation of
Dnmt1, such as the action of miRNAs. In turn, we did not
observe alteration in any candidate miRNA that would inhibit
dnmt1 RNA. In addition, another posttranscriptional mechanism
of Dnmt1 inhibition can explain the interaction of Dnmt1
enzyme with RNAs. The association of the non-coding RNA
ecCEBPA and Dnmt1 is involved in the reduction of Dnmt1
function in human (Di Ruscio et al., 2013). Interestingly, we
observed positive interaction of BncRNA and Dnmt1 protein,
which indicated that the BncRNA element, which is upregulated
in B+ samples (Ramos et al., 2017), can act as an inhibitor of
this enzyme, promoting passive DNA demethylation in ovaries
of FB+ (Figures 8A,B). It is important to highlight that we found
a tendency of reduction or increase in the level of 5mC and
5hmC and expression of some genes among the groups, but that
was not statistically significant. This can be a consequence of
the sample size.
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With regard to loss of 5hmC in muscle of B+ males,
this variation could be explained by reduction in the activity
of Tet enzymes, but we did not observe differences in the
transcription of tet genes or their candidate miRNA regulators.
Moreover, we did not identify altered transcription of idh1
and idh2 genes, which encode cofactors of Tet enzymes.
Therefore, two possible scenarios can explain the loss of 5hmC:
passive dilution and 5hmC oxidation. In the first case, the
B chromosome could express any factor that can inhibit Tet
enzymes and avoid 5mC oxidation, while remaining 5hmC
marks are lost during DNA replication (Figures 8A,C). In
the second situation, the supernumerary chromosome could
express any factor that stimulates Tet to convert 5hmC to
5fC and 5caC forms without 5mC conversion to 5hmC, which
could explain the stable levels of 5mC between B− and B+
samples (Figures 8A,D).

Sex Effects in DNA Modifications Routes
We observed reduced level of 5mC in ovaries compared
to testes independent of B chromosome presence, similar
to observed in Danio rerio (Laing et al., 2018). These
differences can result of high proportion of maturing gametes
in testes, which are known to be hypermethylated among
vertebrates (Jiang et al., 2013; Potok et al., 2013; Laing
et al., 2018). Although the reduced 5mC level in ovaries,
we found opposite upregulation of dnmt1 and dnmt3b in
this organ. This can be partially explained by miRNA
repression of dnmt3b since the miR-132b is upregulated
in ovaries. Moreover, we observed evidences of increased
level of 5hmC (although not statistically significant) and
tdg transcription in ovaries, which can indicate active DNA
demethylation, although increased transcription of tet genes has
not been observed.

Sex-Biased Effects of B Chromosomes
The epigenetic pattern of B chromosome presence observed
in A. latifasciata was sex-associated, although B chromosomes
occur in both sexes in this species. The B chromosome presence
was correlated with global reduction of 5mC in ovaries of
FB+ and reduction of 5hmC in muscle of MB+. Association
of sex and B chromosomes has already been reported for
A. latifasciata, as in the transcriptional variation of the non-
coding BncRNA (Ramos et al., 2017) and the hnRNP Q-like gene
(Carmello et al., 2017). Furthermore, the sex–B chromosome
association has long been described in many species as diverse
as fish and invertebrates (Camacho et al., 2011). Cichlid fish
represent a promising model to investigate B chromosomes.
The element has been described in 21 species of the group,
and in eight species, all of the B-carrying individuals were
female (Yoshida et al., 2011; Clark et al., 2017). Although the
association of B chromosomes and sex is still enigmatic, we could
hypothesize that in cichlids, the B chromosome bias for females
could favor their drive during female meiosis. Considering
that disturbances in the transmission of B chromosome
during mitosis have been reported under DNA demethylation
in rye (Neves et al., 1992), the sex variation detected for
the A. latifasciata female B carriers could indicate that B

chromosomes and sex physiology are in some way connected
in this species.

CONCLUSION

The B chromosome of A. latifasciata has a pattern of 5mC and
5hmC epimarks that can suggest its active status or that DNA
methylation, at least, is not involved in B-silencing. Moreover,
our data correlate B chromosome presence with passive DNA
demethylation associated with sex, and the epigenetic effects
of the B chromosome presence can also explain the previously
reported variations in the transcription levels of several classes
of RNA. B chromosomes represent additional chromatin in the
nucleus, and their presence seems to have an extensive impact on
several cellular processes, including epigenetic modification. The
state of the art of B chromosome science suggests that besides B
chromosomes favoring their own drive during cell division, these
accessory elements seem to cause major impacts in the cell and
in the organism.
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In the last decade, genomics and the related fields of transcriptomics and epigenomics
have revolutionized the study of the domestication process in plants and animals,
leading to new discoveries and new unresolved questions. Given that some
domesticated taxa have been more studied than others, the extent of genomic data
can range from vast to nonexistent, depending on the domesticated taxon of interest.
This review is meant as a rough guide for students and academics that want to start a
domestication research project using modern genomic tools, as well as for researchers
already conducting domestication studies that are interested in following a genomic
approach and looking for alternate strategies (cheaper or more efficient) and future
directions. We summarize the theoretical and technical background needed to carry
out domestication genomics, starting from the acquisition of a reference genome and
genome assembly, to the sampling design for population genomics, paleogenomics,
transcriptomics, epigenomics and experimental validation of domestication-related
genes. We also describe some examples of the aforementioned approaches and the
relevant discoveries they made to understand the domestication of the studied taxa.

Keywords: population genomics, pangenomics, ancient DNA, differential expression analysis, epialleles, genome
editing

INTRODUCTION

The modern study of domestication of plants and animals is multidisciplinary, and relevant
contributions come from botany, zoology, archeology, genetics, ethnobiology, biogeography, and
linguistics (Larson et al., 2014). Modern domestication studies seek to understand the dates of
domestication, the places where domestication started and number of times that domestication
took place, as well as the details of the evolutionary and ecological forces that led to the
divergence between the domesticated taxa and their wild relatives and ancestors (Zeder, 2006;
Larson et al., 2014).

Given that domestication is an evolutionary process, genetics emerged as a powerful tool to
understand the domestication of plants and animals, revealing the demographic history of the
domesticated taxa and the genetic variants that underlie their domesticated phenotypes (Zeder
et al., 2006; Gepts, 2014). The advent of high-throughput sequencing technologies sparked the
use of genomic studies to understand the domestication of crops and animals in a much deeper
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level than previously imagined, as researchers can now pinpoint
the genetic changes that allowed domestication to happen
(Ross-Ibarra et al., 2007; Gepts, 2014).

WHY AND HOW TO USE A GENOMIC
APPROACH IN DOMESTICATION
STUDIES? TOP-DOWN AND
BOTTOM-UP APPROACHES FOR THE
STUDY OF DOMESTICATION

In genetics, we refer to top or up when referring to a specific
phenotype, while we refer to bottom or down when referring
to the underlying genotype responsible for that trait. Thus,
top-down approaches start by studying a particular phenotype
and searching for its genetic basis. Huge advances in the
genetic study of domestication traits have been made using
classic top-down approaches (e.g., Sax, 1923; Paterson et al.,
1988; Doebley and Stec, 1991; Doebley et al., 1995), which
are performed by analyzing the phenotypic traits of interest
between wild and domesticated taxa, and then finding the
genetic variant or variants that correlate with the phenotypic
traits through the mapping of quantitative trait loci and linkage
disequilibrium (Ross-Ibarra et al., 2007; Kantar et al., 2017).
These top-down approaches are precise in finding causal variants
involved in the evolution of specific traits, but usually they are
very labor-intensive and are biased towards a priori selected
phenotypes to be compared between wild and domesticated taxa
(Ross-Ibarra et al., 2007; Kantar et al., 2017).

In contrast to top-down approaches, bottom-up approaches
start by analyzing the genetic variation within genomes in
order to detect potential signals of selection related to the
domestication process and finally associate such evolutionary
signals to important loci and domestication phenotypes (Ross-
Ibarra et al., 2007; Kantar et al., 2017). In the last decade,
high-throughput sequencing technologies allowed us to analyze
entire genomes of one or several individuals of domesticated
taxa, and to compare them to different varieties or to their wild
relatives (e.g., Hufford et al., 2012; Yang et al., 2012; Li et al., 2013;
Wang et al., 2019; Zeng et al., 2019).

Bottom-up approaches do not need an a priori phenotypic
target, enabling a genome-wide search of domestication-related
loci without previous background of possible candidates,
revealing important traits that can hardly be studied using a top-
down approach (Ross-Ibarra et al., 2007; Kantar et al., 2017).
Nevertheless, the results of bottom-up approaches can be limited
by the sampling scheme, the density of genetic markers, and the
detection of false positives (Tiffin and Ross-Ibarra, 2014), so these
genomic approaches have to be properly and carefully designed in
order to obtain satisfying results (De Mita et al., 2013).

Genomic data facilitated the widespread and reliable use of
bottom-up approaches to study plant and animal domestication,
but top-down strategies were also aided by genomics, allowing
a more efficient search of genotype-phenotype correlations
through genome-wide association studies (GWAS; Wang G.-
D. et al., 2014), which can be defined as experimental

designs that are used to detect the association between genetic
variation in a population and phenotypical traits of interest
(Visscher et al., 2017).

Genome-wide genetic markers allows to differentiate between
global and local evolutionary signals occurring throughout
the genome (Diao and Chen, 2012), discerning the signals
of selection during domestication (Vitti et al., 2013) from
other fine-scale signals of demographic events that occurred
during the domestication process (Meyer and Purugganan, 2013;
Guerra García and Piñero, 2017).

The use of modern genomic tools is not limited to population
genetics, as other interesting approaches can reveal important
aspects of the domestication process. For instance, one can
analyze changes in the transcriptional activity of genes related to
domestication (Hekman et al., 2015), demonstrate the phenotypic
effects of certain alleles through the use of genomic editing
tools (Zhou J. et al., 2019), search for epigenetic patterns that
changed between domesticated and wild taxa (Janowitz Koch
et al., 2016) or analyze the genetic makeup of archeological
samples (Irving-Pease et al., 2019).

This review describes the necessary steps and data to start a
genomic research project towards understanding domestication,
the questions that can be approached using genomic data and
the main results obtained from previous studies using these
methods (Figure 1).

WHOLE-GENOME ASSEMBLY AND
REFERENCE GENOMES

Whole-genome assembly is one of the first steps in modern
domestication studies, since it generates a reference genome
that is useful for downstream analyses. Whole-genome assembly
projects require the use of high-throughput sequencing
technologies such as Illumina (e.g., Sun et al., 2017), PacBio
(e.g., Badouin et al., 2017; VanBuren et al., 2018), Oxford
Nanopore (e.g., Belser et al., 2018) or a combination of these
(e.g., Bickhart et al., 2017; Zhou Y. et al., 2019) to sequence
the genome of interest of a single individual. Before starting
a genome assembly project, a rough estimate of the haploid
genome size must be known as well as the ploidy of the organism,
since the assembly difficulty and sequencing cost are determined
by both factors (Sims et al., 2014). In order to successfully
assemble eukaryotic genomes, where repetitive elements usually
comprise a significant portion of its content [ranging from
3% in tiny genomes such as Utricularia gibba (Ibarra-Laclette
et al., 2013) up to 65.5% in huge genomes such as Ambystoma
mexicanum (Nowoshilow et al., 2018)], it is necessary to
generate sequencing libraries with large insert sizes – called
mate-pair libraries – or use long-read sequencing technologies
such as PacBio or Oxford Nanopore (Levy and Myers, 2016;
Sohn and Nam, 2016). Additionally, the use of chromosome
conformation capture (Mascher et al., 2017), optical mapping
(Dong et al., 2013) or linkage maps obtained from crosses
(Fierst, 2015) will help achieve chromosome-level assemblies
that are highly desirable to adequately assess haplotypes, linkage
disequilibrium, putative genomic rearrangements and the
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FIGURE 1 | Proposed workflows to study different problems related to the domestication of plants and animals through genomic, transcriptomic and epigenomic
tools.

genomic location of candidate loci (Sohn and Nam, 2016;
see Table 1).

After sequencing and assembling the genome of at least one
individual, it must be properly annotated before it can be of
any use. Since eukaryotic genes are structurally complex, genome
assemblies require the additional sequencing of RNA data from
the same species to be used as transcriptomic evidence, alongside
homology evidence from other curated genomes and ab initio
predictions based on the underlying structure of genes, in order
to be successfully annotated (Yandell and Ence, 2012; see Table 1).
Even though whole-genome assembly projects were previously
restricted to large research groups (e.g., Schnable et al., 2009;
Tomato Genome Consortium, 2012), the sequencing cost per
nucleotide is declining constantly in all the aforementioned
technologies, making genome analyses accessible for a large part
of the research community (Muir et al., 2016). The current
bottleneck for small research groups is usually not the cost of
sequencing itself, but rather the availability of computational
resources capable of storing and analyzing huge amounts of data
(Muir et al., 2016).

The main purpose of assembling a genome in a domestication
study is to use it as a reference for high-quality population
data to infer the selection, introgression and recombination
processes, and to design posterior studies for experimental
validation of candidate loci. Even though several population-level
analyses based on reduced-representation genome sequencing
can be performed in the absence of a reference genome (De

Wit et al., 2012; Mastretta-Yanes et al., 2015), the use of a
reference genome alongside population data enables the correct
identification of otherwise anonymous loci into specific genes
or regions within the genome and it makes possible the
identification and the proper handling of linkage between loci
(Fitz-Gibbon et al., 2017). Also, it can help to discriminate
between orthologous and paralogous loci, which is critical
given the large size of many genomes and the frequent
genome duplication processes experienced during the evolution
of plant and animal lineages (Clark and Donoghue, 2018;
Zadesenets and Rubtsov, 2018).

Thus, the availability of a reference genome is desired
for genomic analyses concerning domestication. Luckily,
domesticated taxa are usually economically relevant, drawing
the attention of several research groups worldwide and
in some cases helping to fund the projects. Therefore,
reference genomes are usually available for domesticated
species, since such data is also relevant for other research
areas, such as crop improvement and breeding programs
(Ellegren, 2014). However, it should be noted that using
a single reference genome can lead to reference bias,
where sequenced individuals that are more distantly
related to the reference will tend to have fewer predicted
variants due to mismatches while mapping the reads
(Günther and Nettelblad, 2019).

Besides its use as a reference genome for population-level
data, the analysis of several whole-genome assemblies between
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TABLE 1 | List of key publications with other reviews that are focused on specific topics, as well as some notable examples of research articles using some of the
methods described in this review with reliable results.

Topic Citation Usefulness/importance

Genome assembly
and reference
genomes

Sohn and Nam, 2016 In-depth review on genome assembly. Includes compelling explanations behind the genome assembly
algorithms and an extensive list of genome assembly strategies.

Yandell and Ence, 2012 In-depth review on eukaryotic genome annotation, a description of the available tools to predict genes and best
practices when predicting genes.

Sequencing
strategies

Meirmans, 2015 Classic review concerning common pitfalls that should be avoided in a population genomic study. A compulsory
review for any newcomer to population genomics.

Dorant et al., 2019 Empirical study that compares the efficiency of Pool-seq, RADseq and Rapture to detect weak signals of
genetic structure in lobsters.

Inbar et al., 2020 Empirical study that compares the efficiency of whole-genome sequencing, Pool-seq and RADseq for GWAS in
ants.

Pan-genomics Golicz et al., 2016a In-depth review about pan-genomics in plant species, its advantages over the use of reference genomes, a
guide on how to generate pan-genomes and the importance of studying structural variants. The article is
dedicated to plants, but the rationale and methods can also be applied to other eukaryotes.

Khan et al., 2020 Opinion article detailing the relevance of pan-genomes as a necessary next step from reference genomes. The
authors also highlight the importance of including wild taxa into pan-genomics and propose the idea of
genus-level super-pan-genomes.

Gao et al., 2019 Landmark study of the tomato pan-genome. The authors sequenced 725 accessions from the domesticated
tomato and its wild relatives. They found 4,873 additional genes, including several well-characterized genes that
were absent from the reference-genome. They also evaluated the presence-absence variants between the wild
and domesticated tomatoes, which were enriched in disease-resistance genes.

Demographic
analyses

Linck and Battey, 2019 Research study focused on the effects of minor allele-frequency filters to detect genetic structure in populations.
Gives a good explanation on the rationale behind the clustering-based methods to detect structure.

Mather et al., 2020 Review dedicated to the theoretical background and technical requirements of PSMS and MSMC to infer
changes in effective population sizes and coalescent times.

Gerbault et al., 2014 Excellent review on how to use Bayesian approaches to test different demographic models of domestication.

Frantz et al., 2015 Landmark study on pig domestication. The authors make use of Approximate Bayesian computation to
compare domestication scenarios, they use clustering-based methods to detect genetic structure and used a
graph-based method to infer the genetic relationship between pig and wild boar populations.

Selection scans Vitti et al., 2013 Good review focused on explaining the rationale behind many of the bottom-up tests to detect selection and
the genomic signals they are sensitive to.

De Mita et al., 2013;
Lotterhos and Whitlock,
2015

Classic simulation-based studies that compare different scenarios to evaluate the best sampling strategies and
the most powerful methods to detect selection throughout the genome, according to the reproductive nature of
the organism under study.

Gibson, 2018 A primer dedicated to understanding the principles behind GWAS and its ability to detect polygenic effects on
quantitative traits.

Hufford et al., 2012 A landmark paper that illustrates how to perform genome scans to detect domestication-related loci in
domesticated taxa, and the importance of these loci for crop improvement. The paper studies the
domestication of maize, but a similar study design can be applied to domesticated animals.

Paleogenomics Irving-Pease et al., 2019 Exhaustive book chapter dedicated to the study of ancient DNA to understand domestication.

Allaby et al., 2019 Research study that casts into doubt the long-lasting idea that domestication processes lead to strong
population bottlenecks by re-analyzing data based on ancient DNA samples.

Daly et al., 2018 Remarkable study that sequenced and analyzed 83 mitochondrial genomes and 51 nuclear genomes from
ancient goat samples. The authors found signals of ancient introgression events, as well as ancient selective
signals related to several traits that are shared with modern goats.

Transcriptomics Fang and Cui, 2011 General guideline on how to adequately design an RNA-seq experiment to avoid technical mistakes and
generate meaningful results.

Yang and Kim, 2015 General guideline on how to analyze RNA-seq data to assess differential expression.

Hekman et al., 2015 In-depth review dedicated to study the domestication process through transcriptomics, including
methodological strategies and challenges.

Hradilová et al., 2017 An excellent study that combines transcriptomic data with metabolomic data and morphological data between
domesticated and wild peas. The analysis of multi-omic data allowed them to get a better understanding
behind seed dormancy and pod dehiscence in domesticated peas.

Epigenomics Guerrero-Bosagna, 2012;
Heard and Martienssen,
2014; Burggren, 2016

Contrasting views on the role of transgenerational epigenetic inheritance in evolution. The topic is still debated
and should be viewed critically.

Jensen, 2015 In-depth review on the rationale and advances of epigenetic studies to understand domestication. The
manuscript is focused on animal behavior, but many of the ideas can also be applied to domesticated plants.

(Continued)
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TABLE 1 | Continued

Topic Citation Usefulness/importance

Janowitz Koch
et al., 2016

A landmark paper showing the importance of epigenetic marks on dog domestication and its association with
behavioral traits. The study doesn’t just compare the methylation marks between wolves and dogs, but also assess the
heritability of the methylation marks and proposes a formal test to detect selection on epialleles.

Genome-editing
tools

Boettcher and
McManus, 2015).

Review on novel genome-editing techniques and RNA interference. Useful to compare and choose the best tool to
validate candidate loci.

Shan et al., 2020 A general guide on how to develop a CRISPR/Cas9 system on a non-model plant species.

Soyk et al., 2017 Landmark paper that uses genome-editing to validate two candidate genes related to fruit size and reduced fruit
dropping in tomato. The authors also detect the emergence of undesirable traits in domesticated tomatoes due to an
epistatic effect between both domesticated loci and introduce wild alleles to generate new tomato phenotypes with
reduced degrees of the undesirable traits.

Perspectives Piperno, 2017 Review centered on the potential application of an extended synthesis framework to understand domestication.
Centered around the concepts of niche construction, transgenerational epigenetic inheritance and developmental
plasticity.

domesticated and wild taxa will help us reveal structural
differences between the genome of a domesticated taxon and
its closest wild relatives, such as duplications, chromosome
rearrangements or presence/absence of entire genes and genomic
regions (Yang et al., 2012; Wang W. et al., 2014; Xie et al., 2019).
Since selection and bottlenecks during domestication often leads
to the fixation of mutations that involve a loss of function (Renaut
and Rieseberg, 2015; Moyers et al., 2018), comparative analyses
using genome assemblies of wild ancestors may also reveal these
changes in genes that could not be properly predicted within
the domesticated genome (Moyers et al., 2018). In this sense,
further efforts should be made to assemble high-quality genomes
of wild relatives alongside the domesticated taxon of interest
(Brozynska et al., 2016; Xie et al., 2019).

STRATEGIES TO GATHER ADEQUATE
POPULATION GENOMICS DATA

Genome assemblies alone give us a limited view on
domestication, unless several genomes of wild relatives (if
known and available) and domesticated individuals are
sequenced, because evolution is a population-level process,
and in consequence population data is necessary to address
most of the evolutionary questions in domestication (Wang
G.-D. et al., 2014; Guerra García and Piñero, 2017). Population
genomics examines the genetic variation within and between
populations that is scattered across the entire genome to assess
the demographic history, phylogenetic relations and selective
pressures of a species (Jorde, 2001). Several types of genomic
data can be evaluated at the population level, including single
nucleotide polymorphisms (SNPs), indels and copy number
variations; but SNPs are the most commonly analyzed of the
three (Seal et al., 2014).

All population-level sequencing techniques share common
pitfalls that should be known and avoided before investing any
money on sequencing. Population sampling should be planned
carefully, as the sampling scheme has a stronger impact over
sequencing to obtain reliable results in any analysis (Meirmans,
2015). Also, different populations should be mixed, rather than

being sequenced on separate libraries or sequencing lanes, as
failing to do so will generate sequencing biases that can be
confused with biological patterns (Meirmans, 2015; see Table 1).

Once adequate genomic population data is gathered, we
need to analyze the demographic processes that shaped the
genetic variation and the population structure of contemporary
populations during the domestication process. This data is
necessary to perform tests to detect natural and artificial
selection, which are required to understand the genetic base of
domestication syndromes (Ross-Ibarra et al., 2007). There are
several approaches to obtain population data at a genomic scale,
which differ in the fraction of the genome that is sequenced,
therefore determining the sequencing cost of each sample
(Schreiber et al., 2018).

Whole-Genome Sequencing of
Populations
After assembling a reference genome, one of the next possible
strategies to understand domestication is to sequence the
complete genome of several individuals. This approach requires
the alignment of the sequencing reads back to a reference
genome, in order to infer the variable sites between individuals
and know the genetic elements (e.g., genes, upstream regulators,
repetitive elements, non-coding RNAs) associated to those sites.
The main benefit of this approach is its potential to retrieve
all the variant sites within an individual’s genome that are
structurally represented in the reference genome. Whole-genome
sequencing can be used in almost any population-level test of
interest (Schreiber et al., 2018). Common practices recommend
a sequencing depth around 30× per individual, but empirical
studies in pigs suggests that even 10x is enough to cover up to
99% of a genome with accurate detection of variant sites (Jiang
L.G. et al., 2019). The main drawback of this approach is the
sequencing cost of each sample, which is significantly higher
compared with other approaches, especially for organisms with
large genomes such as polyploid crops or mammals (Schreiber
et al., 2018). This can lead researchers to evaluate a trade-off
between sequencing depth and number of sampled individuals
to optimize their resources. Simulation studies suggest that
sequencing more individuals is more convenient to obtain
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reliable results, even at the expense of lower sequencing depths
per individual (Fumagalli, 2013).

Alternatives to Whole-Genome
Sequencing
Other approaches aim to reduce the sequencing cost per
samples by pooling the DNA of several individuals into a
single sequencing library (Futschik and Schlötterer, 2010) or
by reducing the portion of the genome that is sequenced
(often named as reduced-representation sequencing), either
by sequencing arbitrary defined segments scattered across the
genome, by targeting the desired portions of the genome or by
sequencing the transcriptionally active portions of the genome
(Schreiber et al., 2018). These techniques are especially helpful
for organisms with very large genomes, and some of these
methods can even be used in the absence of a reference
genome (Mastretta-Yanes et al., 2015; Schreiber et al., 2018).
Furthermore, the reduced representation of the genome means
that those fewer regions that are targeted can have a high
sequencing depth, leading to higher accuracy of the observed
genetic variation and better heterozygosity estimations (Schreiber
et al., 2018). Additionally, the reduced sequencing cost per
sample allows for a large number of sequenced individuals and
populations that, with a proper sampling strategy, can lead to
robust results (De Mita et al., 2013; Lotterhos and Whitlock,
2015). Due to the fragmented nature of these sequencing
techniques, reduced representation data alone may be insufficient
to pinpoint all or even the most important possible causal genetic
variants associated to the domestication syndromes (Lowry et al.,
2017), but they are still useful to infer basic genetic statistics,
infer demographic properties and past demographic scenarios,
detect some signatures of selective sweeps across the genome
and even perform GWAS for domestication traits of interest
(Andrews et al., 2016; Schreiber et al., 2018).

Pool Sequencing
Pool sequencing (Pool-seq) is a promising alternative to whole-
genome sequencing with a much lower cost (Futschik and
Schlötterer, 2010). As the name suggests, Pool-seq consists of
sequencing a large pool of individuals for a given population
into a single high-throughput sequencing library, instead of
sequencing each individual separately, allowing an accurate
estimation of allele frequencies and other parameters of
population genetics at the expense of losing individual-level
information (Futschik and Schlötterer, 2010). This method
requires to map the reads against a reference genome of the same
species in order to work (Schlötterer et al., 2014). It is intended
for sequencing large pools of individuals (>40 individuals per
population is recommended, but >100 is optimal), otherwise the
allele frequencies will not be estimated accurately (Schlötterer
et al., 2014). The relative amount of pooled DNA of each
individual in a Pool-seq study should be similar in order to
avoid overrepresentation of individual alleles, a task that is often
challenging (Schlötterer et al., 2014).

Pool-seq has several limitations that should be considered
based on the objectives of the research project. It is difficult to

discard a low-frequency allele from a sequencing error, but this
problem is potentially fixed by either establishing a minor allele
frequency threshold for SNP calling or by using pool replicates
(Schlötterer et al., 2014). One important limitation is the
inability of Pool-seq data to estimate linkage disequilibrium and
haplotype phasing, which is particularly important to evaluate
the non-independence of genetic signals in demographic studies
and selective scans (Schlötterer et al., 2014). Finally, assessing
genetic structure can be difficult and sometimes misleading
when using Pool-seq, due to potential biases in individual allele
representations within the pool (Dorant et al., 2019). This makes
Pool-seq an adequate method for GWAS, selective sweeps and
some methods based on allele frequencies when resources are
limited (Luu et al., 2017; Inbar et al., 2020), but the loss of
individual-level information makes many of the demographic
inferences difficult, as populations need to be predefined before
sequencing (Dorant et al., 2019), and the bioinformatic tools that
handle Pool-seq data are scarce.

Exome Capture and Sequencing
Exome sequencing is another lower-cost alternative to whole-
genome sequencing which targets the protein-coding regions of
the genome (Warr et al., 2015; Kaur and Gaikwad, 2017). Protein-
coding genes represent a small fraction of eukaryotic genomes,
which is particularly useful for most population genomic studies,
since it represents mostly functional elements within genomes
(Kaur and Gaikwad, 2017). This technique is usually performed
using hybridization probes, which requires previous knowledge
of the genome content as well as a priori selection of regions
of interest in order to design probes (Kaur and Gaikwad,
2017). Fortunately, hybridization probes are already available
for several domesticated plants and animals (Warr et al., 2015;
Kaur and Gaikwad, 2017).

Despite its advantages, exome sequencing can generate an
uneven sequencing depth in certain genomic positions, unlike
whole-genome sequencing that shows a uniform distribution of
reads throughout the genome (Lelieveld et al., 2015). Another
important limitation of exome sequencing is its bias towards
the protein-coding portion of the genome, since increasing
evidence shows that many of the genetic changes that have been
directly associated to domestication traits are located within cis-
regulatory elements, noncoding RNAs and other trans-regulatory
elements, rather than within the open reading frame of the
genes (Swinnen et al., 2016). Despite its limitations, demographic
history and selective sweeps can still be detected using this
sequencing method (Pankin et al., 2018).

RNA Sequencing of Populations
Transcriptome sequencing (also known as RNA-seq) is another
useful approach to obtain population-level data from the
transcriptionally active elements within genomes (De Wit et al.,
2012). RNA-seq can be mapped against a reference genome
to detect genetic variants and determine the genomic regions
of interest, but it can also be analyzed in the absence of a
reference genome (De Wit et al., 2012), since transcriptomes
can be assembled de novo (Haas et al., 2013) and the functional
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annotation of the assembled transcripts is relatively easy
(Bryant et al., 2017).

However, transcription profiles are dependent on the
sequenced tissues and organs, the development stage of the
organism, and the influence of external stimuli, capturing just
the transcripts that are active at the moment of RNA extraction
(Hekman et al., 2015). This complexity can generate important
biases in the relative abundance of certain transcripts over others
and overlook potential adaptative genes whose expression are
context dependent (Hekman et al., 2015; Kaur and Gaikwad,
2017). Nonetheless, RNA-seq is still a good option for species
with large genomes that are hard to assemble (De Wit et al.,
2012). Similarly to exome-sequencing, RNA-seq data can be used
to evaluate demographic history and selective sweeps, but the
selective signals are restricted to the transcriptionally active part
of the genome, and cannot be used to evaluate structural variants
(Schreiber et al., 2018).

Restriction Site-Associated DNA
Sequencing
Restriction site-associated DNA sequencing (RAD-seq), which
may also be referred to as genotyping by sequencing (GBS),
has been one of the most popular options for cost-affordable
population genomics in the last decade (Davey and Blaxter, 2010).
The technique consists in using restriction enzymes to digest the
DNA and sequence the regions adjacent to the restriction sites
that are scattered across the genome (Davey and Blaxter, 2010). It
can also be combined with sequence capture techniques to target
specific loci of interest (Ali et al., 2016). RADseq data can either
be mapped against a reference genome or it can be assembled de
novo (Catchen et al., 2013; Mastretta-Yanes et al., 2015), making
it a versatile technique for species with scant genomic resources.

However, empirical studies show that using certain de novo
approaches for RAD-seq data can lead to fewer predicted SNPs
due to errors in the definition of loci and treatment of sequencing
errors (Shafer et al., 2017), all which may subsequently alter
downstream analyses, especially those based on the distribution
of allele frequencies within the genome of a population, also
known as the site frequency spectrum (SFS) (Shafer et al.,
2017). For this reason, a reference-based approach is highly
recommended as long as the reference genome is closely related
to the population dataset (Shafer et al., 2017). Furthermore,
RADseq data could involve errors when a polymorphism resides
within a restriction site, which prevents the enzyme to cut in
individuals carrying such polymorphism, leading to failures in
sequencing that region in homozygous individuals (null alleles)
and makes heterozygous individuals to look like homozygotes
(allele dropout) (Andrews et al., 2016). Finally, the capacity of
RADseq libraries to adequately perform selective scans has been
casted into serious question (Lowry et al., 2017). Its potential
capacity to detect selective sweeps is dependent on the genome
size, the density of variants detected for a given genomic region
and specially the length of the extent of linkage disequilibrium
in the genome (Lowry et al., 2017). Thus, when a species
genome has short regions in linkage disequilibrium (due to high
recombination rates) and the SNP density is low (particularly in

large genomes), odds are that the selective scans will likely miss a
significant portion of selective sweeps associated to domestication
(Lowry et al., 2017).

PAN-GENOME ANALYSES IN
DOMESTICATED AND WILD TAXA

An increasing number of studies are revealing that structural
variants (copy-number variation, presence/absence of genomic
regions, inversions, transversions, translocations) are common
within plant and animal populations (Khan et al., 2020). Thus,
the use of a single reference genome hampers our ability to
study the full repertoire of genetic variation within a species
(Golicz et al., 2016a; Zhao et al., 2018). Structural variants such
copy-number variation can contain functional genomic elements
that are usually under relaxed selective pressures and can serve
as the basis of adaptation given specific environments and
selective regimes (Lye and Purugganan, 2019). Coincidentally,
copy-number variation and other structural variants play an
important role in the emergence of domestication traits, as well
as diversification traits in landrace varieties (Lye and Purugganan,
2019). Some studies estimate that at least one third of the known
domestication loci are structural variants, and up to one in
seven genes can be hemizygous (i.e., with one copy) in grapevine
individuals (Zhou Y. et al., 2019). Despite its importance,
structural variants cannot be properly analyzed using any of the
aforementioned techniques. This led the research community to
adopt the concept of the pan-genome, an idea that first appeared
in microbiology (Tettelin et al., 2005), into the study of plant and
animal genomes (Golicz et al., 2016a).

The concept of pan-genome rests on the idea that the genomes
of individuals within a population or species share a core set
of genes that unifies them (i.e., the core genome), but also
contain a fraction of genes that are absent from one or more
individuals (i.e., the accessory or dispensable genome), which
altogether give rise to the pan-genome of such population or
species (Tettelin et al., 2005).

There are three main methods to generate a pan-genome:
the alignment and comparison of multiple de novo genome
assemblies, the iterative assembly of several genomes from an
initial reference or the use of de Bruijn graph assemblers to jointly
assemble several genomes (Golicz et al., 2016a; see Table 1).
Since domestication reduces the genetic diversity of a taxon, often
eliminating portions of the dispensable genome that contain
genes involved in local adaptation, the use of wild relatives is
crucial to generate a representative pan-genome for a species
(Khan et al., 2020). Once a pan-genome is generated, it can be
used alongside whole-genome sequencing data to analyze the
structural variants between and within populations, revealing
novel loci involved in the development of domestication-related
traits that would have stayed hidden when using a single reference
genome (Li et al., 2014; Zhao et al., 2018). Besides, the use of a
pan-genome alleviates the inherent reference biases of a single
reference genome (Günther and Nettelblad, 2019).

Pan-genome studies have revealed additional selective sweeps
and structural variants associated to the domestication process,
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which were not identified using sequencing data with a single
reference genome (Li et al., 2014; Zhao et al., 2018). Pan-
genomes are already available for several species (Figure 2)
such as maize (Brohammer et al., 2018), wheat (Montenegro
et al., 2017), Brassica oleracea (Golicz et al., 2016b) or Brassica
napus (Hurgobin et al., 2018); and pan-genome analyses to study
domestication have already been performed in soybean (Li et al.,
2014), rice (Zhao et al., 2018), sunflower (Hübner et al., 2019) and
tomato (Gao et al., 2019). While current eukaryote pan-genome
analyses are focused on plant species (Golicz et al., 2016a, see
Table 1) and goats (Li et al., 2019), other livestock researchers
may soon venture into this field. As sequencing technologies
become cheaper, multiple pan-genomes from different species of
the same genus should eventually be combined to create a super-
pan-genome that represents the entire genetic content available in
a genus with one or more domesticated taxa, as it would include
the diversity of all their wild relatives (Khan et al., 2020).

POPULATION GENETICS AND
DEMOGRAPHIC ANALYSES OF THE
DOMESTICATION PROCESS

Demography and population size changes during the
domestication process is tightly related to unraveling some
of the most fundamental questions of the domestication process.
These analyses can help answer questions such as possible centers
of origin and diversification, patterns of migration and expansion
throughout these centers, gene flow between domesticated and
wild taxa, number of domestication events, the extent of genetic
erosion in the domesticated taxon, levels of global genetic
differentiation between wild and domesticated taxa, the patterns
of adaptive and neutral introgression among them, and in some
cases even the number of generations that have elapsed since
domestication and other processes such as differentiation and
local adaptation of domesticated taxa (Meyer and Purugganan,
2013; Guerra García and Piñero, 2017).

Genetic Diversity in Populations
A first necessary step for the SNP data is to extract and compare
the summary statistics of population genetics within and between
populations (Andrews et al., 2016). This information describes
the genetic diversity in populations, including the estimate of
allele frequencies (usually denoted as p or the frequency of the
most abundant allele), observed heterozygosity (HO), expected
heterozygosity (HE), nucleotide diversity (π), number of
segregating sites (S) and number of private alleles (i.e., alleles only
found in one population). These summary statistics can reveal the
level of genetic erosion in domesticated plants and animals when
compared to the ancestral wild population, which is expected
due to severe bottlenecks, selective sweeps and inbreeding
(Groeneveld et al., 2010; Gepts, 2014). One should be aware
that reference bias can influence the relative genetic variation
observed between the wild and domesticated populations, which
could be alleviated using more than one reference or using a
pan-genome (Günther and Nettelblad, 2019).

Population Structure
It is also important to describe the population structure (i.e.,
the genetic differentiation among populations) of domesticated
taxa and of their wild relatives, as it can reveal the influence
of historical events that shaped the genetic diversity of the
organisms (Linck and Battey, 2019). The level of population
structure between wild and domesticated taxa can be determined
by several factors, such as the number of generations since
domestication started, the intensity of the selective pressures
imposed to the domesticated taxon, the intensity of the
bottlenecks suffered though the domestication process, and the
frequency of gene flow between the domesticated taxon and its
wild relative (Meyer and Purugganan, 2013).

The F-statistics are classic estimates of population genetics
that are based on the heterozygosity values within and among
populations, which can reveal patterns of inbreeding, gene flow
and differentiation between and within populations (Andrews
et al., 2016). Of these, the FST statistic is of particular interest,
since it can be used to detect population structure between wild
and domesticated populations, or between different domesticated
varieties (Andrews et al., 2016). These estimates are relatively
simple to calculate, but they require a priori assignment of
individuals to discrete populations, which may be wrongly
assigned, may not reflect natural populations or may simply be
unknown (Linck and Battey, 2019).

Methods based on population clustering have become
popular for describing genetic structure, as they do not
require a priori population assignment. These clustering
methods can be classified into parametric and non-parametric
methods (Linck and Battey, 2019). Parametric methods, also
known as model-based methods, assign individuals into a
predefined number of K populations based on their genotypes
and the allele frequency of each locus (Pritchard et al.,
2000). Several parametric methods have been described that
successfully analyze genomic datasets to infer population
structure (e.g., Tang et al., 2006; Alexander et al., 2009;
Raj et al., 2014), but one has to be careful when using
them, as they assume linkage equilibrium and Hardy-Weinberg
equilibrium in the dataset (Linck and Battey, 2019), so
SNPs should be filtered accordingly before these methods
can be confidently used (Wigginton et al., 2005; Mathew
et al., 2018). Furthermore, parametric methods have been
found to be susceptible to changes in the SFS generated by
minor allele frequency thresholds that are commonly used
to filter population genomics data because low-frequency
polymorphisms are expected to contain information about
recent events, which adds uncertainty to the assignation of
individuals in populations that reflect ancient demographic
events (Linck and Battey, 2019).

Non-parametric methods include principal component
analyses, discriminant analyses of principal components
and K-means clustering. These methods define populations
and genetic structure by transforming the genetic data into
uncorrelated variables – named eigenvectors or principal
components – to identify groups within the dataset (Patterson
et al., 2006; Jombart et al., 2010; Linck and Battey, 2019). Non-
parametric methods were designed to work with large amounts
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FIGURE 2 | Examples of three pan-genomes of domesticated taxa. The citations included correspond to the publications of the original reference genomes and the
subsequent pan-genome assemblies. The inner circles on the right represent the content of the reference genome, while the outer circles represent the additional
nonreference content retrieved with the pan-genome. Some examples of important genes are show for the nonreference part of each pan-genome. (images
obtained from Openclipart).

of genomic data (Patterson et al., 2006; Jombart et al., 2010) and
they are more robust to changes in the SFS than the parametric
methods, so it is recommended to run both types of methods
and compare their results before making further inferences
(Linck and Battey, 2019).

Inferences in Changes of Population
Sizes Throughout Time
An important aspect of the demographic history of domesticated
taxa is the analysis of the change in the effective population size
(Ne) in the populations throughout time (Chen J. et al., 2018).
The concept of Ne reflects the estimated populations size in
a Wright-Fisher model given an observed genetic variation, so
these estimations hardly reflect the census population size of real
populations (Charlesworth, 2009), and can also be affected by
reference biases and allele dropouts. Changes in Ne can reveal
or at least hint on the demographic history of taxa throughout
the domestication process, such as expansions or bottlenecks.
These changes can help to understand other evolutionary aspects
of domestication concerning natural and artificial selection,
such as the efficiency of selection and the accumulation of
deleterious mutations in domesticated taxa (Chen J. et al., 2018;
Allaby et al., 2019).

The domestication process is expected to include a bottleneck
as a consequence of subsampling the genetic diversity in the wild
ancestor, followed by a population expansion as domesticated
taxa diversify (Meyer and Purugganan, 2013), although this idea
has been recently challenged by paleogenomic studies (Allaby
et al., 2019). Many methods exist to explore the changes in
Ne throughout time, whose approach sometimes depends on
the type of data available. It should be noted that all the
methods to infer historical changes in Ne are susceptible to
predicting false bottlenecks when populations are structured, so
as indicated above, genetic structure should be evaluated and
properly accounted for (Nielsen and Beaumont, 2009).

Studies with few individuals and high sequencing depth
may use the Pairwise Sequentially Markovian Coalescent model
(PSMC; Li and Durbin, 2011) or the Multiple Sequential
Markovian Coalescent model (MSMC; Schiffels and Durbin,
2014) to analyze the demographic history of domesticated and
wild taxa. The PSMC and MSMC models can infer changes in
Ne throughout time (bottlenecks and expansions) by calculating
the distribution of the time of coalescence between all the
heterozygous loci in complete diploid genomes (Li and Durbin,
2011; Schiffels and Durbin, 2014). These models can also
calculate the time of coalescence (i.e., separation, and in some
cases the domestication time) between two genomes given a
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specified mutation rate, recombination rate and generation time
(Li and Durbin, 2011).

However, the genomes used in PSMC or MSMC must be of
very good quality, having an average sequencing depth of the
very least 18x, at least 10 reads per site, and less than 25% of
missing data (Nadachowska-Brzyska et al., 2016). Besides, PSMC
has several limitations compared to other estimators of Ne and
is particularly susceptible to predicting false bottlenecks when
populations are structured (Mazet et al., 2015). Nevertheless, this
can be properly handled by comparing models of instantaneous
Ne size change against models of classical symmetric islands using
a maximum-likelihood approach (Mazet et al., 2015).

Multiple Sequential Markovian Coalescent can infer more
recent changes in Ne compared to PSMC (Schiffels and Durbin,
2014), so it may be convenient to explore recent demographic
expansions in diversified domesticated taxa (Allaby et al., 2019).
For example, MSMC was used to infer population bottlenecks
in East Asian and Western Eurasian dogs, as well as divergence
times between wolves and dogs around 60,000–20,000 years
ago (Frantz et al., 2016), while PSMC was used to determine a
severe bottleneck in African rice around 15,000–13,000 years ago
(Meyer et al., 2016).

Other methods rely on population data at a genomic scale
from many (sometimes hundreds) individuals (as obtained
from exome sequencing or RAD-seq), namely the extended
Bayesian skyline plots (Heled and Drummond, 2008; Trucchi
et al., 2014) and the stairway plots (Liu and Fu, 2015).
Since Ne is a crucial concept in coalescent theory, extended
Bayesian skyline plots and stairway plots rely on the SFS
calculated from the population data to estimate Ne (Heled and
Drummond, 2008; Liu and Fu, 2015). The inferences made
from these two methods are comparable to those obtained
from PSMC and MSMC, although they rely on different kinds
of datasets (Liu and Fu, 2015). Furthermore, stairway plots
are more efficient in inferring recent demographic history,
whereas PSMC is more reliable for ancient demographic events
(Liu and Fu, 2015).

Estimating Gene Flow and Introgression
Between Populations
Ancient gene flow and local ancestry (i.e., the genetic ancestry
of an individual for an specific chromosomal position; Thornton
and Bermejo, 2014) are also important aspects of plant and
animal domestication that need to be addressed, since they
can describe the genetic contribution of different ancestral
populations in the genomic architecture of extant populations,
such as wild and domesticated taxa (Price et al., 2009;
Pickrell and Pritchard, 2012).

One approach to assess ancient gene flow are graph-based
methods that incorporate the possibility of ancient gene flow
between distantly related populations (Pickrell and Pritchard,
2012). This type of methods represents the relationships between
populations as a bifurcating tree, where internal nodes can
also be interconnected forming a graph that represents ancient
gene flow that contributed to modern genetic variation (Pickrell
and Pritchard, 2012). For example, graph-based analyses have

revealed constant gene flow between sympatric populations
of domesticated and wild pearl millet (Burgarella et al.,
2018), constant gene flow between domesticated and wild
pigs (Frantz et al., 2015) but lack of hybridization events
between wild and domesticated populations of goats and sheep
(Alberto et al., 2018).

Another popular test to infer ancient admixture is the ABBA-
BABA test, also known as the D-statistic, which evaluates the
allelic patterns of three taxa and compares them to an outgroup
to identify genomic regions with an excess of shared derived
variants that are not concordant to the species tree (i.e., ABBA-
BABA patterns), which suggest introgression events (Durand
et al., 2011). The f∧d test, which is derived from the D-statistic, can
help discriminate between introgression events and nonrandom
mating in ancestral structured populations (Martin et al., 2015).
The D-statistic is sensitive to both introgression and incomplete
lineage sorting, so both signals can be separated by testing
deviations in the symmetry of branch lengths between the gene
trees and the species tree (Edelman et al., 2019). By the same logic,
the D3 test can also infer introgression events by analyzing the
symmetry in branch lengths, without the need for an outgroup
(Hahn and Hibbins, 2019). The D-statistic has been used to infer
several introgression events between species of the Bos genus
during domestication (Wu et al., 2018).

On the other hand, local ancestry methods can reveal which
chromosomal segments in the genome were inherited from
different ancestral source populations (Price et al., 2009). These
methods use the data obtained from linkage disequilibrium
between loci to assign ancestry in each portion of the genome in
comparison to reference populations that depict ancestral source
populations, requiring an a priori assignation of unadmixed
reference populations in order to assign local ancestry to the
populations of interest (Price et al., 2009). The analysis reveals
chromosomic blocks that can be assigned to either a wild or a
domesticated ancestry in hybrid populations, which may reveal
historical processes of introgression and local adaptation in
modern domesticated populations, as well as potential targets for
selective breeding (Janzen et al., 2019).

Many methods exist that can infer local ancestry using
genome-wide population data, and all of them require a
high-quality reference genome (preferably assembled at
a chromosome-level) in order to detect the ancestry of
chromosomal segments (e.g., Price et al., 2009; Baran et al.,
2012; Maples et al., 2013; Dias-Alves et al., 2018). For example,
a local ancestry analysis of East Asian domestic cattle revealed
introgressed blocks inherited from ancient banteng and yak
populations that contained genes enriched in sensory perception
of smell, transmembrane transport and antigen processing (Chen
N. et al., 2018).

Using Demographic Simulations to Infer
Domestication Scenarios
The previous descriptive tools can help us explore possible
evolutionary and demographic scenarios in the absence of a priori
hypotheses (Liu and Fu, 2015). However, for domesticated
taxa we usually have additional classic botanical, zoological,
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morphological, paleoclimatic, archeological, ethnobiological and
biogeographical data that may suggest some likely scenarios
(Gerbault et al., 2014). Thus, demographic modeling can be used
to test explicit demographic scenarios by comparing simulations
of SFS in such scenarios to the observed data (Gerbault et al.,
2014; Liu and Fu, 2015). There are many methods available for
demographic modeling, which can be more suitable depending
on the type of scenarios that need to be tested (Anderson
et al., 2005; Gutenkunst et al., 2009; Excoffier and Foll, 2011;
Cornuet et al., 2014). All these methods rely on some basic
tenets of coalescent theory (Liu and Fu, 2015), so they are also
susceptible to possible biases in the observed genetic variation in
the populations.

For example, the approximate Bayesian computation (ABC)
method compares the summary statistics of several simulated
scenarios against the observed data to accept or reject certain
demographic hypotheses (Cornuet et al., 2014; Gerbault et al.,
2014). This method can help us determine certain parameters
of our models and can be used with genome-wide datasets
(Cornuet et al., 2014).

Other methods based on diffusion approximation can help
us infer the demographic history of multiple populations and
their interaction through migration and admixture using biallelic
SNP data (Gutenkunst et al., 2009). Demographic modeling
has helped test the number of domestication events as well as
intercontinental migratory events in cattle (Pitt et al., 2019).
Coalescent simulations have supported a common origin for all
the domesticated varieties of pearl millet (Burgarella et al., 2018),
while the ABC method has revealed that the most likely scenario
in the domestication of the scarlet runner bean consists of a
single domestication event around 21,000 years ago with a mild
bottleneck effect (Guerra-García et al., 2017).

IDENTIFYING GENES UNDER
SELECTION DURING DOMESTICATION

Demographic processes are important to understand the general
history that led to the domestication of plant and animal taxa, but
many studies are specially interested in finding the selected genes
that explain the phenotypic differences between domesticated
taxa and their wild counterparts (Wang G.-D. et al., 2014; Kantar
et al., 2017). Indeed, the detection of these genes under selection
during domestication is critical to understand the genetic basis
of domestication syndromes, especially for detecting genetic
variation relevant for future improvement and selective breeding
(Hufford et al., 2012).

When a genetic variant increases its frequency due to
positive selection (i.e., selection favoring the fixation of a new
allele), the adjacent alleles (i.e., physically connected in the
same chromosomal region) also increase their frequency in a
process known as hitchhiking (Smith and Haigh, 2007). Once
the genetic variant under selection reaches a high frequency
or fixation, the hitchhiking effect reduces or even eliminates
the genetic variation around the selected locus, producing what
is known as a selective sweep (Vitti et al., 2013; Pavlidis and
Alachiotis, 2017). The size and intensity of a selective sweep

depends on the rate of recombination in the genome, and
on the intensity of the selective pressure (Smith and Haigh,
2007), which may be weaker in conscious selection compared
to some cases of natural selection (Fugère and Hendry, 2018;
Yang et al., 2019). Luckily, the signals of a selective sweep can
be detected when the selection event occurred “recently” in
an evolutionary timescale, as it is the case for domestication
(Vitti et al., 2013).

Different bottom-up methods using population genomics data
have been developed to detect the regions in the genome that
were selected for during domestication, which we will refer
to as candidate loci. We can mention methods for detecting
regions with higher population differentiation compared to
the rest of the genome, methods for detecting local changes
in the SFS throughout the genome, and methods that detect
extended regions with strong linkage disequilibrium compared
to other haplotypes in the genome (see Supplementary Table S1
for a summary of methods to detect selective sweeps).
Alternatively, a GWAS can be performed to detect the association
of a genetic variant to a specific phenotype of interest
(Wang G.-D. et al., 2014).

FST Outlier Tests to Detect Candidate
Genes
Besides the standard use of FST to detect global population
structure, the FST statistic can also be used to detect signals
of selective sweeps between populations, namely between wild
and domesticated taxa (Gepts, 2014). While a global FST statistic
(involving all the analyzed loci or SNPs) can reveal the overall
genetic structure between populations, a local FST statistic
calculated for each locus or SNP along the genome can evaluate
whether particular regions of the genome are more differentiated
from what is expected due to demographic processes, which
can be interpreted as signals of a selective sweep (Nei and
Maruyama, 1975). Many different methods exist that are based
on the FST statistic, which are collectively known as FST outlier
tests (Foll and Gaggiotti, 2008; Excoffier et al., 2009; Bonhomme
et al., 2010; de Villemereuil and Gaggiotti, 2015; Lotterhos and
Whitlock, 2015), that differ mainly on the underlying model used
to calculate the null distribution of the FST values, and thus its
ability to detect outliers (Supplementary Table S1).

FST outlier tests are able to detect selective pressures following
a bottom-up approach, but their efficiency is determined by a
multitude of factors that should be carefully accounted for before
using them, such as the sampling scheme used to obtain the
population data, the total size of the dataset (i.e., number of
populations, of individual per population and of SNPs analyzed),
the intensity of the selective pressure, the selfing or allogamous
nature of its sexual reproduction, and the migration patterns
and genetic structure among populations (De Mita et al., 2013;
Lotterhos and Whitlock, 2014, 2015).

Some successful examples in the use of FST outlier tests
include the detection of domestication candidate genes in apple
involved in fruit development, size, acidity and sugar metabolism
(Khan et al., 2014), the finding of candidate domestication
genes involved in metabolism and oil biosynthesis in sunflower
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(Baute et al., 2015), the description of candidate diversification
genes between pig breeds associated to the shape of the skull
(Wilkinson et al., 2013), and the identification of candidate loci
between wild and domesticated salmon strains involved in body
weight, condition factor, male maturation and a brain related
protein (Vasemägi et al., 2012).

Site Frequency Spectrum Based Tests to
Detect Selective Sweeps
Selective sweeps alter the SFS that would be expected under
neutral evolution processes because of the reduction in the
genetic diversity around the loci under selection (Vitti et al.,
2013). The genomic region under selection skews the SFS into
an excess of high frequency derived alleles when the selective
sweep was recent, since the alleles that were linked to the
favored selected locus also reach high frequencies (Fay and
Wu, 2000). However, after all the high-frequency alleles reached
fixation, the genomic region under the selective sweep will have
little to no variation, while mutations will slowly generate new
allelic variants, skewing the SFS into an excess of low frequency
variants (Zeng et al., 2006). Several tests have been developed
to detect skews in the SFS, each of them capable of detecting
changes in different parts of the SFS (Supplementary Table S1),
making them complementary to one another (Zeng et al., 2006;
Vitti et al., 2013).

Even though SFS based tests are powerful tools to detect
selection, it is important to remember that the SFS at the
global genomic scale is also altered by demographic events
such as bottlenecks that produces an excess of low frequency
variants, and expansions that generates an excess of intermediate
frequency variants (Vitti et al., 2013). Thus, it is mandatory to
have a previous prediction of the demographic history of the
populations in order to properly adjust the null hypothesis in
each test (Ross-Ibarra et al., 2007).

The well-known summary statistic called Tajima’s D is
sensitive to changes in low-frequency variants, making it
particularly useful to detect selective sweeps before and after
the selected locus reaches fixation, although low-frequency
variants can also be observed in loci under purifying selection
(Tajima, 1989; Zeng et al., 2006). Tajima’s D is also sensitive
to intermediate-frequency alleles, making it useful to detect
balancing selection (Tajima, 1989) or even some forms of
soft selective sweeps generated by standing genetic variation
(Prezeworski et al., 2005).

Conversely, Fay and Wu’s H is sensitive to changes in high-
frequency variants, which are only altered by positive selection,
making it very useful when used alongside Tajima’s D (Fay and
Wu, 2000). Unlike Tajima’s D, Fay and Wu’s H needs an outgroup
species in order to differentiate ancestral alleles from derived
alleles and thereby to know whether the derived alleles are at high
or low frequencies (Fay and Wu, 2000).

Zeng et al. (2006)’s E is sensitive to both low and high
frequency variants, making it particularly powerful to detect
selective sweeps before or after the selected locus reached fixation,
also needing an outgroup in order to differentiate derived alleles
from ancestral alleles).

There are some tools available to implement SFS based tests
using genome-wide data, that can perform all the above tests
(i.e., Korneliussen et al., 2013, 2014; Rozas et al., 2017). For
example, Tajima’s D test was used alongside other methods to
detect selective sweeps associated to the domestication of yaks
(Qiu et al., 2015), Zeng’s E test helped discover 125 selective
sweeps associated to the domestication of horses (Librado et al.,
2016), and the complementary implementation of Tajima’s D,
Fay and Wu’s H and Zeng’s E revealed several candidate
genes that share similar functions between peach and almond
(Velasco et al., 2016).

The reduction of diversity (ROD) test is another popular SFS-
based method to detect selective sweeps that has been particularly
useful for the study of domestication (Supplementary Table S1).
ROD compares local π values of domesticated taxa against
the local π values of its wild relatives, using sliding windows
alongside the genome (Guo et al., 2012; Huang et al., 2012;
Qi et al., 2013; Schmutz et al., 2014). The ROD method
has been used to successfully detect candidate domestication
genes in rice (Huang et al., 2012), watermelon (Guo et al.,
2012), cucumber (Qi et al., 2013), common bean (Schmutz
et al., 2014), and chickpea (Varshney et al., 2019), to
name a few.

Linkage Disequilibrium (LD) Based
Methods to Detect Selection
Given that selective sweeps remove the variation in regions
adjacent to the locus under selection, they can form haplotype
blocks that extend in strong LD compared to other haplotypes in
the same locus because they reached a medium-to-high frequency
in the population swift enough so they are not yet disrupted
by recombination (Sabeti et al., 2002; Vitti et al., 2013). This
pattern has been exploited to develop several methods based
on LD to detect selective sweeps of recent origin (Vitti et al.,
2013). Interestingly, LD-based methods are sensitive enough
to detect both strong and soft selective sweeps (Garud et al.,
2015), as well as partial or incomplete selective sweeps (Vitti
et al., 2013), making them excellent tools to study recent
and ongoing selection events, such as those occurring during
domestication and the subsequent diversification of landraces
(Supplementary Table S1).

Since the above rationale relies on LD decay due to
recombination, any method based on LD requires to control
for local variation in recombination rates in order to reduce
false positives (Sabeti et al., 2002). The extended haplotype
homozygosity (EHH) is a widely used statistic in LD-based
methods that is defined as the probability that two orthologous
genomic regions carrying a “core” haplotype of interest (i.e., the
part of the haplotype that is shared by all the individuals carrying
it, such as the allele under positive selection) in the population
are identical by descent (i.e., they were inherited by the same
ancestor), as one looks to a specified distance farther away from
the core region (Sabeti et al., 2002).

Among the LD based methods that uses the EHH, we
can mention the long-range haplotype (LRH) test, sometimes
named the relative EHH (rEHH) test, which controls for local

Frontiers in Genetics | www.frontiersin.org 12 July 2020 | Volume 11 | Article 74233

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00742 July 13, 2020 Time: 19:20 # 13

Barrera-Redondo et al. Genomic Tools to Study Domestication

recombination rates by comparing the EHH of several haplotypes
localized within the same locus (Sabeti et al., 2002). Other EHH
based methods include the whole-genome long-range haplotype
(WGLRH) test that uses sliding windows to perform the LRH test
(Zhang et al., 2006), the long-range haplotype similarity (LRHs)
test (Hanchard et al., 2006), the integrated haplotype score (iHS)
which is particularly sensitive to incomplete selective sweeps
and soft sweeps (Voight et al., 2006) and the cross-population
extended haplotype homozygosity (XP-EHH) statistic that is
able to detect selective sweeps after the selected allele reached
fixation (Sabeti et al., 2007). The iHS and the XP-EHH statistics
can be regarded as complementary to each other, enabling the
detection of incomplete and complete selective sweeps in the
target population (Vitti et al., 2013).

All the LD-based tests that make use of the EHH statistic
require the previous phasing of the chromosomes in order
to work (i.e., assignation of alleles in an individual to their
corresponding maternal and paternal haplotypes), which may
or may not be possible depending on the sequencing depth
and type of data available for the analysis (Delaneau et al.,
2013). For instance, a reference genome is usually needed in
order to phase genotypes, since most methods rely on the
information of proximity between alleles and their distribution
within individuals in a population to assign haplotypes (Delaneau
et al., 2013) although new methods are emerging that can phase
genotypes without a reference genome (Money et al., 2017).

There are other LD-based methods that do not make use of
the EHH statistic, such as the LD decay (LDD) test, which rely on
individuals that are homozygous for any given SNPs to look for
LD differences between alleles in a population (Wang et al., 2006)
or the ω statistic that scans for high SNP correlation coefficients
around a site under selection (Kim and Nielsen, 2004; Alachiotis
et al., 2012). Another method that do not require chromosome
phasing is the regression-based test, which relies on the reduction
of heterozygosity as one approaches the locus under selection in a
genome to infer selective sweeps (Wiener and Pong-Wong, 2011).
Other LD-based methods exploit the estimation of identity-by-
descent using genome-wide data to detect haplotypes that are
shared between several unrelated individual (> 10 generations) to
infer selective sweeps without previous knowledge of the pedigree
of individual (Han and Abney, 2013), so they might prove useful
to study recent domestication processes.

Some examples of LD-based methods used to explore the
domestication process includes an analysis using LRH to detect
signatures of selection associated to dairy and beef cattle breeds
(Bomba et al., 2015), a study using the XP-EHH statistic to
find signals of selective sweeps in Jinhua pigs (Li et al., 2016),
and a paper focused on the diversification of goat landraces
that calculated the iHS and the XP-EHH statistics alongside
other tests to detect selective sweeps between goat breeds
(Bertolini et al., 2018).

Other important tests include the XP-CLR test (Chen et al.,
2010) and the µ statistic (Alachiotis and Pavlidis, 2018)
which implement multiple signatures to detect selective sweeps
(Supplementary Table S1) and have been used to detect
candidate loci in maize and African rice, respectively (Hufford
et al., 2012; Ndjiondjop et al., 2019).

Using GWAS to Detect
Domestication-Associated Loci
Genome-wide association studies have been used extensively
to uncover the genetic variants that underlie domestication
traits (Shi and Lai, 2015). The domestication traits that can
be analyzed through a GWAS can encompass any biological
characteristic from simple morphological traits (Jiao et al., 2012)
to the production of certain metabolites (Shang et al., 2014), tame
behavior in animals (Ilska et al., 2017), resistance or susceptibility
to certain diseases (Wang et al., 2012), or adaptation to certain
environmental conditions (Song et al., 2018).

An important advantage of the GWAS over the bottom-up
approaches is its ability to detect polygenic effects on single traits
of interest, which is commonplace considering that genes interact
between them and the environment to generate phenotypes
(Gibson, 2018).

A prerequisite before preforming a GWAS is to have large
sample sizes in both the number of sequenced genetic variants
and the number of individuals included in the study, as they
are necessary to obtain the statistical power to detect variants
with small effects and to reduce the risk of false positives
(Wang G.-D. et al., 2014).

Some recent examples include the use of a GWAS to
identify candidate genes with unknown functions involved in
several agronomic traits, including drought and heat tolerance
in chickpea (Varshney et al., 2019); a GWAS that revealed loci
associated to fruit size and quality in peach (Cao et al., 2019);
and a GWAS that uncovered the genetic variants involved in the
absence of anthocyanin in domesticated rice compared to its wild
relative (Zheng et al., 2019).

ANCIENT DNA AND PALEOGENOMICS
OF DOMESTICATED TAXA

Extant domesticated taxa lack the information of ancient genetic
diversity that was lost through bottlenecks, selection and genetic
drift (Ramos-Madrigal et al., 2016). However, the analysis of
ancient DNA can allow the research community to overcome
some of these limitations (Irving-Pease et al., 2019). Ancient
DNA retrieved from archeological sites allows the study of
the rate at which domestication happened, as well as revealing
which genes were important at the beginning of this process
(Vallebueno-Estrada et al., 2016; Irving-Pease et al., 2019).
Thus, paleogenomics is becoming a novel research area for
understanding the process of plant and animal domestication
(Irving-Pease et al., 2019).

Extraction and Sequencing of Ancient
DNA
An important limitation of paleogenomic analyses is the level
of preservation of the ancient DNA itself, as well as the total
yield of extracted DNA (Sawyer et al., 2012). The DNA molecules
that are extracted from tissues that are not conserved on
permafrost and are older than 100 years are usually shorter
than 100 bp (Sawyer et al., 2012). The strand breaks of
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such fragments are also non-random, as purines are enriched
before the strand breaks (Sawyer et al., 2012). Additionally,
these fragments incorporate cytosine-to-uracil mutations on
their ends, further hindering the analysis of the sequenced
fragments (Sawyer et al., 2012). Even though these characteristics
hamper the sequencing and analysis of ancient DNA, they
are also useful to differentiate between real ancient DNA and
extant DNA contamination (Sawyer et al., 2012). Furthermore,
due to the scarce ancient material located throughout few
archeological sites worldwide, sample sizes in paleogenomic
studies are very small, usually one or few individuals per
location and sometimes only one locality (e.g., Wales et al., 2016;
Ramos-Madrigal et al., 2016).

Given the above difficulties and the uniqueness of the
biological material retrieved from archeological sites, it is crucial
to extract and sequence as much ancient DNA as possible
while avoiding DNA contamination (Gamba et al., 2016).
Major efforts have been made to develop efficient protocols
for ancient DNA extraction (Gamba et al., 2016) and single-
strand library preparation for high-throughput sequencing (e.g.,
Gansauge et al., 2017). Organelle genomes were usually the
target for ancient DNA sequencing because multiple copies
of these can be found within each plant and animal cell
and can reveal several demographic processes (Wales et al.,
2016; Irving-Pease et al., 2019). Nonetheless, more evolutionary
information can be retrieved from nuclear DNA, which is the
main target for modern paleogenomic studies (Wales et al., 2016;
Irving-Pease et al., 2019).

Insights of Paleogenomic Data in
Domestication
Paleogenomic studies are challenging some of our previous
ideas of the domestication process, such as the occurrence of
ancient domestication bottlenecks, which appear to be absent in
several archeological plant genomes, suggesting that the reduced
diversity in domesticated taxa may be a more gradual process
from what was expected using DNA of extant populations
(Allaby et al., 2019). For example, several archeological samples
of Sorghum bicolor from different time periods (ranging from
1800 to 100 years ago) were compared to extant individuals of
the species, revealing that this crop did not suffered an initial
domestication bottleneck, but rather that the reduction in genetic
diversity, and its associated mutational load, occurred gradually
throughout time (Smith et al., 2019).

Paleogenomics is also revealing important aspects of plant
and animal domestication, such as the first genetic steps
towards domestication syndromes as well as the overall
graduality of the process (Ramos-Madrigal et al., 2016;
Vallebueno-Estrada et al., 2016; Daly et al., 2018). For
example, archeological remains of goat populations have
revealed multiple domestication processes in ancient wild
goats, possible dispersal routes of ancient goat populations
and signs of early selective pressures towards candidate genes
involved in pigmentation, milk production, size, reproduction
and changes in diet (Daly et al., 2018). Likewise, several
archeological maize samples retrieved from the Tehuacán

Valley in Mexico have revealed that early domesticates already
presented signals of selective sweeps on important candidate
genes, such as teosinte branched1 and brittle endosperm2, but
lacked selective sweep signals in other important candidate
genes present on modern maize populations, even though
these ancient maize populations were already endogamous and
more closely related to modern maize than to wild teosinte,
revealing that maize domestication was a gradual process
ranging thousands of years (Ramos-Madrigal et al., 2016;
Vallebueno-Estrada et al., 2016).

Other examples demonstrate the importance of paleogenomic
studies in domesticated taxa, including grapevine (Wales et al.,
2016), barley (Mascher et al., 2016), sunflower (Wales et al.,
2019), horses (Schubert et al., 2014), dogs (Frantz et al., 2016) and
cats (Ottoni et al., 2017).

RNA SEQUENCING TO DETECT
DIFFERENTIALLY EXPRESSED GENES
ASSOCIATED TO DOMESTICATION

Besides the use of RNA-seq to obtain population-level
data, comparative transcriptomics is a good way to find or
support the validity of candidate genes (Hekman et al., 2015).
Transcriptomic analyses between domesticated and wild taxa
can reveal important changes in gene expression associated
to domestication (Koenig et al., 2013; Hekman et al., 2015;
Hradilová et al., 2017). Likewise, the analysis of hybrids between
domesticated and wild individuals can reveal important patterns
of allele-specific regulation and the role of cis/trans regulatory
elements in the emergence of domestication traits (Bell et al.,
2013; Lemmon et al., 2014).

The Experimental Design of Differential
Expression Analyses
Transcriptomic profiles are tissue-specific and time-dependent
(Hekman et al., 2015). Thus, a good experimental design can
reveal important loci involved in the phenotypic differences
associated to domestication syndromes, such as suppression of
secondary metabolites, changes in form, size, taste, absence of
defense mechanisms, seed dormancy, docile behavior, among
other traits (Hekman et al., 2015). This can be done by comparing
the total RNA expression of the tissue or organ of interest
(Koenig et al., 2013), as well as comparing RNA expression
throughout the developmental stages of such tissue or organ
(Hradilová et al., 2017).

Since transcriptomic analyses are experimental by nature,
experimental designs require biological replicates for each
treatment, condition or organ to assess the variability in
the data; as well as controlled environmental conditions to
reduce possible biases and sources of error (Fang and Cui,
2011; Schurch et al., 2016). Empirical studies recommend
using at least six biological replicates for each condition
in the experiment, even though the use of three replicates
is common, but discouraged (Burden et al., 2014; Schurch
et al., 2016). Additionally, it is important to avoid committing
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errors in the experimental design that can bias the results of
the RNA-seq experiment, such as using different sequencing
technologies for each sample, using different methods for library
preparations throughout the samples, sequencing each treatment
in a different sequencing flowcell or different lanes within a
flowcell (Fang and Cui, 2011). Other technical biases associated
to adapter ligation and within-lane variation can be properly
assessed when using biological replicates (Fang and Cui, 2011;
see Table 1).

RNA-seq data can also be complemented with metabolomic
data to infer the association between the differential expression
of genes and the presence/absence of metabolites between wild
and domesticated taxa (Hradilová et al., 2017).

After obtaining high-quality data with an appropriate
experimental design, RNA-seq analyses usually follow a
similar workflow, which should culminate in the detection
of differentially expressed genes between a wild plant and its
domesticated counterpart (Yang and Kim, 2015; see Table 1).
These differentially expressed genes are most likely candidates
that may explain to some degree the changes associated to
domestication (Koenig et al., 2013; Hradilová et al., 2017).
Nonetheless, one must be careful while interpreting the
results of these studies, as some differentially expressed genes
between wild and domesticated taxa may be a consequence,
rather than a cause, of the domestication traits under study
(Albert et al., 2012).

Successful Examples of RNA-seq
Experiments to Understand
Domestication
RNA-seq analysis has been successfully employed to discover
differentially expressed genes involved in the domestication of
several plant species. For example, RNA-seq analyses between
maize and teosinte found 600 differentially expressed genes
and 1,100 genes with altered patterns of co-expression, mainly
involved in biotic stress responses, and many of which were
previously found as candidate genes using selective scans
(Myers et al., 2012). Similar results have been found in
tomato (Koenig et al., 2013), pea (Hradilová et al., 2017),
common bean (Singh et al., 2018), and carrot (Machaj
et al., 2018). This approach has also led to the discovery
of differentially expressed genes between dogs and wolves
associated to tameness (Li et al., 2013), as well as changes
related to the immune system and aerobic capacity (Yang et al.,
2018). Another study found differential isoform expression
between wild and domesticated sorghum accessions, revealing
that domestication can alter the patterns of alternative spicing
(Ranwez et al., 2017). Hybrid studies have been performed
between maize and teosinte, suggesting potential selection
on cis regulatory elements associated with changes in ear
tissue and previously reported candidate genes (Lemmon
et al., 2014). Another hybrid study in Capsicum annuum
using network analyses revealed that loss of function in
cis regulatory sequences lead to transcriptional changes in
trans elements that are associated with fruit morphology
(Díaz-Valenzuela et al., 2020).

MODERN EPIGENOMICS AND
METHODOLOGICAL STRATEGIES TO
EXPLORE DOMESTICATION

Epigenetics is classically defined as the heritable mechanisms that
regulate gene expression without direct modifications to the DNA
sequence, namely DNA methylation, RNA methylation, covalent
histone modifications and chromatin assembly states (Sakurada,
2010; Zhao et al., 2017). Epigenetic variants, sometimes called
epialleles, are local differences in these epigenetic marks between
individuals in a population, which can have similar dynamics
to genetic variants (Weigel and Colot, 2012; Guo et al., 2015).
Since epigenetic mechanisms underly the ability of organisms to
respond to changing environmental conditions, some epigenetic
marks associated to these responses are more susceptible to
change due to environmental input, while other marks involved
in cell differentiation, embryonic development and core cellular
functions might be more stable (Turner, 2009).

Most of the domestication studies that explain phenotypic
differences between wild and domesticated taxa focus on genetic
variation. However, the study of epigenomics may explain some
of the missing heritability in domestication traits (i.e., the gap
between the heritability of a trait estimated by classic genetics
and GWAS), the patterns of differentially expressed genes that
do not have clear signs of selective sweeps, or even connect
the causality between the genetic variation that was selected
for during domestication and the resulting phenotypes (Schmitz
et al., 2013; Trerotola et al., 2015; Janowitz Koch et al., 2016;
Bélteky et al., 2018).

Epigenetic variation can be inherited from one generation
to the next in a process known as trans-generational epigenetic
inheritance, which has been documented in plants and
animals (Heard and Martienssen, 2014), even though the
overall importance of this trans-generational epigenetic
inheritance in plant and animal evolution is still debated
(see Table 1). Nevertheless, we consider that studying
epigenetic patterns associated to transcriptional activity
and phenotypic traits should help understand the emergence
of domestication phenotypes (Bélteky et al., 2018). If epigenetic
variants such as single methylation polymorphisms (SMPs)
show complete transgenerational inheritance, they can
even be analyzed using the theoretical tools of population
genetics to detect selective sweeps (Schmitz et al., 2013;
Janowitz Koch et al., 2016).

In a similar fashion to GWAS, the use of epigenome-wide
association studies (EWAS) can also reveal the association of
an epigenetic variant to a trait of interest in domesticated
taxa (Feeney et al., 2014). The same precautions taken in
transcriptomic data should also be taken for epigenomic data,
since the patterns of epigenetic marks in organisms are tissue-
specific, time-dependent and sensitive to environmental input,
meaning that epigenomic data should be analyzed for specific
organs or tissues of interest in a controlled environment (Jensen,
2015). This is particularly important for the epigenetic marks
that respond to environmental input, since domesticated taxa
and their wild relatives live under different environmental
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conditions. Growing both taxa under controlled conditions
will alter the natural state of these marks, but will also help
differentiate the heritable epialleles associated to domestication
traits (Turner, 2009).

Obtaining Population Data From
Epigenetic Marks
The most studied epigenetic mark is DNA 5-methylcytosine,
which refers to the DNA methylation in cytosines which
are usually associated to transcriptional gene silencing (He
et al., 2011). Cytosine methylome data can be obtained using
high-throughput sequencing technologies alongside bisulfite
sequencing (Meissner, 2005). Bisulfite sequencing consists in
the deamination of unmethylated cytosines through a bisulfite
reaction, converting them into uracil, which are encoded as
thymine by sequencing technologies (Frommer et al., 1992). The
comparison of sequenced DNA that was treated with bisulfite
alongside sequenced DNA without treatment can discriminate
between methylated and unmethylated cytosines in an organ,
tissue or cell-type of interest (Frommer et al., 1992).

Reduced representation bisulfite sequencing (RRBS) is a
high-throughput technique with a similar rationale to RAD-
seq that enriches the sequencing of CG rich regions of the
genome after the digestion of restriction enzymes (Meissner,
2005). This makes the RRBS technique a cost-effective option
to analyze cytosine methylation patterns in mammals, since
its cytosine DNA methylation happens at CG sites (Meissner,
2005; He et al., 2011). Plant cytosine methylomes should instead
be analyzed through MethylC-seq, which consists of whole-
genome sequencing and bisulfite treatment (Urich et al., 2015),
as cytosine methylation can also happen in CHG and CHH sites
in plant genomes (He et al., 2011). Cytosine methylation can
also be detected using methylated DNA immunoprecipitation
sequencing (MeDIP-seq), which consists in shearing the genomic
DNA into small pieces followed by the immunoprecipitation
of the methylated cytosines using antibodies that recognizes 5-
methylcytosine and finally sequencing the DNA sequences with
the methylated sites using standard high-throughput sequencing
technologies (Weber et al., 2005).

Besides cytosine methylation, adenine has also been
shown to be methylated in both plants and animals
(N6-methyldeoxyadenosine), which cannot be detected
using bisulfite sequencing (Luo et al., 2015). However,
genomic regions with methylated adenines can be detected
using N6-methyldeoxyadenosine immunoprecipitation
sequencing (6mA-IP-seq), which uses the same rationale as
MeDIP-seq but requires antibodies that specifically targets N6-
methyldeoxyadenosine (Fu et al., 2015). PacBio and Nanopore
sequencing technologies are known to be sensitive to DNA
methylation, regardless of it being on a cytosine or adenine,
so they are currently being used as powerful, albeit expensive
tools to evaluate DNA methylation patterns in genomes
(Gouil and Keniry, 2019).

Histone modifications refers to either posttranslational
covalent modifications in histones (methylations, acetylations,
phosphorylations, ubiquitylations, ADP-ribosylations,

sumoylations, crotonylations, malonylations, succinylations) or
the substitution of canonical histones by histone variants with
different amino acid composition (Bowman and Poirier, 2015).
These histone modifications determine the functionality of local
genomic regions by changing the state of the chromatin either
through its direct effects on the chemical interactions between
DNA and histones or through the recruitment of chromatin
remodeling complexes (Bowman and Poirier, 2015).

Chromatin immunoprecipitation sequencing (ChIP-seq) can
be used to assess the genome-wide association between DNA
regions and specific histone modifications (Schmidt et al.,
2009). ChIP-seq consists in the initial fixation of DNA-protein
interactions using formaldehyde followed by DNA fragmentation
and subsequent enrichment of the target histone modification
using magnetic beads coupled to antibodies in order to
sequence the genomic regions where the histone modification
is present (Schmidt et al., 2009). ChIP-seq can also be used
to assess the interaction between any DNA-binding protein
such as transcriptional factors and specific genomic regions
(Schmidt et al., 2009).

Epigenomic Studies Applied to
Understand Domestication
The current epigenomic analyses regarding domestication have
focused on DNA methylation patterns (Jensen, 2015; Ding
and Chen, 2018), but some studies have also ventured into
histone modification patterns (He et al., 2014). Recent efforts are
trying to connect the discoveries of genomics and epigenetics
to understand the evolution of tameness in domesticated
animals (Jensen, 2015). A study using RRBS that compared
the DNA methylation patterns between wolves and dogs
revealed signals of natural selection acting on SMPs which are
enriched in transposons and genes involved in the regulation of
neurotransmitters, suggesting a dog-specific silencing of genes
involved in behavior (Janowitz Koch et al., 2016). Similarly, a
recent study using MeDIP-seq in red junglefowl populations that
were bred to have either high or low fear to humans discovered
genomic region that were differentially methylated in genes that
were previously related to tameness (Bélteky et al., 2018).

Other studies focused on plant domestication have found
differentially methylated sites associated to domestication
syndromes (Song et al., 2017; Shen et al., 2018). A study
using MethylC-seq found 519 differentially methylated genes
between domesticated and wild cotton from which some of
them are associated with the observed differences in flowering
time and seed dormancy between the wild and domesticated
taxa (Song et al., 2017). Another study using MethylC-seq
found 4,248 differentially methylated regions between wild and
domesticated soybean and 1,164 differentially methylated regions
between domesticated and improved soybean (Shen et al., 2018).
As expected, the differentially methylated regions in soybean
had higher genetic diversity compared to the regions with
evidence of selective sweeps that were previously found, and
interestingly, 22.5% of the differentially methylated sites could
be associated to a causal genetic variant (suggesting that these
genetic variants were responsible for the observed epigenetic
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patterns), whereas the rest of the differentially methylated regions
could be interpreted as genuine epialleles located within genes
involved in carbohydrate metabolism (Shen et al., 2018).

EXPERIMENTAL VALIDATION OF
CANDIDATE GENES

Once we have evidence of candidate genes involved in the
domestication syndrome, the necessary next step to understand
the genetic basis of domestication is to design in vitro systems,
knock-out, knock-down or knock-in experiments that validate
the involvement of such genes in the observed phenotypes
(Zhang et al., 2017). This can be performed either by direct
alteration of the genome in the organism of interest, by using
RNA interference or by designing heterologous systems in
a model organism (Boettcher and McManus, 2015). As an
example, a knock-out experiment with backcrosses between
domesticated and wild mice elucidated the role of some
genes involved in behavioral changes associated to mouse
domestication (Chalfin et al., 2014).

Previous knock-out and knock-in experiments were restricted
to model organisms, but nowadays experimental validation of
candidate genes can be supported via knock-out and knock-
in experiments, using novel genome editing tools (e.g., Shalem
et al., 2014; Hahn et al., 2017; Ueta et al., 2017). Genome-editing
tools are already available for a broad range of taxa, including
dozens of crop species, but developing a working system in
non-model organisms can still be a difficult task that can take
several months or even years to accomplish (Shan et al., 2020),
so doing collaborative studies alongside experimental researchers
is recommended. In this moment, the leading toolset to perform
genome editing is the Clustered Regulatory Interspaced Short
Palindromic Repeats (CRISPR) system alongside the CRISPR
associated protein 9 (Cas9), commonly known as CRISPR/Cas9,
which can be used to eliminate, introduce or replace specific
segments of DNA within a targeted site in a genome (Cong
et al., 2013). Another useful tool for genome editing is
the Transcription Activator-Like Effector Nuclease (TALEN)
technology, which has its own advantages in comparison to
CRISPR/CAS9 (Zhang et al., 2017). RNA interference can also
help in validating the function of candidate genes, although it is
limited to knock-down experiments (Boettcher and McManus,
2015). Heterologous expression in model organisms is a cost-
effective alternative to validate candidate genes (e.g., Schweiger
et al., 2010), although this method overlooks the interaction
networks that exist in vivo which are accountable for the
emergence of phenotypes (Rodríguez-Mega et al., 2015).

Regardless the genome-editing tool of choice (Boettcher and
McManus, 2015; Zhang et al., 2017), genome edition is proving
its usefulness to validate the effect of candidate genes involved in
domestication through the introduction of domesticated alleles
on wild relatives and vice-versa (Zhou J. et al., 2019), which
can prove that the gene is indeed involved in the appearance
of the domesticated phenotype (Zhou J. et al., 2019). This
can be performed in the same way as a usual knock-out or
knock-in experiment, where the edited locus must be validated

through PCR and Sanger sequencing, a PCR-RFLP analysis or
using Western-blot in case of a protein knock-out (e.g., Ueta
et al., 2017). The expected result of these type of studies is
to find a modified phenotype after editing a candidate locus,
either a wild individual with a domesticated-like phenotypic trait
or a domesticated individual with a wild-like phenotypic trait
(Zhou J. et al., 2019).

Of course, the above studies will hardly reproduce a complete
domesticated or wild phenotype, since genetic elements interact
in complex regulatory networks, including other elements within
the genome as well as epigenetic and environmental components
(Rodríguez-Mega et al., 2015), but nonetheless will be useful
to understand the role of those genes in the emergence of
domesticated phenotypes.

Once the candidate genes are validated, genome-editing tools
can also become useful to introduce desirable traits from wild
relatives to its domesticated counterparts, a goal of great interest
for crop improvement (Zhou J. et al., 2019) and currently used to
accelerate plant breeding and to fine-tune desirable traits (Wolter
et al., 2019). Furthermore, recent efforts are trying to domesticate
plant crops de novo by inserting the desired domestication
alleles into their wild relatives, generating crops with the desired
domestication phenotypes but without the problems of low
genetic variation and accumulation of deleterious mutations that
are an inevitable consequence of regular domestication processes
(Fernie and Yan, 2019).

CONCLUSION AND PERSPECTIVES

Plant and animal domestication can be studied using genomic,
transcriptomic and epigenomic strategies, revealing the action
of evolutionary, ecological and anthropogenic processes (Kantar
et al., 2017). These tools can lead us beyond the description of
the possible historical scenarios that shaped the domesticated
species, since we can explore the effects of domestication on
the transcriptomic activity of a species (Hekman et al., 2015),
test the validity of candidate genes associated to domestication
phenotypes (Zhou J. et al., 2019) and analyze epigenetic
patterns associated to domestication traits (Jensen, 2015).
Many domesticated taxa remain genetically unexplored, and as
sequencing technologies become cheaper and more efficient,
domestication genomics will soon be available for polyploids and
species with huge genomes (e.g., Edger et al., 2019).

Nonetheless, the modern study of domestication of plants
and animals should still be multidisciplinary, since genetics
only tells us part of the story (Larson et al., 2014). An
extended synthesis framework should also be considered to
understand domestication, as these new studies are helping
us understand niche construction and the emergence of
domesticated phenotypes (Piperno, 2017). Other potential lines
of work remain to be addressed in domestication studies, such
as the changes in the chromatin architecture (e.g., Concia et al.,
2020), the use of comparative proteomic atlases (e.g., Jiang Y.
et al., 2019) and the analysis of cell-type divergences during
development using single-cell RNA-seq data (Arendt et al., 2016).
The use of this multi-omic approaches will help us create and
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compare developmental atlases (e.g., Walley et al., 2016) between
wild and domesticated taxa to understand how morphology
diverged during domestication.
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Background: Numerous research studies have found an association between vitamin
D (vitD) status and single-nucleotide polymorphisms (SNPs) in genes involved in vitD
metabolism. It is notable that the influence of these SNPs on 25-hydroxyvitamin D
[25(OH)D] levels might vary in different populations. In this study, we aimed to explore
for genetic variants in genes related to vitD metabolism in families with vitD deficiency in
Saudi Arabia using whole-exome sequencing (WES).

Methods: This family-based WES study was conducted for 21 families with vitD
deficiency (n= 39) in Saudi Arabia. WES was performed for DNA samples, then resulting
WES data was filtered and a number of variants were prioritized and validated by
Sanger DNA sequencing.

Results: Several missense variants in vitD-related genes were detected in families.
We determined two variants in low-density lipoprotein 2 gene (LRP2) with one variant
(rs2075252) observed in six individuals, while the other LRP2 variant (rs4667591) was
detected in 13 subjects. Single variants in 7-dehydrocholesterol reductase (DHCR7)
(rs143587828) and melanocortin-1 receptor (MC1R) (rs1805005) genes were observed
in two subjects from two different families. Other variants in group-specific component
(GC), cubilin (CUBN), and calcium-sensing receptor (CASR) gene were found in index
cases and controls. Polymorphisms in GC (rs9016) and CASR (rs1801726) were found
in the majority of family cases (94 and 88%), respectively.

Conclusion: In vitD-deficient families in Saudi Arabia, we were able to detect a number
of missense exonic variants including variants in GC (rs9016), CUBN (rs1801222), CASR
(rs1801726), and LRP2 (rs4667591). However, the existence of these variants was not
different between affected family members and non-affected controls. Additionally, we
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were able to find a mutation in DHCR7 (rs143587828) and a polymorphism in LRP2
(rs2075252), which may affect vitD levels and influence vitD status. Further studies are
now required to confirm the association of these variants with vitD deficiency.

Keywords: Saudi Arabia, family study, variants, polymorphisms, vitamin D, whole-exome sequencing, vitamin D
metabolism, vitamin D deficiency

INTRODUCTION

Vitamin D (vitD) plays an important role in maintaining
skeletal calcium (Ca) homeostasis by stimulating intestinal
absorption of Ca and phosphate (PO4), stimulating bone
resorption and inducing Ca reabsorption by the kidney, thus
sustaining the level of calcium and phosphate necessary for
bone formation and supporting appropriate functioning of
parathyroid hormone (PTH) to maintain Ca levels in serum
(Holick, 2007; Holick et al., 2011).

Clinically, serum 25-hydroxyvitamin D [25(OH)D] has been
identified as the most effective predictor of vitD status, to
date. Levels of 25(OH)D in serum are influenced by the
vitD produced dermally and consumed orally, through diet or
supplementation (Hollis, 1996; Del Valle et al., 2011). In addition,
there are physiological, pathological, and lifestyle factors affecting
25(OH)D levels such as aging, obesity, liver and kidney diseases,
and inadequate exposure to sunlight (Holick, 2004, 2007; Tsiaras
and Weinstock, 2011; Hyppönen and Boucher, 2018). Among
other significant factors influencing 25(OH)D levels are the
genetic factors with the heritability of circulating 25(OH)D
levels predicted to be between 23 and 80% (Bahrami et al.,
2018), primarily as single-nucleotide polymorphisms (SNPs) in
genes involved in the vitD metabolic pathway (Ahn et al., 2010;
McGrath et al., 2010; Wang et al., 2010; Jolliffe et al., 2016).

Vitamin D metabolism undergoes numerous pathways that
are genetically regulated. VitD is produced mainly in the skin
epidermis under the effect of ultraviolet-B radiation which
activates 7-dehydrocholesterol (7-DHC) in the skin to form
pre-vitD (Datta et al., 2017). 7-DHC is converted to cholesterol
by the enzyme 7-dehydrocholesterol reductase (DHCR7)
and the presence of the reduced coenzyme nicotinamide
adenine dinucleotide phosphate (NAD-P) which is activated by
nicotinamide adenine dinucleotide synthetase 1 (NADSYN1)
(Ahn et al., 2010). VitD (from all sources) is hydroxylated in
the liver mainly by cytochrome p450 enzyme (CYP2R1/25-
hydroxylase) to form 25(OH)D, with further hydroxylation
in the kidney distal tubule by cytochrome p450 enzyme
(CYP27B1/1α-hydroxylase) producing 1,25-dihydroxyvitamin D
[1,25(OH)2D], the active form of vitD (Eyles et al., 2005). Both
25(OH)D and l,25(OH)2D are eliminated under the effect of
another cytochrome P450 enzyme (CYP24A1/24-hydroxylase),
transforming them into inactive waste calcitroic acid products
[24,25(OH)2D and 1,24,25(OH)3D] (McGrath et al., 2010).
Metabolites of vitD including 25(OH)D and 1,25(OH)2D are
primarily transported by vitamin D-binding protein (VDBP)
encoded by group-specific components (GCs) (Daiger et al.,
1975; Speeckaert et al., 2006). Cubilin (intrinsic factor-cobalamin
receptor) and Magalin (low-density lipoprotein-related receptor),

which are encoded by the cubilin gene (CUBN) and low-density
lipoprotein 2 gene (LRP2), respectively, assist renal cells in the
uptake of the 25(OH)D VDBP complex (McGrath et al., 2010;
Kaseda et al., 2011; Kohlmeier, 2015). The active form of vitD,
1,25(OH)2D, initiates its genomic action by binding to the
vitamin D receptor (VDR) (Pike and Meyer, 2012). In addition
to these genes that can be directly implicated in vitD metabolism,
additional genes such as the calcium-sensing receptor (CASR)
that contributes in vitD metabolism by regulating PTH and
Ca levels (Brown, 2013) may also be clinically important in
determining vitD status.

Vitamin D deficiency is highly prevalent in Saudi Arabia.
Although several studies have already reported an association
between vitD status and SNPs in genes involved in vitD
metabolism (McGrath et al., 2010; Jolliffe et al., 2016), the
influence of these SNPs on 25(OH)D levels might vary in different
populations. For example, an SNP in DHCR7 (rs12800438) was
related to vitD deficiency in African Americans but not in
European Americans (Batai et al., 2014), and another SNP in
DHCR7 (rs12785878) was linked to vitD deficiency in Chinese
cohorts from Kazak ethnicity but not in Uyghurs (Xu et al., 2015).

The relationship between inherited variants in vitD-related
genes and vitD deficiency has not been adequately addressed
in Saudi Arabia. Whole-exome sequencing (WES) analysis is
designated as state-of-art, sequencing large amounts of DNA with
high throughput, providing fast and broad data about known or
novel mutations in candidate genes in family members with a
specific disease or trait. Therefore, we aimed to investigate the
presence of genetic variants in genes related to vitD metabolism
among families with vitD deficiency in Saudi Arabia using WES.

MATERIALS AND METHODS

Study Design and Recruitment
Members from families with a history of vitD deficiency were
recruited for this study from a single tertiary center [King
Abdulaziz University Hospital (KAUH), Jeddah, Saudi Arabia]
and seven primary health care centers (PHCCs) distributed in
Jeddah (a PHCC from each of the seven sectors of Jeddah
area). The study was undertaken at the Center of Innovation
in Personalized Medicine (CIPM), King Fahd Medical Research
Center (KFMRC), in Jeddah.

The favorable ethical opinion of this study was provided by the
Research Ethics Committee in Unit of Biomedical Ethics, Center
of Excellence in Genomic Medicine Research (CEGMR), King
Abdulaziz University (KAU) (ref no. 05-CEGMR-Bioeth-2018).
All participants provided written informed consent, with both
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FIGURE 1 | Flowchart of recruitment of families with vitD deficiency. Thirty-nine families were approached, and 21 families (n = 39) were included in WES. After
variant filtration and prioritization, potential variants were validated in 14 families (n = 32) using Sanger DNA sequencing.

parental consent and child assent obtained for participants under
16 years of age.

In total, 23 families (104 individual participants) with a
history of vitD deficiency [serum 25(OH)D < 12 ng/ml] were
recruited. Of these, 39 samples from 21 families were selected
for WES (Figure 1). Exclusion criteria for inclusion in the WES
analysis included history of chronic renal and liver disease,
cancer, malabsorption syndrome, rheumatoid arthritis, intake of
medications with possible effects on vitD (such as glucocorticoids
and anticonvulsants), hyperthyroidism, hyperparathyroidism,
diabetes, or any other endocrinal disorders.

Study Procedure and Blood Analysis
All participants answered a questionnaire (filled by the
researcher), which requested information including socio-
demographic data, medical history, drug history, and lifestyle
history. Each participant underwent basic anthropometric and
blood pressure measurements. Multi-generation pedigree was
carefully made for each family by interviewing the family
and documenting the family history of vitD deficiency.
Fasting blood samples of all members of the family and
from 100 unrelated controls were collected. Total serum
25(OH)D and intact PTH were measured by chemiluminescence

immunoassay (CLIA), using a LIAISON auto-analyzer (DiaSorin
Inc., Stillwater, MN, United States); free 25 (OH)D was
directly measured by immunoassay using ELISA kit (KAPF1991,
Future Diagnostics Solutions B.V., Wijchen, Netherlands);
and VDBP was measured by quantitative sandwich enzyme
immunoassay using Quantikine R© ELISA (DVDBP0B, R&D
Systems, Minneapolis, MN, United States). Serum albumin, Ca,
PO4, magnesium (Mg), lipid profile, blood glucose, and renal
and liver function were all measured by the colorimetric method
using a VITROS 250 Clinical Chemistry auto-analyzer (Ortho-
Clinical Diagnostics Inc., Rochester, NY, United States).

Whole-Exome Sequencing
Genomic DNA was first extracted (DNA extraction kit 53104,
Qiagen, Hilden, Germany), and the concentration and purity
of the DNA filtrate were measured using a NanoDrop
spectrophotometer (ND-1000 UV-VIS). WES with a 150-bp
paired-end read length for 39 DNA samples was performed by
next-generation sequencing (NGS) using the Illumina platform
and Twist Human Core Exome library kit. Genomic DNA was
extracted from all included blood samples, and a library was
constructed by random fragmentation of DNA followed by 5′
and 3′ adapter ligation, or by “tagmentation” which coupled
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the fragmentation and ligation reactions in one step, increasing
the proficiency of the library preparation procedure. Afterward,
adapter-ligated fragments were PCR amplified and gel purified.
The library was loaded into a flow cell so that fragments get
captured on a lawn of surface-bound oligos complementary to
the library adapters. Next, amplification of each fragment into
different clonal clusters was done by bridge amplification. Once
clusters were generated completely, templates were sequenced.
Illumina SBS technology which uses a reversible terminator-
based approach was utilized to identify single bases integrating
into DNA template strands. This technology was used due to
its lower rates of raw errors compared to other technologies, as
natural competition in this technology due to the presence of all
four reversible terminator-bound dNTPs during each sequencing
cycle reduces incorporation bias. In addition, Illumine SBS
produces very precise base-by-base sequencing that practically
removes sequence-context-specific errors even within repetitive
sequence regions and homopolymers. Sequencing data were
transformed into raw data. Raw data or images were generated by
the Illumina sequencer using integrated analysis software called
Real Time Analysis which is a sequencing control software for
system control and base calling. The base call binaries were
converted into FASTQ by using Illumina package (bcl2fastq).
Reads were produced without trimming away adaptors.

Analysis of WES Data
Whole-exome sequencing data generated the raw reads in the
form of FASTQ format. Insertion, deletion, and copy number
variation were distinguished by utilizing SAMtools1. Data was
aligned by using the BWA Aligner2, after the crude information
FASTQ files were adjusted. The resulting VCF files contained
over 120,000 variants per samples. The variants were clarified by
using different parameters, such as quality, frequency, genomic
position, protein effect, and association with vitD deficiency.
SNPs or variants and short indel candidates were determined
at nucleotide resolution. SNPs found were compared to 1000
genomes using the international genome3, SnpEff4, and gnomAD
databases5. A bioinformatics tool (laser gene Genomic Suite
v. 12, DNASTAR, Madison, WI, United States) was used to
look for variants involved in vitD metabolism. Variant alleles
were tagged according to dbSNP142 using ArrayStar v. 12
(Rockville, MD, United States). The obtained FASTQ sequences
were aligned against the human reference genome using the
Borrow–Wheel arrangement tool6 and reference genome hg19
for humans7. FASTQ raw data files were then transformed to
BAM file format that were afterward annotated using Toolkit
for Genome Analysis8. In this study, we targeted indels and
SNPs situated in the exons and splicing junctions of the
genes that caused protein-level changes, with exclusion of

1http://samtools.Sourceforge.Net/
2http://bio-bwa.Sourceforge.Net/
3https://www.internationalgenome.org/
4http://snpeff.sourceforge.net/SnpEff.html
5https://gnomad.broadinstitute.org/
6http://bio-bwa.sourceforge.net/bwa.shtml
7http://hgdownload.cse.ucsc.edu/goldenPath
8http://www.broadinstitute.org/gatk

synonymous variants. Our selected variants were identified in
around 45% of total reads.

Variant Prioritization
For variant prioritization, the coding and splicing regions of
genes involved in vitD metabolic pathways were analyzed and
assessed using the available online database for these variants
(see text footnote 5)9,10. Initially, variants positioned in introns,
intergenic regions, and untranslated regions were excluded, as
well as synonymous variants. To comprehend potential biological
functions of the variants designated, the functional influence of
the selected genomic variants and pathogenicity were evaluated
using prediction algorithms (Mutation Taster, PolyPhen2, SIFT,
PROVEAN, and Mutation Assessor) included in ANNOVAR11.
Lastly, candidate genes were reviewed in PubMed publications
and the Online Mendelian Inheritance in human’s database.

To analyze identified exonic variants related to vitD, we
selected major genes involved in vitD metabolic pathways as
follows: DHCR7, MC1R, GC, CYP2R1, CYP27B1, CYP24A1,
VDR, RXRA, CUBN, LRP2, and CASR (Fischer, 2020).

After applying various filters, the total number of variants
was reduced to 20–30 variants per sample. Finally, the variants
involved in vitD metabolism were selected in the following target
genes: GC, CUBN, LRP2, DHCR7, and CASR.

Validation of WES Results by Sanger
Sequencing
Validation of prioritized variants in candidate genes was
conducted using Sanger sequencing. Designing primers were
done initially using web-based Primer3 (v. 0.4.1) software.
Primers used were as follows: GC gene: Forward: 5′-TGA
GACAGGCAAGTATTTCTATT-3′ Reverse: 5′-GCCAAGTTA
CAATAACACCAGGA-3′, CUBN gene: Forward 1: 5′-AGAG
GATAAACAGTTAGGGGCT-3′ Reverse 1: 5′-GCAGAACCA
GGACACAAAACT-3′ and Forward 2: 5′-CCGAACAGAGGA
GGAGACC-3′ Reverse 2: 5′-ACGTTACATTTTATAGGCGT
GA-3′ and for the LRP2 gene we used Forward 1: 5′-AAAAGG
GGACAGGTACATACT-3′ Rreverse1: 5′-TCCTCCTCCACTAA
TGCAACA-3′ Forward 2: 5′-TGTGCTCTGCTGTAGTGGAG-
3′ Rreverse 2: 5′-TCTTGAGAAAACAGGCAAAGACA-3′ and
for DHCR7 Forward: 5′-CTCATGTTCCTGCTATGCGTC-3′
Reverse: 5′-GACTGGCCCCTGAGAGAAAG-3′ and for CASR
Forward: 5′-ACGGTCACCTTCTCACTGAG-3′ Reverse: 5′-
GACAACTCTTCAGGGTCCTCC-3′. Next, PCR amplification
and purification were performed for DNA samples and
Sanger sequencing conducted using a genetic analyzer (3500
genetic analyzer, Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, United States) and BigDye Terminator V3.1
Cycle Sequencing kit (cat#4337455, Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, United States).

The validated results were compared with the results of control
samples (n= 100). Controls were matched with index samples for
age, skin tone, sunlight exposure, oral vitD intake, and BMI but
notably were vitD sufficient.

9http://www.1000genomes.org
10http://www.ncbi.nlm.nih.gov/SNP/
11http://www.openbioinformatics.org/annovar/
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RESULTS

Results of WES Data
Various missense variants with moderate impact were
determined in GC, CUBN, LRP2, DHCR7, and CASR genes

(Table 1). The polymorphism rs9016 in GC was detected in 13
families (n= 30), rs1801726 in CASR was detected in 12 families
(n = 28), while rs4667591 and rs2075252 in the LRP2 gene were
observed in six families (n = 13) and three families (n = 6),
respectively. In addition, rs1801222 and rs1801224 in CUBN and

TABLE 1 | Filtered WES results of vitD-related gene variants among vitD-deficient families.

Gene name Family ID (F#) Chromosome HGVS.c HGVS.p Effect Putative Impact SNP

GC F1, F2, F3, F4, F5, F6, F7, F8, F9, F10, F12, F13, F14 Chr4 1391A > G His464Arg Missense variant Moderate rs9016

CUBN F5 Chr10 758T > C Phe253Ser Missense variant Moderate rs1801222

F6 1165C > A Pro389Thr Missense variant Moderate rs1801224

LRP2 F1, F3, F9 Chr2 12280A > G Lys4094Glu Missense variant Moderate rs2075252

F2, F5, F7, F10, F12, F13 12628A > C Ile4210Leu Missense variant Moderate rs4667591

DHCR7 F1 Chr11 376G > A Val126Ile Missense variant Moderate rs143587828

CASR F1, F2, F3, F4, F5, F6, F8, F9, F10, F12, F13, F14 Chr3 3061G > C Glu1021Gln Missense variant Moderate rs1801726

HGVS.c/p stands for Human Genome Variation Society nomenclature for DNA reference sequence or protein reference sequence, respectively. F1, F2, F3, F5, F7, F8,
F9, F11, F12, and F13: n = 2 for each family group. F4, F6, F10, and F14: n = 3 for each family group.

TABLE 2 | General characteristics of family 1, family 3, and family 9 female participants.

Variables Family 1 Family 3 Family 9

II-1 III-1 II-1 III-1 II-1 III-1

Age (years) 70 54 59 35 65 40

Age at menopause years) 45 52 47 – 55 –

Years since menopause 25 2 12 – 10 –

Ethnicity White (Arabic) White (Arabic) White (Arabic) White (Arabic) White (Arabic)

Weight (kg) 65 110 97 72 56 97

Height (cm) 140 149 161 167 149 158

BMI (kg/m2) 33.2 49.5 37.4 25.8 25.2 38.9

Waist circumference (cm) 90 119 100 128 90 110

Hip circumference (cm) 110 148 82 108 110 128

WHR 0.82 0.80 0.78 0.76 0.82 0.86

Hypertensive/Diabetic
(according to medical
records)

No No No No No No

SBP (mmHg) 141 130 126 109 100 150

DBP (mmHg) 80 72 86 71 54 94

Marital status Widow Divorced Widow Married Married Married

Education Illiterate Secondary University University Illiterate Illiterate

Occupation Housewife Housewife Self-employee Government
employee

Housewife Housewife

Skin tone (Fitzpatrick)* Type IV (olive and
mid brown)

Type IV (olive and
mid brown)

Type II (white and
fair)

Type II (white and
fair)

Type IV (olive and
mid brown)

Type IV (olive and
mid brown)

Sun exposure <1 h/week <1 h/week <1 h/week <1 h/week 1–2 h/week 1–2 h/week

Veiling type Partially covered Partially covered Totally covered Partially covered Totally covered Totally covered

Use of sunscreen No No No No No No

Dietary vitD intake
(IU/day)

27 116 189 195 100 49

Use of vitD
supplementation

Yes Yes Yes No No No

Physical activity No No No Yes No Yes

Smoking No No No No No No

BMI, body mass index; WHR, waist–hip ratio; SBP, systolic blood pressure; and DBP, diastolic blood pressure.
*Fitzpatrick scale Pike and Meyer, 2012.
EAR is the estimated average requirement.
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rs143587828 in DHCR7 were each detected in a different family
(each family n= 2).

Validation of WES Results
CUBN
The CUBN variant c.758T > C in family 5 (n= 2) was validated.
Both family 5 samples and the controls were homozygous (CC
genotype) as shown in Figures 2A,B.

LRP2
The general and biochemical characteristics of families (F1, F3,
and F9) that exhibited the c.12280A > G (rs2075252) variant in
LRP2 are shown in Tables 2, 3. Validation of this SNP (rs2075252)
showed that F1, F3, and F9 had this variant while the control
did not. In family 1 and family 9, subject II-1 (the mother) had
heterozygous AG genotype while subject III-1 (the daughter)
had a homozygous GG genotype and the control samples had a
homozygous AA genotype (Figures 3A–D). On the other hand,
both subjects II-1 and III-1 in family 3 had the heterozygous AG
genotype (Figures 3E,F).

The validation of the other polymorphism (c.12628A > C)
in LRP2 that was observed with WES in F2, F5, F7, F10, F12,
and F13 (n = 13) showed that this SNP existed in all the
mentioned families and control samples (n = 100). All samples
were homozygous CC except a single sample in F5 and four of
the controls that were heterozygous AC (Figure 3G).

DHCR7
Whole-exome sequencing results showed variant c.376G > A in
DHCR7 in Family 1 (F1). General and biochemical characteristics
of F1 subjects were presented earlier in Tables 2, 3, and the
pedigree of this family is shown in Figure 3A. Validation of
the observed variant c.376G > A in DHCR7 in F1 revealed
that subject II-1 (mother) has a GA genotype and II-1 has an
AA genotype in comparison to the controls that had a GG
genotype (Figure 3H). When this DHCR7 c.376G > A variant
(rs143587828) was evaluated, it was found to be a mutation
not a polymorphism.

GC
When the WES results were validated by Sanger DNA sequencing
for SNP c.1391A > G in GC in family samples (F1–F10 and F12–
F14) (n = 30), the presence of c.1334A > G SNP as homozygous
genotype (GG) was confirmed in these family samples as well as
in the control healthy samples (Figure 4A).

CASR
Validation of the c.3061G > C variant in CASR in subjects
from F1 to F6, F8 to F10, and F12 to 14 (n = 28) showed that
this variant is present in the CC genotype in controls and in
these families except F2 where the genotype was heterozygous
(GC) (Figure 4B).

Identified Polymorphisms and Mutations
In families with vitD deficiency, all observed variants were
polymorphisms with the exception of the variant in DHR7
(rs143587828) which was a mutation. We found two single

TABLE 3 | Biochemical characteristics of family 1, family 3, and family 9
female participants.

Variable Family 1 Family 3 Family 9

II-1 III-1 II-1 III-1 II-1 III-1

Serum total 25(OH)D
(ng/ml)

7.8 10.1 16 13.4 17.2 14.3

Serum direct free
25(OH)D (pg/ml)

3.6 5.1 5.1 3.1 4.6 4.01

Percentage of free
25(OH)D out of total
25(OH)D (%)*

0.046 0.050 0.032 0.023 0.027 0.028

Serum VDBP (µg/ml) 350 402 192 332 554 664

Serum Albumin (g/L) 45 40 44 49 43 46

Serum Ca (mmol/L) 2.4 2.57 2.58 2.62 2.51 2.63

Serum PO4 (mmol/L) 1.34 1.19 1.34 1.36 1.42 1.46

Serum Mg (mmol/L) 0.8 0.9 0.9 0.9 0.8 0.8

Fasting blood glucose
(mmol/L)

6.5 6.2 5.4 4.7 4.3 4.6

Serum AST (U/L) 25 17 20 21 22 21

Serum ALT (U/L) 33 25 20 17 21 18

Serum ALP (U/L) 105 116 76 60 66 62

Serum creatinine (µmol/L) 66 50 47 38 52 48

Serum total cholesterol
(mmol/L)

6.2 5.7 2.9 4.1 4.9 5.3

Serum triglyceride
(mmol/L)

2.30 1.58 0.59 1.12 1.2 1.08

Serum HDL-C (mmol/L) 1.2 1.3 1.2 1.2 1.7 2.2

Serum LDL-C (mmol/L) 3.8 3.72 1.39 2.37 2.1 2.58

Serum VLDL-C (mmol/L) 1.1 0.73 0.27 0.51 0.45 0.50

*Percentage of free 25(OH)D out of the total 25(OH)D was calculated by
dividing free 25(OH)D levels in ng/ml over total 25(OH)D level in ng/ml, then
multiplied by 100.
25(OH)D, 25-hydroxyvitamin D; VDBP, vitamin D-binding protein; Ca, calcium;
PO4, phosphate; Mg, magnesium; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; ALP, alkaline phosphatase; HDL-C, high-lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; and VLDL-C, very low-density
lipoprotein cholesterol.

variants in LRP2 with one variant (rs2075252) observed in six
individuals but not in control cases, while the other LRP2 variant
(rs4667591) was detected in 13 subjects and in controls. A single
variant in DHCR7 (rs143587828) and one in MC1R (rs1805005)
were observed in two subjects from two different families but not
in controls. Other variants in GC, CUBN, and CASR were found
in index cases and controls. Polymorphisms in GC (rs9016) and
CASR (rs1801726) were found in the majority of family cases
(94% and 88%, respectively).

DISCUSSION

Several studies have linked vitD deficiency with numerous
variants in genes involved in vitD metabolism (McGrath et al.,
2010; Jolliffe et al., 2016). Our WES study in families having
vitD deficiency revealed various variants in genes related to vitD;
however, the majority of these variants including the ones in
GC (rs9016), CUBN (rs1801222), CASR (rs1801726), and LRP2
(rs4667591) coexisted in both the vitD-deficient families and the
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FIGURE 2 | (A) A pedigree for family 5, showing vitD-deficient II-1 and III-2 subjects. (B) Sanger sequencing chromatogram revealed c.758T > C polymorphism
(homozygous CC genotype) in CUBN gene in members of family 5 and control. ∗ Samples analysed.

non-affected control group (with GC and CASR SNPs having
the highest frequency), suggesting no association between these
SNPs and 25(OH)D levels. In agreement with our findings,
a case–control study in Egyptians (n = 328) also found that
CUBN (rs1801222) was not associated with total 25(OH)D levels
Harding et al. (2006) and Elsabbagh et al. (2020) found no
association between 25(OH)D and CASR (rs1801726). With
regard to GC (rs9016) and LRP2 (rs4667591), no reports exist
in the literature about their relationship with vitD. However,
these two SNPs were reported in a family-based WES study
specifically looking at SNPs in genes related to vitD metabolism in
families with familial multiple sclerosis; however, no association
was found with multiple sclerosis (Pytel et al., 2019).

In the present study, a mutation in DHCR7 (rs143587828) was
identified in two affected subjects from one family (mother was
heterozygous and daughter was homozygous for the minor allele)
but not in any of the control subjects. As DHCR7 encodes for the
production of the enzyme that is responsible for the conversion
of 7-DHC (the precursor of vitD) to cholesterol (Berry and
Hyppönen, 2011), it is suggested that this mutation in DHCR7

(rs143587828) might result in increased activity of DHCR7
leading to reduced conversion to vitD and thus vitD deficiency
(Kohlmeier, 2012). Two large genome-wide association studies
in subjects of European ancestry found that minor alleles of
nine alternative SNPs in DHCR7/NADSYN1 were associated
with vitD deficiency (Ahn et al., 2010; Wang et al., 2010).
However, this may be the first report of the association of
rs143587828 with 25(OH)D. This observed mutation in DHCR7
(rs143587828) now needs to be investigated in a large-scale
population study, to explore further the association between this
mutation and vitD status.

Cubilin and megalin, which are receptor proteins present in
the proximal renal tubules encoded by CUBN and LRP2 genes,
respectively, bind to the VDBP 25(OH)D complex and contribute
to the process of endocytosis of the VDBP 25(OH)D complex
so that 25(OH)D can be hydroxylated to 1,25(OH)2D, the active
form of vitD (McGrath et al., 2010; Kaseda et al., 2011; Kohlmeier,
2015). Severe hypovitaminosis D was reported in LRP2 knockout
mice, which suggests an important role for LRP2 (Nykjaer et al.,
1999). In our study, we found an SNP (rs2075252) in LRP2 in six
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FIGURE 3 | (A) A pedigree of family 1 representing II-1 and III-1 subjects with history of vitD deficiency. (B) Sanger sequencing chromatogram of family 1 showing
the c.12280A > G variant in LRP2 with heterozygous AG genotype in subject II-1, homozygous GG genotype in III-1 subject, and homozygous AA genotype in
control. (C) A multi-generation pedigree for family 9 showing the analyzed samples with vitD deficiency (the mother II-1 and daughter III-1). (D) Sanger sequencing
chromatograms for c.12280 > C LRP2 variants in control (AA), mother (AG), and daughter (GG). (E) A multi-generation pedigree for family 3 showing the analyzed
samples with vitD deficiency (the mother II-1 and daughter III-1). (F) Sanger sequencing chromatograms for c.12280 > C LRP2 variants in control (AA), mother (AG),
and daughter (AG). (G) Examples of Sanger sequencing chromatograms representing the variant c.12628A > C in the LRP2 gene. Majority of samples (n = 12) were
homozygous (CC), while control samples (n = 100) and a single sample in F5 were heterozygous. (H) Sanger sequencing chromatogram showing c.376G > A
mutation in the DHCR7 gene as (G/A) in mother and (A/A) in daughter compared to control (G/G). ∗ Samples analysed.
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FIGURE 4 | (A) An example of one of the chromatograms that showed c.1334A > G polymorphism (G/G) in the GC gene. (B) Models of elicited Sanger sequencing
chromatograms that showed polymorphism (c.3061G > C) in the CASR gene. Homozygous CC was the major genotype, while heterozygous GC was found in
F2 only.

affected families (n = 13) but not in the controls. This strongly
suggests that this SNP might be related to vitD deficiency and
emphasizes the need for additional studies on the association
between vitD status and SNPs in LRP2. To our knowledge,
there is only one report in the literature and this opposes our
finding, with polymorphism rs4667591 in LRP2 not found to be
associated with total 25(OH)D (Elsabbagh et al., 2020).

Our study has revealed relevant and novel exonic missense
variants in both DHCR7 and LRP2 in vitD-deficient families
(not evident in control individuals); the association between
these variants and vitD deficiency now needs to be addressed.
Our results provide information on the variants related to
vitD metabolism in families with vitD deficiency, thus helping
researchers understand genetic factors underlying vitD deficiency
in the Saudi population.
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Background: FOXP3 gene, known to be a potential tumor suppressor, has been
identified to interact with HER2 in mammary cancer. Moreover, the high expression of
FOXP3 serves as a good predictor of the survival of patients in breast cancer, prostate
cancer, and gastric cancer. The expression and epigenetic alterations were evaluated in
female breast cancer patients.

Material and Methods: Expression studies at the mRNA level and protein level were
conducted in 140 breast cancer cases by real-time PCR and immunohistochemistry,
respectively. Epigenetic studies were also conducted by analyzing the methylation status
at the promoter region of the gene using MS-PCR.

Results: FOXP3mRNA expression and protein expression were downregulated in breast
cancer patients. The absence of FOXP3 protein expression is significantly associated with
promoter methylation, where 70 methylated cases exhibited protein loss (70/95, 73.6%).
Statistically, we also found a significant correlation between FOXP3 protein expression and
TNM stage, promoter methylation, and histological grade. The methylated FOXP3 cases
that did not express protein were also significantly associated with positive lymph node
metastasis and HER-2 status.

Conclusion: The expression profile of FOXP3 may serve as a prognostic factor. In short,
FOXP3 may stand in the most crucial list of biomarkers for breast cancer, bringing
compelling results in terms of treatment and management of the disease.

Keywords: PCR-real time, methylation specific PCR (MS PCR), immunohistochemistry (IHC), biomarkers, mammary
cancer, gene experession
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INTRODUCTION

It is a well-known fact that females around the world are mostly
affected by breast cancer (1.7 million cases, 11.9%); however, it
positions fifth as the cause of death (6.4%) because of the
comparatively conducive prognosis. Whereas breast cancer
accounted for the most prominent cause of mortality in females in
undeveloped and developing regions of the world (Ferlay et al., 2015),
the development of biomarkers and their clinical use in therapy for
prediction and expected response hold a remarkable potential.

FOXP3(Forkhead box P3), located on Xp11.23, is a member of
the Forkhead/winged-helix family of transcription factors which is
responsible for X-linked autoimmune diseases in mice as well as
humans (Wildin et al., 2001; Brunkow et al., 2001; Schubert et al.,
2001). Transcription factor FOXP3 regulates the development and
function of Treg cells, and Treg cells are known to regulate
homeostasis (Chen et al., 2015) and immunosuppression (Müller
et al., 2010) and also recognized as themost peculiar marker for Treg
(Hori et al., 2003). Before the advanced research on FOXP3
expression, it was thought to be expressed only in hematopoietic
cells but now seems to be present in human tumors, particularly
tumors of the breast (Merlo et al., 2009). In mammary cancers,
FOXP3 is found to regulate HER-2 and SKP2 by repressing their
expression, and importantly these genes are linked to a poor
prognosis in the cases with breast carcinoma (Martin et al.,
2010). The downregulation and many functional somatic
mutations in the FOXP3 gene were usually found in human
breast cancer samples. These mutations may also account for the
overall down-regulation at the protein level (Karanikas et al., 2008).

FOXP3 halts the transcription of HER-2 by attaching to the
promoter region of the ERBB2 gene (Redpath et al., 2011; Zuo
et al., 2007), and it is a well-known fact that HER-2 is a potent
marker in terms of prediction and effective therapy (Presson et al.,
2011; Weigelt and Reis-Filho, 2010). The study has also pointed out
the high expression of FOXP3 as a good predictor of the survival of a
patient in prostate cancer, breast cancer, gastric cancer, and bladder
cancer (Li et al., 2007;Wang et al., 2009;Winerdal et al., 2011;He et al.,
2013; Fiori Lopes et al., 2014;Hao et al., 2014;Ma et al., 2014). Previous
studies also reported that many SNPs in the FOXP3 gene had been
associated with breast cancer (Jiang and Ruan, 2014).

FOXP3 is also linked to p21 and LATS2, where it is involved in
transcriptional control (Li et al., 2011). Due to these captivating
characteristics of FOXP3, the present work examines the
correlation of FOXP3 protein expression with the
clinicopathological variables to strengthen its role as a putative
biomarker for breast carcinoma in the Indian population.

METHODOLOGY

Ethical Statement
The University Ethical Committee of Jamia Millia Islamia (JMI),
New Delhi, and the Ethical Committee for Human Study of
AIIMS (All India Institute of Medical Sciences), New Delhi, have
officially approved the study. The experimental work had been
undertaken with written consent obtained from each subject, and
the study complies with the rules and standards set by the Ethics
Code of the Medical Association of the world, which have been
noted as per the Declaration of Helsinki as published in British
Medical Journal (1964).

Sample Collection
A total of 140 participants were included in the present
case–control study. Cancer tissue from the breast and non-
cancerous adjacent tissue were both obtained from the surgical
oncology department of the collaborating institute (AIIMS). The
samples were collected in three vials containing RNALater,
phosphate-buffered saline (PBS), and formalin, respectively,
for further processing.

The classification of breast cancer stages was done under the
TNM staging system, and the histological grading of tumors was
classified based on the Nottingham grade system. The exclusion
criteria in the current study included familial cancer, any previous
type of cancer, other metastasized cancer that has spread from
different organs, and chemotherapy and radiotherapy exposure.
In addition, included were various clinicopathological variables
such as tumor distinctiveness [age, tumor size, metastasis at the
lymph node level, TNM staging, grade of tumor, molecular
subtype of tumor, hormonal receptor status (ER, PR, and
Her2neu), and reproductive history (menopausal status parity)].

FIGURE 1 | (A)Heat map plot showing themRNA relative expression of the FOXP3 gene (fold change) in breast cancer patients. (B)Graphical representation of the
relative expression of FOXP3/GAPDH mRNA in breast tumor and adjoining non-tumorous tissues.
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Quantitative- PCR
RNALater (Qiagen) was used to store excised tissues from normal
and breast cancer patients, and then RNA was extracted by using
the TRIzol method as per the manual. cDNA was synthesized
using a Thermo Fisher verso kit from the extracted RNA. The
qPCR is processed using Roche LightCycler® 96 machine with
SYBR Green I Master mix reagent (Roche) with the help of
FOXP3 primers (Fwd- 5′-TCCCAGAGTTCCTCCACAAC-3′
and Rev-5′ATTGAGTGTCCGCTGCTTCT-3′) that give an
amplified 122-bp product. The internal control used was
GAPDH gene which was also amplified in the same PCR
reactions. The program used for the amplification cycles was
as follows: preheating at 95°C for 1 min, 30 cycles of denaturation
at 95°C for 20 s, annealing at 58°C for 15 s, extension at 72°C for
15 s, and further elongation at 72°C for 7 min. The experiments
were repeated thrice.

The relative quantification of expression was calculated as the
calibrator normalized ratio using LightCycler 96 (Roche) Software
1.5. The formula used, RQ � 2–ΔΔCt, was according to MIQE.

Genomic DNA Extraction
The phenol-chloroform extraction method was used to isolate high-
molecular-weight total gDNA from both tumor and normal tissues
stored in PBS. The genomic DNA isolated was quantified on a
Nanodrop spectrophotometer, and its quality was also assessed using
an A260/280 ratio. It was further visualized on the 1% agarose gel
stained with ethidium bromide under a UV transilluminator.

MS-PCR for Epigenetic Analysis
Isolated gDNA from the tissues were given bisulfite treatment using
Zymo research EZDNAMethylation-Gold™Kit per the instructions.
The treated gDNA was amplified using two sets of methylated and
unmethylated primers for the FOXP3promoter.MethPrimer tool was
used to design the set of primers for methylation and unmethylation.
(Li and Dahiya, 2002). The methylated primer pairs for the promoter
region of the FOXP3 gene were: forward 5′- TGTAGGGGGTGT
AGAATTTTTTTC-3′ and reverse 5′- AAACTAAATTCCCAA
AAACCTCG-3′ and for the unmethylated were forward 5′- GTA
GGGGGTGTAGAATTTTTTTTGT-3 and reverse 5′- TAAAAC
TAAATTCCCAAAAACCTCA-3′. The positive controls used in
the experiment were commercially available Completely
methylated and unmethylated human genomic DNA.

MS-PCR was performed under the following cycles: First
denaturation at 95°C for 7 min, denaturation at 95°C for 30s
52.5°C annealing for both types of primers for 30 s, 72°C for 30 s
and final elongation at 72°C for 7 min which was amplified for 35
cycles. Then, 2% agarose gel stained with EtBr was used to
visualize and analyze the PCR product, which was finally
photographed using the Bio-Rad Gel Documentation system.
All experiments were conducted in triplicates.

Immunohistochemistry
The tissue biopsies of the breast carcinoma and adjoining non-
cancerous tissue were conserved in formalin-fixed blocks. The
blocks were then sectioned and engraved on slides coated with
poly-L-lys and exposed to deparaffinization by dipping in
different concentrations of xylene and further rehydrated with
grades of ethanol. By using 0.3% H2O2 for 30 min, the
endogenous peroxidase activity was blocked, and sodium
citrate buffer (pH 9.0) was used for Ag retrieval.

The sections were treated for 30 min with TENG-T (10mMTris;
5 mM ethylenediaminetetraacetic acid, 0.15 mol/L NaCl, 0.25%
gelatin, and 0.05% (v/v) Tween20 (pH 8.0) to block the samples.
Bovine serum albumin was used to limit unspecific binding to the
protein. The slides were treated with the primary antibody
(mAbCam#ab22510 FOXP3 1:50) and incubated overnight at
4°C. The slides were then treated for 30 min with a biotinylated
anti-mouse secondary antibody along with streptavidin–horseradish
peroxidase conjugate. The DAB chromogen was finally used as a
substrate to give a brown-colored precipitate. The slides were also
treated with hematoxylin as a counterstain for better contrast.

Histopathologists interpreted the slides after immunohistochemistry;
the slides were photographed under a light microscope at ×400
magnification. The pathologist further graded the expression on the
number scale 0–4, with 0 as no expression and 4 as highest expression;
the slides with >50% protein staining were considered in the
highest scale.

TABLE 1 | Correlation study of FOXP3 mRNA expression with clinicopathological
parameters in North Indian breast cancer patients.

Characteristics Total (N) FOXP3 mRNA expression
relative to GAPDH

(mean ± S.E)

p-value

Tissuea

Normal 89 2.51 ± 0.4 <0.0001*
Tumor 89 2.07 ± 0.7
Age
<50 50 (35.71) 2.40 ± 0.60 0.716
≥50 90 (64.29) 2.50 ± 0.40
Menopausal status
Premenopausal 40 (28.57) 3.07 ± 0.80 0.698
Postmenopausal 100 (71.43) 2.23 ± 0.40
Estrogen receptor status
Negative 37 (26.42) 2.79 ± 0.80 0.691
Positive 103 (73.58) 2.36 ± 0.42
Progesterone receptor status
Negative 67 (47.85) 2.36 ± 0.51 0.862
Positive 73 (52.15) 2.58 ± 0.58
Her2 neu status
Negative 70 (50) 2.65 ± 0.55 0.726
Positive 70 (50) 2.30 ± 0.55
Tumor size
<5 64 (45.71) 1.50 ± 0.35 0.482
≥5 76 (54.29) 3.29 ± 0.64
Lymph node status
Positive 119 (85) 2.68 ± 0.45 0.811
Negative 21 (15) 1.37 ± 0.40
TNM staging
Stage (I + II) 45 (32.1) 2.87 ± 0.73 0.192
Stage (III + IV) 95 (67.9) 2.28 ± 0.46
Histological grade
(I + II) 120 (85.7) 2.47 ± 0.42 0.803
(III) 20 (14.3) 2.51 ± 1.02
Molecular subtypes
Luminal A 51 (36.44) 2.13 ± 0.56 0.193
Luminal B 53 (37.86) 2.58 ± 0.64
Her2neu enriched 18 (12.85) 1.48 ± 1.04
TNBC 18 (12.85) 4.24 ± 1.44

TNBC: triple negative breast cancer, FOXP3: Forkhead Box P3.
aOnly downregulated cases were included.
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Statistics
SPSS version 22.0 for Windows was used for all the statistical
correlations between the outcomes and the clinicopathological
parameters. All data were expressed as mean ± standard error.
Fisher’s exact test was used to obtain p-values between mRNA
levels, methylation status, and protein expression with the
clinicopathological parameters. Non-parametric Wilcoxon
signed-rank test is used to estimate FOXP3/GAPDH mRNA
expression levels significantly in both cancer and normal tissue
samples. The p-values >0.05 were considered as significant.

RESULTS

mRNA Expression of the FOXP3 Gene Is
Downregulated in the Cases of Breast
Cancer
FOXP3mRNA expression revealed downregulation in 63.5% (89/
140) of cases (Figure 1A), out of which nearly 86.5% (77/89) of
the cases registered in the study were linked to histological grade
type 1 and type 2. As per the fold change analysis, 89 cases out of
140 samples seemed to be downregulated (5.09-fold), while the
expression pattern of FOXP3 at the level of mRNA, when
normalized accordingly with the internal control GAPDH in

tumor and non-tumor tissues, was 2.07 ± 0.7 (mean ±
standard error) and 2.51 ± 0.4 (mean ± standard error)
(Figure 1B), (p-value of <0.0001; Table 1) respectively.
However, there was no significant association observed
between FOXP3 mRNA level and various clinical variables.

Expression of FOXP3 Protein is Either Lost
or Low in Breast Cancer
The expression of FOXP3 at the protein level was found to be
either low or absent in 95 cases of the total 140 samples involved
in the study (67.85%) (Figure 2), while in the other 45 cases, the
expression pattern was either in the high or moderate range as
interpreted by a histopathologist on the basis expression scale
(45/140, 32.14%). The protein expression pattern was in relation
to the mRNA expression. The FOXP3 protein, as visualized by
immunohistochemistry, was mainly located in the nuclear
region.

FOXP3 Protein Expression and Its
Significant Correlation With
Clinicopathological Parameters
As revealed by immunohistochemistry staining, the majority of
FOXP3 proteins in the samples were found to be significantly

FIGURE 2 | Protein expression in FOXP3 by immunohistochemistry. (A) Absence or loss of FOXP3 expression in Breast cancer tissues. (B) FOXP3 low expression
in breast tumor tissues. (C) FOXP3 moderate/high expression in breast tumor tissues.
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downregulated. Moreover, when we tried to statistically associate
the protein expression with the clinical parameters of the patients,
we observed a significant correlation between TNM staging and
FOXP3 protein expression (p < 0.035) (Table 2). However, with
other parameters, no significant association was obtained
statistically (Table 2), though most cases with tumor grades 1
and 2 seem to have protein loss (82/95, 86.3%).

FOXP3 Promoter Methylation and Its
Association With Clinical Variables
Methylation at various CpG present in the upstream promoter
area of FOXP3 gene was observed in 73 cases (73/140, 52.14%)
(Figure 3) and, once linked with clinical parameters, revealed
a significant association with the Nottingham histological
grades 1 and 2 type tumors of breast cancer patients

TABLE 2 | Statistical analysis of the protein expression pattern of FOXP3 with the clinicopathological variables of patients with breast cancer.

Characteristics Total cases (N) FOXP3 absent FOXP3 present p-value

Age
<50 50 36 (72) 14 (28) 0.457
≥50 90 59 (65.5) 31 (34.5)
Menopausal status
Premenopausal 40 27 (67.5) 13 (32.5) 1.0
Postmenopausal 100 68 (68) 32 (32)
Estrogen receptor status
Negative 37 26 (70.2) 11 (29.8) 0.838
Positive 103 69 (66.9) 34 (33.1)
Progesterone receptor status
Negative 67 43 (64.2) 24 (35.8) 0.469
Positive 73 52 (71.2) 21 (28.8)
Her2 neu status
Negative 70 44 (62.8) 26 (37.2) 0.278
Positive 70 51 (72.8) 19 (27.2)
Tumor size
<5 64 46 (71.8) 18 (28.1) 0.37
≥5 76 49 (64.4) 27 (35.6)
Lymph node status
Positive 119 80 (67.2) 39 (32.8) 0.804
Negative 21 15 (71.5) 6 (28.5)
TNM staging
Stage (I + II) 45 25 (55.5) 20 (44.5) 0.035*
Stage (III + IV) 95 70 (73.6) 25 (26.4)
Histological grade
(I + II) 120 82 (68.3) 38 (31.7) 0.70
(III) 20 13 (65) 7 (35)
Molecular subtypes
Luminal A 51 34 (66.6) 17 (33.4) 0.093
Luminal B 53 36 (67.9) 17 (32.1)
Her2neu Enr 18 16 (88.8) 2 (11.2)
TNBC 18 9 (50) 9 (50)

FIGURE 3 |MS-PCR analysis of the promoter region of FOXP3 in breast carcinoma. Promoter methylation was evaluated by two types of primers to amplify either
unmethylated gDNA (UM) or methylated gDNA (M). L, 100-bp DNA ladder; T, tumor tissue; PC, positive control for completely methylated and unmethylated DNA.
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(0.031). Though no significant associations were seen with
other parameters included in the study (Table 3), we did note
a significantly higher number of methylated cases in
metastatic lymph node (59/73, 80.8%), estrogen receptor-
positive (52/73, 71.2%), and menopausal female patients
(51/73, 69.8%) (Table 3).

Convincing Association of FOXP3 Protein
Expression With FOXP3 Promoter
Methylation in the Cases of Breast
Carcinoma
The correlation study of methylated FOXP3 gene and its
respective protein expression displayed the significant link,
in which out of 95 cases with protein loss, 70 cases possessed
methylation at the promoter region (70/95, 73.68%) (Table 4),
whereas 25 cases were completely unmethylated (25/95,
26.3%) (Table 4). To add more, in 67 unmethylated
samples (67/140, 47.8%), noticeably 62.6% (42/67) cases
showed the presence of protein. Therefore, a potential
statistical relation was observed between the FOXP3 protein
expression and its promoter methylation (p � 0.0001)
(Table A4).

Association of Methylated FOXP3 Gene
Exhibiting Loss of Protein With Numerous
Clinicopathological Variables
The methylated promoter region of FOXP3 cases demonstrating
either the absence or presence of protein exhibited a statistically
significant relation with Her 2 neu receptor (p � 0.004) and
metastatic lymph node tumors (p � 0.01) (Table 5). Moreover,
95.7% of methylated cases (67/70) with lymph node metastasis
have protein loss. (Table 5). Additionally, the cases having
protein loss exhibiting either a methylated or unmethylated
FOXP3 promoter region shows a convincing association with
positive Her-2 receptor (p � 0.03) and tumors of grades 1 and 2
(p � 0.01) (Table 5). Furthermore, it is seen that there is a strong
statistical relation between FOXP3 protein loss and the promoter
methylation with the various clinicopathological parameters
(Table 6), where most of the features were associated in a
highly significant manner (p-value < 0.05).

DISCUSSION

FOXP3 expression is identified in tumors of the breast, prostate,
lung, gastric, and thyroid (Liu et al., 2015; Yang et al., 2017; Ma
et al., 2014; the Chu et al., 2015) suggesting its crucial role in the
biology of cancer. The previous study demonstrated the inverse
correlation between breast cancer angiogenesis and nuclear
FOXP3 expression. Adding to the same observation, the
significant downregulation of FOXP3 also resulted in the
reduced survival in breast cancer (Li et al., 2018) FOXP3 has
been reported to modulate the expression of various genes
involved in the process of carcinogenesis to exert its
suppressing role in tumor development (Szylberg et al., 2016).
At the same time, we cannot forget that significant studies have
suggested the positive association between FOXP3 expression and
better survival in patients and the tumor-suppressive role of the
FOXP3 gene in breast cancer. Therefore, the present work
investigated the FOXP3 expression pattern and its correlation
with various clinicopathological variables to strengthen its
prognostic value and tumor-suppressive property. An earlier
study demonstrated a quantitative method to assess the
methylation status of FOXP3 to understand the role of Treg
cells in immunomodulation (Wieczorek et al., 2009). In our study
transcription factor, FOXP3 promoter methylation and
expression were studied and analyzed in breast cancer patients
of the northern region of India using methylation-specific PCR,
real-time PCR, and immunohistochemistry to assess its role as a
potential biomarker. The study correlated the findings with the
clinicopathological variables (age, histological grade, ER status,
HER2 status, etc.) of the procured cases.

In our study, at the mRNA level, nearly 63.5% (89/140) of
cases were found to be downregulated (5.09 fold), and
interestingly 86.5% (77/89) were linked with the histological
grades I and II, suggesting the possible role of FOXP3 in the
early development of the disease. The study is supported by the
previous studies on FOXP3 expression at the transcript level
(Zhang and Sun, 2010; Hinz et al., 2007). Furthermore, apart

TABLE 3 | Statistical association study of methylated FOXP3 gene with
clinicopathological parameters of patients having breast carcinoma.

Characteristics Total cases (N) Methylated Unmethylated p-value

Age
<50 50 30 (60) 20 (40) 0.217
≥50 90 43 (47.7) 47 (52.3)
Menopausal status
Premenopausal 40 22 (55) 18 (45) 0.711
Postmenopausal 100 51 (51) 49 (49)
Estrogen receptor status
Negative 37 21 (56.7) 16 (43.3) 0.568
Positive 103 52 (50.4) 51 (49.6)
Progesterone receptor status
Negative 67 34 (50.7) 33 (49.3) 0.866
Positive 73 39 (53.4) 34 (46.6)
Her2 neu status
Negative 70 37 (52.8) 33 (47.2) 1.0
Positive 70 36 (51.4) 34 (48.6)
Tumor size
<5 64 35 (54.6) 29 (45.4) 0.613
≥5 76 38 (50) 38 (50)
Lymph node status
Positive 119 59 (49.5) 60 (50.5) 0.164
Negative 21 14 (66.6) 7 (33.4)
TNM staging
Stage (I + II) 45 25 (55.5) 20 (44.5) 0.50
Stage (III + IV) 95 48 (50.5) 47 (49.5)
Histological grade
(I + II) 120 58 (48.3) 62 (51.7) 0.031*
(III) 20 15 (75) 5 (25)
Molecular subtypes
Luminal A 51 29 (56.8) 22 (43.2) 0.136
Luminal B 53 24 (45.2) 29 (54.8)
Her2neu Enr 18 13 (72.2) 5 (27.8)
TNBC 18 7 (38.8) 11 (61.2)
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from breast cancer, one of the studies pointed out that the
upregulation of FOXP3 in gastric cancer cells put a brake on
GC cell growth in both in vivo and in vitro studies (Hao et al.,
2014), unraveling the crucial role of FOXP3 expression in
different carcinomas.

The protein expression profile exhibited low or no
expression in nearly 69% (95/140) of breast cancer cases,
followed by either moderate or high expression in 32% (45/
140) of the cases. The expression was either cytoplasmic or
nuclear, which was demonstrated in different types of cancer
(Merlo et al., 2009; Karanikas et al., 2008; Zhang and Sun,
2010; Hinz et al., 2007; Ladoire et al., 2011; Tao et al., 2012).

We did find a significant association between FOXP3
protein expression and the TNM stage (p-value, 0.035).
Interestingly almost 74% (95/140) of the cases of stage (III
and IV) harbored protein loss. Because of the above mentioned
condition, it has been observed earlier that, in the most
aggressive cancer of epithelial tissues, FOXP3 may help in
the suppression of cancer as these aggressive cancer tissues
harbored very low or no expression of FOXP3 at the transcript
and protein levels (Wang et al., 2009; Jiang and Ruan, 2014; Li
et al., 2011).

The promoter methylation of FOXP3 was observed in
52% of the cases (73/140) and significantly associated

TABLE 4 | Correlation study between FOXP3 protein expression and its promoter methylation in patients with breast cancer.

FOXP3 promoter FOXP3 protein expression Total (%) p value OR value (95% CI)

— Absent Present — 0.0001* 0.039 (0.011-0.13)
Methylated 70 3 73 (52.1)
Unmethylated 25 42 67 (47.9)
Total 95 (67.8) 45 (32.2) 140

OR, odds ratio; CI, confidence interval; p-value, Fischer’s exact test

TAble 5 | Significant association of promoter methylation and its protein expression in patients with methylated FOXP3 promoter or FOXP3 Protein expression loss with
various clinicopathological features of breast carcinoma.

Clinical
characteristics

Total (N) Methylated FOXP3 p-value Total (N) FOXP3 loss p-value

FOXP3 absent FOXP3 present Methylated
FOXP3FOXP3

Unmethylated

Age
Age < 50 30 29 1 1.0 36 29 7 0.3
Age ≥ 50 43 41 2 — 59 41 18 —

Menopausal status
Premenopausal 22 22 0 0.54 27 22 5 0.3
Postmenopausal 51 48 3 — 68 48 20 —

ER status
Negative 21 21 0 0.55 26 21 5 0.4
Positive 52 49 3 — 69 49 20 —

PR status
Negative 34 33 1 1.0 46 33 10 0.6
Positive 39 37 2 — 49 37 15 —

HER2 status
Negative 13 10 3 0.004* 19 10 9 0.03*
Positive 60 60 0 — 76 60 16 —

Tumor size
<5 35 33 2 0.6 46 33 13 0.8
≥5 38 37 1 — 49 37 12 —

Lymph node status
Positive 68 67 1 0.01* 90 67 23 0.6
Negative 5 3 2 — 5 3 2 —

Clinical stage
Stage (1 + 2) 22 20 2 0.20 25 20 5 0.5
Stage (3 + 4) 51 50 1 — 70 50 20 —

Histological stage/grade
Stage (1 + 2) 62 60 2 0.39 75 60 15 0.01*
Stage (3) 11 10 1 — 20 10 10 —

Molecular subtypes
Lum A 29 27 2 — 34 27 7 —

Lum B 24 23 1 0.6 36 23 13 0.4
HER2 Neu 13 13 0 — 16 13 3 —

TNBC 7 7 0 — 9 7 2 —
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with Nottingham histological grades 1 and 2 (p-value
0.031). The finding depicts a strong association between
promoter hyper-methylation and mRNA expression in
deactivating or down-regulating the possible role of FOXP3
in the suppression of breast cancer (Esteller, 2007; Li et al.,
2007).

While analyzing an association between protein loss and
hypermethylated promoter cases, we found a compelling
association as out of 95 protein loss cases, 70 cases possessed
methylation at the promoter region (70/95, 73.68%), whereas in a
total of 67 unmethylated cases, 62.6% (42/67) exhibited the
presence of protein. More intriguing results came out while

TABLE 6 | Association study between methylated FOXP3 and FOXP3 protein expression in stratification with clinicopathological features.

Clinical characteristics Total (N) FOXP3 methylation status FOXP3 expression p-value

Absent Present

Age
Age < 50 30 M 29 1 0.0001*

U 7 13
Age ≥ 50 43 M 41 2 0.0001*

U 18 29
Menopausal status
Premenopausal 22 M 22 0 0.0001*

U 5 13
Postmenopausal 51 M 48 3 0.0001*

U 20 29
ER status
Negative 21 M 21 0 0.0001*

U 5 11
Positive 52 M 49 3 0.0001*

U 20 31
PR status
Negative 34 M 33 1 0.0001*

U 10 23
Positive 39 M 37 2 0.001*

U 15 19
HER2 status
Negative 37 M 35 2 0.0001*

9U 24
Positive 36 M 35 1 0.0001*

U 16 18
Tumor size
<5 35 M 33 2 0.0001*

U 13 16
≥5 38 M 37 1 0.0001*

U 12 26
Lymph node status
Positive 59 M 57 2 0.0001*

U 23 37
Negative 14 M 13 1 0.005

U 2 5
Clinical stage
Stage (1 + 2) 22 M 20 2 0.07

U 15 8
Stage (3 + 4) 51 M 50 1 0.0001*

U 10 34
Histological stage/grade
Stage (1 + 2) 62 M 60 2 0.0001*

U 20 38
Stage (3) 11 M 10 1 0.12

U 5 4
Molecular subtypes
Lum A 29 M 27 2 0.0001*

U 7 15
Lum B 24 M 23 1 0.0001*

U 13 16
Her2 neu 13 M 13 0 0.06

U 3 2
TNBC 7 M 7 0 0.002

U 2 9
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analyzing methylation and protein loss with each other, as 95.7%
methylated cases (67/70) with lymph node metastasis displayed
protein loss. The findings are strongly supported by previous
studies that have shown the association to be significantly lower
in tumor grade and lymph node involvement in the breast tumor
cells with positive FOXP3 expression (Ladoire et al., 2012). Thus,
the loss in FOXP3 due to epigenetic change like methylation may
serve as a potential biomarker in cases with lymph node
metastasis.

In summary, our data provide some intriguing findings of
FOXP3 expression and its association with different
clinicopathological parameters. However, the present study on
a smaller sample size may weaken the statistical power. Therefore,
further investigation on different sets of the population with a
larger sample size is required to establish FOXP3 as a potential
cancer biomarker for diagnostic and prognostics purposes.
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While differences in the methylation patterns of ABC transporters under different
environmental conditions and their role in plant growth, development, and response
to biotic and abiotic stresses are well documented, less is known about the variation
in the methylation patterns of ABC transporters in plant species in the native and
non-native ranges. In this study, we present the results of differences in methylation
of ABC transporters of Conyza canadensis L. in its native (North America) and non-
native (Kashmir Himalaya) ranges. Our data show that ABC transporter genes have
reduced DNA methylation in Kashmir Himalaya than in North America. Furthermore, in
the non-native range of Kashmir Himalaya, we found that ABC transporter genes have
enriched RNA Pol-II binding and reduced nucleosome occupancy, both hallmarks of
transcriptional activity. Taken together, our study showed differential DNA methylation in
the ABC transporter genes in the native range of North America and non-native range
of Kashmir Himalaya in Conyza canadensis and that the reduced DNA methylation
and increased RNA Pol-II binding is one of the possible mechanisms through which
this species in the non-native range of Kashmir Himalaya may show greater gene
expression of ABC transporter genes. This increased ABC transporter gene expression
may help the plant to grow in different environmental conditions in the non-native range.
Furthermore, this study could pave way for more studies to better explain the enigmatic
plant invasions of C. canadensis in the non-native range of Kashmir Himalaya.

Keywords: ABC transporters, chromatin, epigenetics, DNA methylation, plant invasion, phenotypic plasticity,
adaptation

INTRODUCTION

DNA methylation, one of the most common epigenetic modifications, contributes to the overall
growth, development, and tolerance to both biotic and abiotic factors (Alonso et al., 2018; Agarwal
et al., 2020; Eriksson et al., 2020; Gallego-Bartolom, 2020; Liu and He, 2020; Kumar and Mohapatra,
2021). DNA methylation and other epigenetic modifications are now known to adjust phenotypes
instantaneously and/or generate new phenotypes in a reversibly heritable manner (Flatscher et al.,
2012; Miryeganeh and Saze, 2019). These heritable epigenetic variations could directly or indirectly

Frontiers in Ecology and Evolution | www.frontiersin.org 1 February 2022 | Volume 9 | Article 78149866

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.781498
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.781498
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.781498&domain=pdf&date_stamp=2022-02-03
https://www.frontiersin.org/articles/10.3389/fevo.2021.781498/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-781498 February 2, 2022 Time: 12:0 # 2

Shah et al. DNA Methylation of ABC Transporter Genes

influence the course of evolution in plants, as they can
affect the processes of adaptation (Rapp and Wendel, 2005;
Jablonka and Raz, 2009).

Epigenetic processes, including DNA methylation, have
emerged as important mechanisms contributing to adaptation
and spread of alien plants in new habitats in the non-native
ranges (Perez et al., 2015), despite several bottlenecks, such
as low propagule pressure, low genetic variability, climate
incompatibility, inadequate or inappropriate resources, or small
population size (Banerjee et al., 2019). Conyza canadensis,
commonly called as horseweed, has successfully adapted to
several non-native habitats across the world and is considered
a highly invasive problematic annual weed species of many
agronomic crops in about 70 countries (Travlos and Chachalis,
2010; Moretti et al., 2017). This species has a very prolific growth
and is reported to produce up to 200,000 seeds, which are easily
dispersed by wind to infest new territories (Dauer et al., 2007). To
control this weed species, commercial herbicides are in use for a
long time but Conyza species have developed resistance against
these herbicides, particularly glyphosate (Moretti et al., 2017).
Vacuolar sequestration of herbicides has been identified as the
predominant resistance mechanism that neutralizes its activity
mediated through tonoplast localized ABC transporters (Peng
et al., 2010; Douglas and Gaines, 2014; Ge et al., 2014). ABC
transporter genes such as M10 and M11 are highly expressed
in herbicide-resistant Conyza species (Peng et al., 2010; Nol
et al., 2012; Moretti et al., 2017). Owing to environmental
influence, there is a decreased expression of ABC transporters
such as M10 and M11 under conditions of low temperature
resulting in a lack of glyphosate resistance (Tani et al., 2016).
The possible mechanisms of ABC transporter gene expression
in invasive populations could be DNA methylation-induced
alterations in chromatin structure, which, in turn, may be
responsible for higher adaptability and invasiveness. Keeping in
view the differential methylation patterns across various habitats
and the potential role played by epigenetic diversity in influencing
the invasive traits of a plant (Zhang et al., 2016; Banerjee
et al., 2019), we hypothesized differential epigenetic signatures
of C. canadensis in its native range of North America and non-
native range of Kashmir Himalaya. The study, the first of its kind
on C. canadensis, is likely to open new vistas of investigating the
invasiveness of alien species in the non-native ranges, which is a
prerequisite for their better management.

MATERIALS AND METHODS

Sampling of Leaf Material
Leaf samples at the flowering stage were collected from both
the native range of North America and the non-native range
of Kashmir Himalaya from 5 different sites. Each sample was
collected along with three biological replicates and three technical
replicates. The sites, namely, Kangan, Gulmarg, Budgam, KUBG1
(Kashmir University botanical garden), and KUBG2, were
selected for the collection of non-native leaf samples of Kashmir
Himalaya, while Turah, Clinton, Clarke, Butte, and Lolo were
selected for the native leaf samples of North America.

S.No. Site name Geo-coordinates Part collected Sampling time

United States

1. Turah Leaf Flowering stage

2. Clarke 46◦ 40′ 8′ ′ N 111◦ 44′ 0′ ′ W Leaf Flowering stage

3. Butte 46◦0′23′ ′N 112◦31′47′ ′W Leaf Flowering stage

4. Lolo 46◦45′55′ ′N 114◦5′9′ ′W Leaf Flowering stage

5. Clinton 46◦46′33′ ′N 113◦42′54′ ′W Leaf Flowering stage

Kashmir

1. KUBG1 34◦07′57′ ′N 74◦50′15′ ′E Leaf Flowering stage

2. KUBG2 34.1589887◦N 74.8316992◦E Leaf Flowering stage

3. Gulmarg 34.05◦N 74.38◦E Leaf Flowering stage

4. Kangan 34.263◦N 74.903◦E Leaf Flowering stage

5. Budgam 34◦1′12′ ′N 74◦46′48′ ′E Leaf Flowering stage

Chromatin Extraction Followed by
Methylated DNA Immunoprecipitation
Chromatin was extracted from the leaf samples of both the native
range of North America and the non-native range of Kashmir
Himalaya of C. canadensis. After quantification, approximately
6 µg of DNA was taken for sonication (20% amplitude, pulse:
30 s, and time: 3 min). Samples were normalized and incubated
at 4◦C using an antimethyl cytosine antibody overnight with
end-to-end rotation. For pull-down, equilibrated Dynabeads
were added to each sample. Then samples were treated with
proteinase K and glycogen, incubated at 55◦C, 1,200 rpm
overnight (Fabio et al., 2009). DNA was extracted using PCI
(phenol:chloroform:isoamyl) and resuspended in 1 × TE buffer,
followed by quantitative PCR (qPCR).

Chromatin Immunoprecipitation Assay
Approximately 2 g leaf samples of C. canadensis from both
the native range of North America and the non-native range
of Kashmir Himalaya were taken and submerged in 37%
formaldehyde and 2.5 M glycine for crosslinking of tissue
using a vacuum infiltrator (Saleh et al., 2008). The tissue was
then washed two times with double distilled water and then
resuspended in extraction buffer 1 (0.4 M sucrose, 10 mM Tris-
HCl, 5 mM βmerc, 0.1 mM PMSF, PIC) and filtered through
Mira cloth (Merck Millipore, Burlington, MA, United States).
After centrifugation for 20 min at 5,000 rpm, the pellet was
resuspended in 1 ml of extraction buffer 2 (0.25 M sucrose,
10 mM Tris-HCl, 10 mM MgCl2, 1% Triton x-100, 5 mM
βmerc, 0.1 mM PMSF, and PIC) followed by 300 µl of extraction
buffer 3 (1.7 M sucrose, 10 mM Tris-HCl, 0.15% Triton x-100,
2 mM MgCl2, 5 mM βmerc, 0.1 mM PMSF, and PIC). Isolated
chromatin was resuspended in nuclei lysis buffer (50 mM Tris-
HCl, 10 mM EDTA, 1% SDS, PMSF, and PIC) followed by
sonication (30 s ON, 30 s OFF, 4 cycles, amplitude 20%) for
chromatin fragments approximately to the size of 250–500 bp.
After centrifugation for 30 min, the supernatant of samples was
normalized and the chromatin solution was subjected to O/N
incubation at 4◦C on a rotor with antibody (anti-POL II/anti-
H3K14ac). Equilibrated Dynabeads (protein A and G) were
added to each sample and incubated at 4◦C for 3 h. Samples were
washed with high salt buffer, low salt buffer, and LiCl buffer. The
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samples were eluted in TE/SDS at 65◦C for 15 min. Samples were
kept for reverse crosslinking at 65◦C. DNA extraction was carried
out using PCI and the pellet obtained was resuspended in TE and
followed by qPCR.

MNase Titration Assay
Briefly, 2 g leaf samples of C. canadensis from both the
native (North America) and non-native (Kashmir Himalaya)
ranges were collected and ground using liquid nitrogen. Nuclei
extraction buffer (0.25 M sucrose, 60 mM KCl, 0.8% Triton x-100,
15 mM MgCl2, 1 mM CaCl2, 15 mM HEPES, 0.1 mM PMSF) was
added to leaf samples for nucleus isolation. The isolated nucleus
was then resuspended into MNase digestion buffer and incubated
with different units of MNase (1U, 2U, 3.5U, and 5U) at 30◦C for
10 min (Pajoro et al., 2018). The reaction was then stopped using
a stop buffer (250 mM EDTA and 10% SDS). All the samples were
then subjected to 3 µl RNase treatment and 1/2 h incubation.
This was followed by proteinase K treatment followed by 1 h
incubation. DNA was then extracted, purified, and resuspended
in TE buffer. The pattern of digested chromatin was confirmed
on a 2% agarose gel, while its quantity and purity analyzed using
NanoDropTM (Thermo Fisher Scientific, Waltham, MA, United
States). The digested chromatin was quantified using ImageJ
software (NIH Java-based).

RESULTS

ABC Transporter Genes Show Reduced
DNA Methylation in the Non-native
Range of Kashmir Himalaya
Using methylated DNA immunoprecipitation (MeDIP) with a
5-methylcytidine antibody followed by quantitative real-time
(qRT-PCR), we compared the DNA methylation level at the ABC
transporter genes of C. canadensis in the native range of North
America and non-native range of Kashmir Himalaya. MeDIP
is an immunocapturing approach for unbiased detection of
methylated DNA, wherein genomic DNA is sheared by sonication
followed by immunoprecipitation using an antimethyl cytosine
antibody (Fabio et al., 2009). The C. canadensis within the non-
native range of Kashmir Himalaya showed significantly reduced
DNA methylation at ABC transporter genes as compared to the
native range of North America (p = 0.0072). The qRT-PCR results
showed an IP/input value between 2.16 and 6.88 in samples
from the native range of North America, while samples from
the non-native range of Kashmir Himalaya showed significantly
reduced IP/input values between 0.11 and 0.75 (Figure 1). Quite
interestingly, the DNA methylation patterns of ABC transporter
genes also varied across different populations within the native
range of North America and the non-native range of Kashmir
Himalaya. These results confirm that DNA methylation at ABC
transporter genes could be one of the major factors regulating
the expression of ABC transporter genes in the native range of
North America and the non-native range of Kashmir Himalaya
and that the reduced DNA methylation in the non-native range

of Kashmir Himalaya may lead to increased ABC gene expression
and hence more adaptability.

ABC Transporter Genes Show Enriched
Pol II Occupancy in the Non-native
Range of Kashmir Himalaya
Using chromatin immunoprecipitation with RNA Pol II antibody
followed by qRT-PCR, we looked at RNA polymerase-II
occupancy at ABC transporter genes in the native (North
America) and non-native (Kashmir Himalaya) leaf samples. Pol
II ChIP detects RNA polymerase II within the coding region of
genes using polymerase antibodies analyzed using PCR (Sandoval
et al., 2004). As expected, we observed increased RNA Pol II
occupancy at ABC transporter genes in the non-native range
of Kashmir Himalaya as compared to the native range of
North America (Figure 2). The qRT-PCR results showed Pol
II occupancy value between 0.128 and 0.296 in leaf samples
of the native range of North America, while the leaf samples
from the non-native range of Kashmir Himalaya showed Pol
II occupancy value between 0.8 and 1.206. Furthermore, like
DNA methylation, RNA Pol-II binding at ABC transporter
genes also showed a variation across the different sites both
within the native range of North America and the non-native
range of Kashmir Himalaya. Reduced DNA methylation and
subsequent increased RNA Pol-II binding may bring about
the transcriptional activation of ABC transporter genes in
the non-native range of Kashmir Himalaya and hence their
increased expression.

ABC Transporter Genes Show Loss of
Nucleosomes in the Non-native Range of
Kashmir Himalaya
In this study, we observed reduced acetylation levels of H3K14ac
in the non-native range of Kashmir Himalaya as compared
with the native range of North America, which could be due
to changes in nucleosome occupancy (Figure 3). Chromatin
immunoprecipitation analysis of histone H3 showed reduced
nucleosome occupancy under non-native conditions. To get
further insights into the changes in chromatin structure, we
carried out micrococcal nuclease (MNase titrations) of chromatin
from the native range of North America and the non-native
range of Kashmir Himalaya. The MNase assay involves the
digestion of chromatin using an enzyme MNase and understands
the nucleosomal pattern by quantifying the protection of DNA
from enzymatic digestion (Pass et al., 2017). Using the different
concentrations of enzymes in an MNase assay, the non-native
samples of Kashmir Himalaya showed more mononucleosomes
as compared with the native ones of North America, indicating
more open chromatin in the non-native C. canadensis within
Kashmir Himalaya (Figure 4). This result suggests that the
ABC locus in C. canadensis undergoes chromatin changes
to provide phenotypic plasticity to the plant in the non-
native range of Kashmir Himalaya. Collectively, reduced DNA
methylation associated with increased Pol-II binding at the
ABC transporter genes and open chromatin in C. canadensis
within the non-native range of Kashmir Himalaya increases
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FIGURE 1 | DNA methylation levels at ABC transporter gene in the native (North America) and non-native (Kashmir Himalaya) range plants. (A) The plant material
was collected at different geographical locations as mentioned in “Materials and Methods” section. The DNA was isolated, sonicated, and subjected to
immunoprecipitation using an antibody against 5-methyl cytosine and subjected to PCR with specific primers. (B) The IP/input ratio for 5-methyl cytosine in DNA of
native and non-native range plants across different sites at ABC transporter gene. (C) The IP/input values at ABC transporter gene in native and non-native range
obtained using R software, n = 5.
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FIGURE 2 | Pol-II occupancy at ABC transporter genes in the native (North America) and non-native (Kashmir Himalaya) range plants. (A) The plant material was
collected at different geographical locations as mentioned in “Materials and Methods” section. The DNA-protein interaction was cross-linked with a suitable
cross-linking agent. Subsequently, the DNA was isolated, sonicated, and then subjected to immunoprecipitation using specific antibodies. (B) The bar graphs
represent the RNA Pol-II occupancy at ABC transporter genes in native and non-native range plants. (C) RNA Pol-II occupancy at ABC transporter gene in the native
and non-native range obtained using R software, n = 3.
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FIGURE 3 | H3 and H3K14 acetyl occupancy in the native (North America) and non-native (Kashmir Himalaya) range plants. The plant material was collected at
different geographical locations as mentioned in “Materials and Methods” section. The DNA-protein interaction was cross-linked with a suitable cross-linking agent.
Subsequently, the DNA was isolated, sonicated, and then subjected to immunoprecipitation using specific antibodies. (A) The bar graphs represent the IP/Input ratio
of H3K14ac occupancy at ABC transporter genes in the native and non-native range plants. (B) The bar graphs represent the IP/Input ratio of H3 occupancy at ABC
transporter genes in the native and non-native range plants. (C) H3K14 acetyl occupancy at ABC transporter gene in the native and non-native range obtained using
R software, n = 3.
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FIGURE 4 | MNase digestion assay in the native (North America) and non-native (Kashmir Himalaya) range plants. (A) The chromatin was isolated from plant
samples of both native and non-native range Conyza canadensis and subjected to MNase digestion with different enzyme concentrations as mentioned in “Materials
and Methods” section. (B) The bar graph represents the percentage of mononucleosomal fractions digested in the native and non-native range plants.

the transcriptional output that may increase the adaptability
of these plants.

DISCUSSION

In this study, we observed a differential DNA methylation pattern
at ABC transporter genes in the leaf samples of C. canadensis
collected from its native range of North America and the
non-native range of Kashmir Himalaya. The samples from the
non-native range of Kashmir Himalaya showed a significantly
lower DNA methylation level at ABC transporter genes as
compared with the native samples of North America (Figure 1).

Furthermore, DNA methylation patterns also showed variation
across different populations within the native and non-native
ranges. Studies have shown the involvement of differential
methylation patterns in the widespread distribution of species
in the non-native ranges (Ardura et al., 2018; Hawes et al.,
2019). These studies revealed that epigenetic changes vary in
heterogeneous habitats and these changes are heritable. Studies
in invasive plant species have shown a positive correlation
between differential methylation status and phenotypic plasticity
(Zhang et al., 2016; Banerjee et al., 2019). This shows that
epigenetic diversity may contribute to the phenotypic plasticity
in invasive species independent of genetic diversity. As a
consequence of DNA methylation, chromatin compresses into
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FIGURE 5 | Model showing changes in chromatin organization in the native (North America) and non-native (Kashmir Himalaya) samples of C. canadensis. The
model represents the compact and open chromatin at ABC transporter genes in the native and non-native range plants of C. canadensis. The non-native range
plants showed open chromatin possibly due to decreased DNA methylation and increased H3K14ac occupancy at the ABC transporter gene and hence making the
ABC transporter gene transcriptionally more active in the non-native ones as compared with native range plants of C. canadensis.

heterochromatin at the transcription start site and hence reduces
the gene activity and its transcription (Buitrago et al., 2021).
The reduced DNA methylation observed in C. canadensis in
the non-native range of Kashmir Himalaya might explain the
increased expression of ABC transporter genes. Various studies
have shown a direct link between the environmental condition
and induction levels of key genes including ABC transporters
and that these ABC transporters could be playing a role in
the establishment and spread of C. canadensis in Kashmir
Himalaya (Tani et al., 2016). A link has been deciphered
between DNA demethylation and invasion during the stage
of expansion (Ardura et al., 2017). This may happen because
of gene activation and reactivation of transposable elements
redefining gene expression. As a result, demethylation may
confer varying phenotypic plasticity and fitness. Plants have
at least three different DNA methyltransferases, also called
cytosine methyltransferases, which differ in structure and
function and methylates DNA at cytosine (m5C) and adenine

(m6A) (Finnegan and Kovac, 2000; Vanyushin, 2006). These
various classes of DNMTS within the plant system, unlike the
mammalian system, show differential methyltransferase activity
and context-dependent effect on cytosine base (Finnegan and
Kovac, 2000). Given that we observed the differential DNA
methylation patterns in native (North America) and non-native
(Kashmir Himalaya) C. canadensis, it will be an interesting area
of research to profile the C. canadensis in other native and
non-native ranges for DNA methylation and differential DNA
methylation patterns. Since, we hypothesize that DNA associated
Pol-II elongation may increase the RNA Pol-II binding at ABC
transporter genes (Jonkers and Lis, 2015), we observed increased
RNA Pol-II binding in non-native (Kashmir Himalaya) range
C. canadensis as compared with native (North America) samples
(Figure 2). This result is in line with the fact that reduced
DNA methylation is mostly associated with increased RNA Pol-II
binding and hence results in increased gene expression (Bender,
2004; Takeshima et al., 2009). Furthermore, we observed the
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loss of nucleosome at the ABC gene transporters in non-native
samples of Kashmir Himalaya as indicated by comparative ChIP
analysis of H3K14ac and H3 (Figure 3). This loss of nucleosomes
is an indication of open chromatin in the non-native range of
Kashmir Himalaya. Therefore, we also compared the chromatin
dynamics in C. canadensis within its native (North America)
and non-native range (Kashmir Himalaya) using MNase assay.
In this study, nucleosomal occupancy and positioning have
a critical impact on the expression and regulation of genes
(Zhang et al., 2015). The MNase assay performed on the leaf
samples of C. canadensis from native (North America) and
non-native (Kashmir Himalaya) range revealed an interesting
phenomenon of chromatin changes in non-native range plants of
Kashmir Himalaya. The non-native plants of Kashmir Himalaya
showed an increased mononucleosomal fraction as compared
with native ones of North America (Figure 4). The increased
mononucleosomal fraction is an indication of open and more
accessible chromatin in non-native plants of Kashmir Himalaya
that may modulate gene expression of these plants in the non-
native range of Kashmir Himalaya (Kenchanmane Raju, 2020).

Taken collectively, our study has identified the differential
DNA methylation patterns at ABC transporter genes in the
native (North America) and non-native (Kashmir Himalaya)
samples of C. canadensis. Non-native leaf samples of Kashmir
Himalaya showed reduced DNA methylation at these genes,
which was further associated with enhanced Pol-II binding.
The combinatorial effect of reduced DNA methylation and
increased RNA Pol-II binding along with open chromatin
may enhance the transcriptional activity of ABC transporter
genes and finally may increase the plant growth in different
environmental conditions and may be one of the possible
mechanisms through which plant becomes invasive in its non-
native range of Kashmir Himalaya (Figure 5). Although our
study deals with the chromatin dynamics at the ABC transporter
genes, understanding the downstream events could be an exciting
area of research.
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FOXO1 Gene Downregulation and
Promoter Methylation Exhibits
Significant Correlation With Clinical
Parameters in Indian Breast Cancer
Patients
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Background: Forkhead box “O” one which is member of Forkhead box family of
transcription factors is known to play key role in different physiological processes
including cell cycle arrest, autophagy, and apoptosis. FOXO1 is defined to play tumor
suppressive role in various malignancies including breast cancer and its Dysregulation is
frequently reported. However, the evaluation of FOXO1 promoter methylation and its
expression at mRNA and protein level in different stages of breast cancer and its
association with different clinical parameters is still not studied. Therefore, for better
understanding the role of FOXO1 in breast cancer, in our study we examined the
FOXO1 mRNA and protein expression in Breast cancer samples of Indian breast
cancer patients.

Results: Total 127 breast cancer samples along with adjacent normal tissue (n = 127)
were analyzed through methylation specific PCR (MS-PCR), mRNA expression (Real-time
PCR) and Immunohistochemistry (IHC). We detected 69.29% cases to be downregulated
at the mRNA level, and 77.95% of cases exhibited no or low protein expression. In our data
we report a significant association (p = 0.0001) between the downregulated protein
expression and promoter hypermethylation of FOXO1 gene. We also found a significant
correlation of FOXO1 mRNA level with Age (p = 0.008), age at first live birth (p = 0,003),
tumor size (p = 0.05) and lymph node status (p = 0.01).

Conclusion:we in our study report the tumor suppressive role of FOXO1 in case of Indian
breast cancer patients and our data suggest it to exhibit prognostic importance. However,
further research is needed to evaluate FOXO1 significance in diagnostic and therapeutic
targeting in breast cancer cases.
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INTRODUCTION

According to Global Cancer statistics 2020, there were 684,996
deaths reported due to breast malignancy and it showed the
highest incidence among all cancers (Globocan 2020). Breast
cancer is a multifaceted disease exhibiting diverse morphological
and histopathological features (Viale, 2012). To recognize the
potential genes and their molecular mechanism associated with
the pathogenesis of the disease still needs to be investigated (Tang
et al., 2018). Lack of early diagnosis and inadequate personalized
approach in treatment are chief factors in terms of poor survival
of the patients (Shi et al., 2018). Hence, there is a necessity in the
current time to search for more reliable molecular targets to
develop a better diagnostic and therapeutic approach in the
treatment of breast cancer (Chan et al., 2017; Jiang et al.,
2018). Therefore, our study focuses on molecular profiling of
the Forkhead box O 1 (FOXO1) gene which is a potent molecule
and can exhibit promising results in the development of
diagnostic and therapeutic strategies.

FOXO1 is one of the key members of the FOXO transcription
factors subfamily, which is located on chromosome 13 (13q14.11)
and is a chief target of insulin signalling. It is known to have a major
role in the regulation of metabolic homeostasis, autophagy,
apoptosis, cell cycle arrest genes, and immune regulators (Xing
et al., 2018; Jiang et al., 2018; Kousteni, 2012, Gene cards). The
activation of FOXO1 via binding of insulin or several growth factors
to their receptors consequently activates PI3K (phosphoinositide
kinase) that further triggers the activity of other kinases including
Akt and SGK (serum glucocorticoid inducible kinase). However, in
the absence of insulin, the FOXO1 is found to have nuclear
localization and leads to cell cycle arrest. Thus, in presence of

insulin or IGF-1, PI3K/Akt/SGK pathway is directly activated while
FOXO1 is inhibited resulting in cell survival (Cantley, 2002; Li et al.,
2015). The low levels of FOXO1 have been linked with tumor
progression in several recent studies (Kaymaz et al., 2017; Procaccia
et al., 2017). The decreased nuclear and cytoplasmic expressions of
FOXO1 in the case of breast cancer have been reported in the
previous studies (Wu et al., 2012). However, the correlation of lower
levels of FOXO1 atmRNA and protein level with clinical parameters
is not well known. The current study proposes to determine the
correlation betweenmethylation and expression of FOXO1 in breast
cancer biopsy as compared to adjacent normal tissue.

METHODOLOGY AND MATERIALS

Collection of Biological Specimens
In our study, 127 participants were enrolled, and the cancerous
tissue along with the adjacent non-cancerous tissue of the breast was
obtained and stored at −20° for further experiments and analysis.
The inclusion criteria for the specimens in the study included the
histopathologically confirmed breast cancer patients of age group
20–79 years having at least 6 months of life expectancy.

Following clinical parameters were included for the study such
as tumor size, age at diagnosis, histological grade, the status of
lymph node (LN), reproductive history, and information (age at
menarche and menopausal status), clinical staging or TNM stages,
Estrogen receptor (ER) (+ or -), Progesterone receptor (PR) (+ or -)
and Human Epidermal Growth Factor Receptor 2 (HER2) (+ or -).

The females (n = 127) included in the study were clinically
confirmed with sporadic breast cancer and were genetically
unrelated. Normal adjacent breast tissue was taken as control.

FIGURE 1 | Graphical represntation of CpG islands in the foxo1 promoter region taken from Meth Primer. Criteria used: Island size>100, GC Percent >50.0, Obs/
Exp>0.60/.
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Inclusion Criteria
The study involved females with histopathologically confirmed
primary breast cancer and having at least 6 months of life
expectancy, lying between the age group 20–79 years. The
participants provided consent to abide by the procedures of
the study. All the females included in the study were
registered in the medical record book of AIIMS, New Delhi,
and their medical records were evaluated for studying various
clinical and pathological parameters of the patients.

Real-Time Polymerase Chain Reaction
For the isolation of RNA, the breast cancer tissues, and the collected
normal tissues were preserved in the RNAlater (Qiagen) kit, and
afterward, RNA isolation was done by using TRIzo1Reagent
(Invitrogen) by following the instruction provided by the
manufacturer in the protocol. Thereafter, the complementary
DNA (cDNA) from total RNA was synthesized using a cDNA
kit (verso Thermo Fisher Scientific) and later storage was done at
−20°C for further analysis. Subsequently, the above-prepared cDNA
was used in the (qPCR) where amplification was carried out using
Roche Light Cycler® 96 SYBR Green I Master mix. By applying the
primers for FOXO1: sense 5′- CCACATTCAACAGGCAGCAG-3′
antisense 5′- GACGGAAACTGGGAGGAAGG-3′which amplified
a 152-bp. product. β actin gene was taken as an internal control and
amplified in the same qPCR reaction. The primers used for qPCR
reaction were sense 5′-AGATAGTGGATCAGCAAGCAG-3′ and
antisense 5′-GCGAAGTTAGGTTTTGTCA-3′, which amplified a
160 bp. product. Standardized protocol of our laboratory (Real et al.,
2018; Sadaf et al., 2018; Khan et al., 2020) was used to perform PCR.
Measurements were taken in triplicates. The calculation was done
for the relative amount of mRNA using Light Cycler 96 (Roche)
equipped with Software 1.5. The calibrated normalized ratio was
estimated as per the given standard formula: RQ = 2-ΔΔCq = [(Cq
targeted gene–Cq βactin) calibration sample].

DNA Extraction
Phenol-chloroform Isoamyl (PCI) method was used for isolation
of gDNA from Breast cancer and adjacent normal tissue (Russell
and Sambrook, 2001). The quantity and quality evaluation of
isolated genomic DNA was done using a Nanodrop
spectrophotometer (ND1000), and agarose gel electrophoresis
was further performed for validation.

Methylation Through MS-PCR
EZ DNA Methylation-Gold™ Kit was used to carry out Bisulfite
conversion following the instruction given by the manufacturer. The
converted product was amplified using dual sets of methylated and
unmethylated FOXO1 primers. Eukaryotic promoter database was
used to retrieve the FOXO1 gene promoter sequence, and
MethPrimer software was used for primer designing (Figure 1).
When searched by MethPrimer, the promoter region of the FOXO1
gene was found to contain two CpG islands of 600 bp. The primer
pairs that were used for the detecting methylation in the promoter
region of FOXO1 were as follows: sense 5′- GGAAAATCGGGT
TTTATTTAGTTC-3′ and antisense 5′- GACTACTACGACTAC
CAAACCGC-3′, for the unmethylated detection: sense 5′- TGG
AAAATTGGGTTTTATTTAGTTT-3 and antisense 5′- CAACTA

TABLE 1 | Characteristics of study subjects (n =127).

S.no Characteristic Cases (%)

1 Age (years)
≤50 44 (34.65)
>50 83 (65.35)

2 Geographic location
Rural 33 (25.98)
Urban 94 (74.02)

3 Age at menarche
≤12 20 (15.75)
>12 107 (84.25)

4 Age at first live birth
≤25 100 (78.75)
>25 27 (21.25)

5 Breast feeding
Yes 122 (96.06)
No 5 (3.94)

6 Use of exogenous hormone
Yes 6 (4.72)
No 121 (95.28)

7 Family history of cancer
Yes 21 (16.54)
No 106 (83.46)

8 Menopausal status
Premenopausal 36 (28.35)
Postmenopausal 91 (71.65)

9 Age at menopause
≤45 39 (42.86)
>45 52 (57.14)

10 ER status
Positive 92 (72.44)
Negative 35 (27.56)

11 PR status
Positive 64 (50.39)
Negative 63 (49.61)

12 Her2 status
Positive 61 (48.03)
Negative 66 (51.97)

13 Molecular subtypes (Breast cancer)
Luminal A 45 (35.43)
Luminal B 51 (40.16)
Her2 enriched 17 (13.38)
Triple negative breast cancer (TNBC) 14 (11.03)

14 Tumor size
≤5 59 (46.46)
>5 68 (53.54)

15 Lymph node status
Positive 109 (85.83)
Negative 18 (14.17)

16 TNM stage
I + II 36 (28.35)
III + IV 91 (71.65)

17 Histological grade
I + II 102 (80.31)
III 25 (19.69)
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TABLE 2 | Correlation study of FOXO1 mRNA expression levels with clinical parameters of Breast Cancer case.

Characteristics Total (n= 127) FOXO1 mRNA expression
relative to beta actin (Mean ± S.E)

p-Value Chi-squared

Age
<50 44 (34.65) 0.58 ± 0.01
≥50 83 (65.35) 0.94 ± 0.02 0.008* 6.93

Geographical location
Rural 33 (25.98) 1.66 ± 0.02
Urban 94 (74.02) 1.70 ± 0.21 0.95 0.003

Age of menarche
≤12 20 (15.75) 1.21 ± 0.04
>12 107 (84.25) 1.67 ± 0.01 0.13 2.27

Age at first live birth
≤25 100 (78.74) 1.32 ± 0.05
>25 27 (21.26) 1.20 ± 0.06 0.0003* 13.13

Breast feeding
Yes 122 (96.06) 1.30 ± 0.02
No 5 (3.94) 0.71 ± 0.01 0.64 0.21

Use of exogenous hormone
Yes 6 (4.72) 1.37 ± 0.07
No 121 (95.28) 1.19 ± 0.08 0.88 0.20

Family history of cancer
Yes 21 (16.54) 0.91 ± 0.07
No 106 (83.46) 1.70 ± 0.09 0.42 0.64

Menopausal Status
Premenopausal 36 (28.34) 0.92 ± 0.00
Postmenopausal 91 (71.66) 1.23 ± 0.01 0.40 0.68

Age at Menopausal
≤45 39 (42.85) 1.78 ± 0.08
>45 52 (57.15) 1.23 ± 0.02 0.94 0.004

Estrogen receptor status
Negative 35 (27.56) 0.83 ± 0.02
Positive 92 (72.44) 1.38 ± 0.21 0.58 0.29

Progesterone receptor status
Negative 63 (49.61) 1.47 ± 0.33
Positive 64 (50.39) 1.11 ± 0.04 0.36 0.81

Her2 neu Status
Negative 66 (51.97) 1.18 ± 0.03
Positive 61 (48.03) 1.74 ± 0.12 0.77 0.07

Tumor Size
<5 68 (53.54) 1.17 ± 0.07
≥5 59 (46.46) 1.21 ± 0.09 0.05* 3.54
Lymph Node Status 6.05
Positive 109 (85.83) 1.50 ± 0.01 0.01*
Negative 18 (14.17) 0.88 ± 0.06

TNM Staging
Stage (I + II) 36 (28.35) 1.17 ± 0.001
Stage (III + IV) 91 (71.65) 1.98 ± 0.02 0.20 1.58

Histological Grade
(I + II) 102 (80.31) 2.01 ± 0.01 0.74 0.10
(III) 25 (19.69) 1.47 ± 0.07

Molecular Subtypes
Luminal A 45 (35.43) 1.52 ± 0.12
Luminal B 51 (40.16) 1.33 ± 0.30 0.89 0.59
Her2neu Enriched 17 (13.38) 0.47 ± 0.01
TNBC 14 (11.03) 1.21 ± 0.11

TNBC, triple negative breast cancer; FOXO1, Forkhead Box O1 a Only Downregulated Cases were included.
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CTACAACTACCAAACCACC-3′. The product size for
unmethylation was 172 bp, and for methylation, it was 170 bp.
MS-PCR was done by the following condition: initially
denaturation at 95°C for 5 min, 35 cycles of amplification at 95°C

for the 30 s, annealing at 53.9°C (methylation) and 52.7°C
(unmethylation) for 30 s, 72°C for 30 s and final extension at
72°C for 7 min. The pictures of the amplified product were
obtained on a 2% agarose gel having EtBr, visualization was done
under ultraviolet (UV) illumination with the Gel Doc (Bio-Rad
Molecular Imaging System). The experiments were executed in
triplicate without any disparity observed among the replicates.

Immunohistochemistry
Breast cancer tissue and adjacent normal tissue stored in formalin
were used for Block preparation. Poly-L-lysine slides were used, and
the sections of the block were taken on slides. Subsequently,
different grades of xylene were used for deparaffinization, and
rehydration was done using ethanol. The quenching of internal
peroxide activity was done by 0.3% hydrogen peroxide, and citrate
buffer boiling resulted in Ag withdrawal. To non-specific
interaction of protein was ceased using serum solution as a
blocking agent, and incubation at 4°C with primary antibody
(CST#2880 FOXO1, 1:100) was done overnight. Furthermore,
anti-rabbit biotinylated secondary antibody and streptavidin
HRP incubation was done for 20–30min, respectively. 3,3´-
3,3′-Diaminobenzidine (DAB) method was used to visualize

FIGURE 2 | (A) Heat Map plot (analyzed by R platform version 3.6.3 64-bit) of FOXO1 mRNA relative expression (fold change) in Breast cancer cases. X-axis
depicts Δ Cq target against Y-axis Δ Cq control at default parameters. (B) Relative mRNA expression of FOXO1/β ACTIN in Breast tumor and adjacent normal tissue.

FIGURE 3 | Representative gel picture of Methylation—specific PCR
analysis of FOXO1 gene in Breast cancer patients: DNA methylation was
assessed using two specifically designed primers to amplify either methylated
DNA (M) or unmethylated DNA (UM) (L: 100 bp DNA ladder; number
indicates the case number; PC: Positive Control; T: Tumour tissue).
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TABLE 3 | Correlation study of FOXO1 Promoter Methylation status with clinical parameters of Breast Cancer Patients.

Characteristics Total cases (n = 127) Methylated Unmethylated p-Value Chi-squared

Age
<50 44 (34.65) 29 (65.90) 15 (34.10) 0.44 0.57
≥50 83 (65.35) 49 (59.04) 34 (40.96)

Geographical location
Rural 33 (25.98) 19 (57.57) 14 (42.43) 0.59 0.27
Urban 94 (74.02) 59 (62.76) 35 (37.24)

Age of menarche
≤12 20 (15.75) 13 (65.00) 07 (35.00) 0.71 0.12
>12 107 (84.25) 65 (60.74) 42 (39.26)

Age at first live birth
≤25 100 (78.74) 57 (100) 43 (43) 0.04 3.87
>25 27 (21.26) 21 (77.77) 6 (22.22)

Breast feeding
Yes 122 (96.06) 75 (61.47) 47 (38.53) 0.94 0.004
No 5 (3.94) 03 (60) 2 (40)

Use of exogenous hormone
Yes 6 (4.72) 04 (66.66) 02 (33.33) 0.78 0.07
No 121 (95.28) 74 (61.15) 47 (38.85)

Family history of cancer
Yes 21 (16.54) 14 (66.66) 07 (33.33) 0.58 0.29
No 106 (83.46) 64 (60.37) 42 (39.63)

Menopausal Status
Premenopausal 36 (28.34) 27 (75) 09 (25) 0.04* 3.91
Postmenopausal 91 (71.66) 51 (56.04) 40 (43.96)

Age at Menopausal
≤45 39 (42.85) 23 (58.97) 16 (41.03) 0.66 0.19
>45 52 (57.15) 33 (63.46) 19 (36.54)

Estrogen receptor status
Negative 35 (27.56) 25 (71.42) 10 (28.58) 0.15 2.04
Positive 92 (72.44) 53 (57.60) 39 (42.40)

Progesterone receptor status
Negative 63 (49.61) 40 (63.49) 23 (36.51) 0.63 0.22
Positive 64 (50.39) 38 (59.37) 26 (40.63)

Her2 neu Status
Negative 66 (51.97) 43 (65.15) 23 (34.85) 0.36 0.80
Positive 61 (48.03) 35 (57.38) 26 (42.62)

Tumor Size
<5 68 (53.54) 46 (67.65) 22 (32.35) 0.12 2.39
≥5 59 (46.46) 32 (54.23) 27 (45.7)

Lymph Node Status
Positive 109 (85.83) 65 (59.63) 44 (40.37) 0.30 1.03
Negative 18 (14.17) 13 (72.23) 05 (27.77)

TNM Staging
Stage (I + II) 36 (28.35) 20 (55.55) 16 (44.46) 0.39 0.72
Stage (III + IV) 91 (71.65) 58 (63.74) 33 (36.26)

Histological Grade
(I + II) 102 (80.31) 60 (58.82) 42 (41.18) 0.22 1.47
(III) 25 (19.69) 18 (72) 07 (28)

Molecular Subtypes
Luminal A 45 (35.43) 26 (57.78) 19 (42.22) 0.66 1.59
Luminal B 51 (40.16) 30 (58.83) 21 (41.17)
Her2neu Enriched 17 (13.38) 12 (70.59) 05 (29.41)
TNBC 14 (11.03) 10 (71.43) 04 (28.57)
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antibody binding sites. Also, Hematoxylin counterstaining was
carried out. For positive control, normal breast tissue was
considered, while for the negative control, the primary antibody
was skipped following the same protocol resulting in no staining.
Interpretation of the staining was carried out under the guidance
expert histopathologists using light microscope (magnification
×400), and the grading was done as follows: [1] 0% tumor
staining with no expression, [2] 1%–10% tumor staining with
mild expression (+), [3] 10%–50% tumor staining denoting
moderate expression (++) [4] >50% tumor staining indicating
high expression (+++ or ++++).

Statistical Analysis
SPSS-IBM (version 22.0) was utilized to find the relevant
association with the clinicopathological parameters. The current
study data are represented as mean ± standard error (SE). the
p-value of less than 0.005 was considered significant. To evaluate
the significance of differential FOXO1 mRNA expression levels, a
non-parametric test, i.e., Wilcoxon signed-rank test was used.

RESULTS

Downregulated FOXO1 mRNA Expression
in Breast Cancer Cases and its Correlation
With Clinicopathological Parameters
The expression of FOXO1 at the mRNA level was detected in case
of breast cancer and adjacent normal tissue. Its expression was
normalized against beta-actin expression. FOXO1 mRNA

expression was found to be downregulated in 69.29% cases
(88/127) and out of which 73.80% cases (65/88) were
categorized under histological grade I and II of breast cancer.
The fold change of 88 downregulated cases was examined to be
5.16 the expression of FOXO1 in breast cancer tissue was 1.16 ±
0.02 (Mean ± SE) and in the normal tissue was 1.95 ± 0.07
(Mean ± SE) (p < 0.0001). Correlating the FOXO1 mRNA
expression with different clinic pathological parameters of
patients indicated significant association with Age, Age at first
live birth, Tumor Size, Lymph Node Status (Table 1, Table 2,
Figure 2).

FOXO1 Promoter Methylation and its
Correlation With Clinical Parameters of
Patients
Promoter methylation study of FOXO1 promoter region was
done through Methylation Specific PCR, the hypermethylated
promoter region of FOXO1 was found in 61.41% (78/127) cases.
The correlation of promoter methylation with clinical parameters
revealed a significant association with the menopausal status of
breast cancer patients. In progressive stages III and IV of breast
cancer, 58/91 cases were found to be methylated (Figure 3;
Table 3.)

Low or No Expression of FOXO1 Protein in
Breast Cancer Tissue
FOXO1 expression analysis at the protein level was done by IHC
and it was found to be absent in 77.95% (99/127) cases. However,

FIGURE 4 | Representative picture of Immunohistochemical staining of human breast cancer tissue samples by anti-FOXO1 antibody (magnification: ×400)
showing (A) no expression, (B) low (+) expression, (C) moderate (++) expression, and (D) high (+++) expression of FOXO1. S: stromal tissue, T: tumor tissue.
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TABLE 4 | Correlation of FOXO1 Protein Expression level with clinical parameters of Breast Cancer Patients.

Characteristics Total cases (n = 127) FOXO1 absent FOXO1 present p Value Chi-squared

Age
<50 44 (34.65) 36 (81.81) 08 (18.19) 0.44 0.58
≥50 83 (65.35) 63 (75.90) 20 (24.10)

Geographical location
Rural 33 (25.98) 29 (87.87) 04 (12.13) 0.10 2.56
Urban 94 (74.02) 70 (74.46) 24 (25.54)

Age of menarche
≤12 20 (15.75) 16 (80) 04 (20) 0.80 0.05
>12 107 (84.25) 83 (77.57) 24 (22.43)

Age at first live birth
≤25 100 (78.74) 78 (78) 22 (22) 0.98 0.001
>25 27 (21.26) 21 (77.77) 06 (22.23)

Breast feeding
Yes 122 (96.06) 96 (78.68) 26 (21.32) 0.32 0.97
No 5 (3.94) 03 (60) 02 (40)

Use of exogenous hormone
Yes 6 (4.72) 02 (33.33) 04 (66.66) 0.006* 7.29
No 121 (95.28) 97 (80.16) 24 (19.84)

Family history of cancer
Yes 21 (16.54) 18 (85.72) 03 (14.28) 0.34 0.88
No 106 (83.46) 81 (76.42) 25 (23.58)

Menopausal Status
Premenopausal 36 (28.34) 32 (88.88) 04 (11.12) 0.06 3.49
Postmenopausal 91 (71.66) 67 (73.62) 24 (26.38)

Age at Menopausal
≤45 39 (42.85) 25 (64.10) 14 (35.90) 0.80 0.06
>45 52 (57.15) 32 (61.53) 20 (38.47)

Estrogen receptor status
Negative 35 (27.56) 28 (80) 07 (20) 0.73 011
Positive 92 (72.44) 71 (77.17) 21 (22.83)

Progesterone receptor status
Negative 63 (49.61) 50 (79.36) 13 (20.64) 0.70 0.14
Positive 64 (50.39) 49 (76.56) 15 (23.44)

Her2 neu Status
Negative 66 (51.97) 58 (87.87) 08 (13.79) 0.005* 7.87
Positive 61 (48.03) 41 (67.21) 20 (32.79)

Tumor Size
<5 68 (53.54) 59 (86.76) 09 (13.24) 0.01* 6.61
≥5 59 (46.46) 40 (67.80) 19 (32.20)

Lymph Node Status
Positive 109 (85.83) 84 (77.06) 25 (22.94) 0.55 0.35
Negative 18 (14.17) 15 (83.33) 03 (16.67)

TNM Staging
Stage (I + II) 36 (28.35) 25 (69.44) 11 (30.56) 014 2.11
Stage (III + IV) 91 (71.65) 74 (81.31) 17 (18.69)

Histological Grade
(I + II) 102 (80.31) 76 (74.50) 26 (25.50) 0.05* 3.72
(III) 25 (19.69) 23 (92.00) 02 (8.00)

Molecular Subtypes
Luminal A 45 (35.43) 35 (77.77) 10 (22.23) 0.50 2.31
Luminal B 51 (40.16) 42 (82.35) 09 (17.65)
Her2neu Enriched 17 (13.38) 11 (64.70) 06 (35.30)
TNBC 14 (11.03) 11 (78.57) 03 (21.43)
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TABLE 6 | Correlation study of methylation and protein expression in samples having methylated FOXO1 promoter or FOXO1 expression loss with clinical parameters of
Breast cancer patients from North Indian population.

Clinical
characteristics

Total
methylated
(n = 78)

Methylated FOXO1 p
Value

Chi-
squared

Total
(N)

FOXO1 loss p
Value

Chi-
squaredFOXO1

absent
FOXO1
present

Methylated
FOXO1

Unmethylated
FOXO1

Age
<50 44 (34.65) 29 26 03 0.10 2.58 36 26 10 0.66 0.91
≥50 83 (65.35) 49 48 01 63 48 15

Geographical
location
Rural 33 (25.98) 19 17 02 0.22 1.50 29 17 12 0.01* 5.65
Urban 94 (74.02) 59 57 02 70 57 13

Age of menarche
≤12 20 (15.75) 13 10 03 0.001* 10.33 16 10 06 0.21 1.51
>12 107 (84.25) 65 64 01 83 64 19

Age at first live birth
≤25 100 (78.74) 57 56 01 0.02* 4.95 78 56 22 0.19 1.69
>25 27 (21.26) 21 18 03 21 18 03

Breast feeding
Yes 122 (96.06) 75 72 03 0.02* 5.10 96 72 24 0.74 0.10
No 5 (3.94) 03 02 01 03 02 01

Use of exogenous
hormone
Yes 6 (4.72) 04 02 02 0.0001* 17.44 02 02 00 0.40 0.69
No 121 (95.28) 74 72 02 97 72 25

Family history of
cancer
Yes 21 (16.54) 14 11 03 0.002 9.31 18 11 07 0.14 2.16
No 106 (83.46) 64 63 01 81 63 18

Menopausal Status
Premenopausal 36 (28.34) 27 26 01 0.67 0.17 32 26 06 0.30 1.05
Postmenopausal 91 (71.66) 51 48 03 67 48 19

Age at Menopausal
≤45 39 (42.85) 23 21 02 0.95 0.003 25 21 04 0.23 1.41
>45 52 (57.15) 33 30 03 32 30 02

Estrogen receptor
status
Negative 35 (27.56) 25 24 01 0.75 0.09 28 24 04 0.11 2.48
Positive 92 (72.44) 53 50 03 71 50 21

Progesterone
receptor status
Negative 63 (49.61) 40 39 01 0.28 1.16 50 39 11 0.45 0.56
Positive 64 (50.39) 38 35 03 49 35 14

(Continued on following page)

TABLE 5 | Correlation study of Promoter Methylation with Protein expression in Breast Cancer Patients from North India.

FOXO1 promoter FOXO1 protein expression Total (%) p Value Chi-squared

Absent Present

Methylated 74 (94.87) 04 (5.13) 78 (61.41)
Unmethylated 25 (51.02) 24 (48.98) 49 (38.59) 0.0001 33.67
Total 99 (77.95) 28 (22.05) 127

p Value (Fischer’s Exact Test).
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TABLE 7 | Correlation analysis between FOXO1methylation and FOXO1 protein expression in stratification by various clinical characteristics of Breast cancer patients from
North India.

Clinical characteristics Total methylated (n = 78) FOXO1 methylation status FOXO1 expression p Value Chi-squared

Absent Present

Age
<50 44(34.65) 29 M 26 03

U 10 05 0.06 3.51
≥50 83(65.35) 49 M 48 01

U 15 19 0.0001* 31.84

Geographical location
Rural 33(25.98) 19 M 17 02

U 12 02 0.74 0.10
Urban 94(74.02) 59 M 57 02

U 13 22 0.12 2.31

Age of menarche
>12,107(84.25) 65 M 64 01

U 19 23 0.0001* 41.54
≤12 20(15.75) 13 M 10 03

U 06 01 0.63 0.22

Age at first live birth
≤25,100(78.74) 57 M 56 01

U 22 21 0.0001* 31.66
>25 27(21.26) 21 M 18 03

U 03 01 0.59 0.28

Breast feeding
Yes 122(96.06) 75 M 72 03 35.26

U 24 23 0.0001*
No 5(3.94) 03 M 02 01 0.13

U 01 01 0.70
(Continued on following page)

TABLE 6 | (Continued) Correlation study of methylation and protein expression in samples having methylated FOXO1 promoter or FOXO1 expression loss with clinical
parameters of Breast cancer patients from North Indian population.

Clinical
characteristics

Total
methylated
(n = 78)

Methylated FOXO1 p
Value

Chi-
squared

Total
(N)

FOXO1 loss p
Value

Chi-
squaredFOXO1

absent
FOXO1
present

Methylated
FOXO1

Unmethylated
FOXO1

Her2 neu Status
Negative 66 (51.97) 43 42 01 0.21 1.54 58 42 16 0.52 0.40
Positive 61 (48.03) 35 32 03 41 32 09

Tumor Size
<5 68 (53.54) 46 44 02 0.70 0.14 59 44 15 0.96 0.002
≥5 59 (46.46) 32 30 02 40 30 10

Lymph Node Status
Positive 109 (85.83) 65 62 03 0.64 0.21 84 62 22 0.61 0.25
Negative 18 (14.17) 13 12 01 15 12 03

TNM Staging
Stage (I + II) 36 (28.35) 20 19 01 0.97 0.001 25 19 06 0.86 0.02
Stage (III + IV) 91 (71.65) 58 55 03 74 55 19

Histological Grade
(I + II) 102 (80.31) 60 58 02 0.18 1.72 76 58 18 0.51 0.42
(III) 25 (19.69) 18 16 02 23 16 07

Molecular Subtypes
Luminal A 45 (35.43) 26 25 01 0.79 1.02 35 25 10 0.07 6.89
Luminal B 51 (40.16) 30 28 02 42 28 14
Her2neu Enriched 17 (13.38) 12 11 01 11 11 00
TNBC 14 (11.03) 10 10 00 11 10 01
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TABLE 7 | (Continued) Correlation analysis between FOXO1 methylation and FOXO1 protein expression in stratification by various clinical characteristics of Breast cancer
patients from North India.

Clinical characteristics Total methylated (n = 78) FOXO1 methylation status FOXO1 expression p Value Chi-squared

Absent Present

Use of exogenous hormone
Yes 6(4.72) 04 M 02 02 1.50

U 00 02 0.22
No 121(95.28) 74 M 72 02

U 25 22 0.0001* 35.16

Family history of cancer
Yes 21(16.54) 14 M 11 03 0.18 1.75

U 07 00
No 106(83.46) 64 M 63 01 0.0001* 43.46

U 18 24

Menopausal Status
Premenopausal 36(28.34) 27 M 19 01

U 06 10 0.0002* 13.85
Postmenopausal 91(71.66) 51 M 55 03

U 18 15 0.0001* 21.50

Age at Menopausal
≤45 39(42.85) 23 M 21 02 18.02

U 04 12 0.0001*
>45 52(57.15) 33 M 30 03

U 02 17 0.0001* 32.91

Estrogen receptor status
Negative 35(27.56) 25 M 24 01 0.0002* 14.00

U 04 06
Positive 92(72.44) 53 M 50 03

U 21 18 0.0001* 20.91

Progesterone receptor status
Negative 63(49.61) 40 M 39 01 0.0001* 22.00

U 11 12
Positive 64 (50.39) 38 M 35 03

U 14 12 0.0004* 12.59

Her2 neu Status
Negative 66(51.97) 43 M 42 01

U 16 07 0.0009* 11.11
Positive 61(48.03) 35 M 32 03

U 09 17 0.0001* 21.85

Tumor Size
<5 68(53.54) 46 M 44 02

U 15 07 0.001* 9.78
≥5 59(46.46) 32 M 30 02

U 10 17 0.0001* 21.57

Lymph Node Status
Positive 109(85.83) 65 M 63 03

U 22 21 0.0001* 29.74
Negative 18(14.17) 13 M 12 01

U 03 02 0.09 2.71

TNM Staging
Stage (I + II) 36(28.35) 20 M 19 01

U 06 10 0.0002* 13.85
Stage (III + IV) 91 (71.65) 58 M 55 03

U 19 14 0.0001* 19.21

Histological Grade
(I + II) 102(80.31) 60 M 58 02

U 18 24 0.0001* 37.66
(Continued on following page)
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28 Cases exhibited the moderate or high expression of FOXO1
protein. Also, the FOXO1 protein expression pattern
substantiated the mRNA expression. Furthermore, the
percentage of FOXO1 protein downregulation was significant
with Her2 neu status, tumor size, and histological grade of breast
cancer (Figure 4; Table 4.)

FOXO1 Promoter Methylation and its
Association With Protein Expression
The results represented a strong correlation of FOXO1 protein
expression with the promoter methylation and 74 out of 78
hypermethylated cases showed low or no protein expression
and 04 cases showed protein expression. In 51.02% (25/49)
cases that showed no methylation had no protein expression.
The cases which had downregulation of FOXO1 showed 78.40%
(69/88) hypermethylation while 23.07% (9/39) cases had
moderate to high-level protein expression. highly significant
p-value (p= 0.0001) was found between FOXO1 methylation in
the promoter region and protein expression, which represented a
strong correlation Tables 5,6,7

DISCUSSION

FOXO subfamily of forkhead box transcription factor comprises
four FOXO isoforms. FOXO1which is a member of this subfamily
is the key target of insulin that inhibits its transcriptional events
through nuclear exclusion (Kousteni, 2012). The prominent role
of FOXO1 is studied in the maintenance of tissue homeostasis at
the time of various physiological as well as pathological
conditions (Xing et al., 2018). In previous studies, the close
association of lower FOXO1 levels with human cancers such
as hepatocellular carcinoma, colorectal cancer, pancreatic cancer,
prostate cancer, and lung cancer have been demonstrated (Wu
et al., 2012; Schwartz and Cote, 2016; Lou et al., 2017; Moeinifard
et al., 2017).

In the current study, we examined the expression level of
FOXO1 in 127 breast cancer tissues taken along with adjacent
normal tissues from the Indian female breast cancer patients. To
analyze the FOXO1 mRNA expression, we performed real-time

PCR. Further, we studied FOXO1 protein expression and its
subcellular localization through immunohistochemistry and the
epigenetic modulation in the promoter region of the FOXO1was
analyzed using MS-PCR. While investigating our data for
FOXO1 mRNA expression we found 88 out of 127 cases
(69.29%) exhibiting the downregulation at the FOXO1
mRNA level. The downregulation of FOXO1 mRNA in our
data links positively to the previous studies which state the
tumor suppressive role of the FOXO1 gene in cancer progression
(Myatt et al., 2010; Prasad et al., 2014). Further, on correlating
our results we found a strong correlation of FOXO1 mRNA
expression with the age of the patient (p = 0.008), age at first live
birth (p = 0.0003), tumor size (p = 0.05), and lymph node status
(p = 0.01) of the breast cancer patients. FOXO1 mRNA
downregulation was earlier reported to show a significant
association with the lymph node status and age of the
patients in prostate cancer cases (Yang et al., 2021), our
study also reveals this strong correlation of FOXO1 mRNA
expression with these clinical parameters in case of breast cancer
patients.

The results of our study to detect the protein expression and
localization of FOXO1 protein reveals 77.95% (99/127) cases
having low or no expression of FOXO1 protein, whereas 22.05%
(28/127) show moderate or high expression. The anti-
proliferative role of FOXO1 has been reported in case of
cervical and prostate cancer, moreover, the enforced
expression of FOXO1 in endometrioid endometrial cancer
cells and SiHa cells blocked the cell proliferation and
decreased the tumorigenic activity (Goto et al., 2008; Zhang
et al., 2015; Yang et al., 2021). Our results also suggest the tumor
suppressive role of FOXO1 in breast cancer and show a strong
association of low protein expression with the histological grade
(p = 0.05) and tumor size (p = 0.01) of breast cancer patients.
The downregulated expression of FOXO1 protein in the
advanced stages (III and IV) of breast cancer suggests its
repressive role in tumor progression and can be considered
as the prognostic marker. Further, our investigation of FOXO1
gene promoter methylation represented the hypermethylation
(61.41%) of the FOXO1 promoter region in most cases and a
significant association (p = 0.0001) was found between the
promoter methylation and protein expression of the FOXO1

TABLE 7 | (Continued) Correlation analysis between FOXO1 methylation and FOXO1 protein expression in stratification by various clinical characteristics of Breast cancer
patients from North India.

Clinical characteristics Total methylated (n = 78) FOXO1 methylation status FOXO1 expression p Value Chi-squared

Absent Present

(III) 25(19.69) 18 M 16 02
U 07 00 0.35 0.84

Molecular Subtypes
M 25 01 0.0005* 12.03

Luminal A 45(35.43) 26 U 10 09
M 28 02

Luminal B 51(40.16) 30 U 14 07 0.01* 6.04
M 11 01

Her2neu Enriched 17(13.38) 12 U 00 05 0.0003* 12.98
M 10 00

TNBC 14(11.03) 10 U 01 03 0.002* 9.54
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gene. (Table 5, 6). Also, the FOXO1 promoter methylation
exhibited significant association (p = 0.04) with the menopausal
status of the female breast cancer patients, 65.38% (51/78) cases
that showed promoter methylation were post-menopausal.
Recent studies on Dysregulation of gene expression revealed
the prominent role of epigenetics in gene silencing other than
mutation, our study reveals FOXO1 promoter methylation to be
associated with low or no expression of FOXO1 protein in breast
cancer tissue in comparison to the adjacent normal tissue.

This study reports the tumor-suppressive role of FOXO1 in
the case of Indian breast cancer patients and our data also
suggested FOXO1 exhibited prognostic importance. Its
downregulation is closely associated with the prognosis of the
disease and different clinical parameters of the patients. We
suggest that FOXO1 can be taken as a biomarker in the case
of breast cancer and further research can be carried out to find
therapeutic strategies in targeting the FOXO1 gene.
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Exploration of Potential Biomarker
Genes and Pathways in Kawasaki
Disease: An Integrated in-Silico
Approach
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Archan Sil 2 and Surjit Singh2

1Genetic Metabolic Unit, Department of Pediatrics, Advanced Pediatric Centre, Post Graduate Institute of Medical Education &
Research, Chandigarh, India, 2Allergy Immunology Unit, Department of Pediatrics, Advanced Pediatric Centre, Post Graduate
Institute of Medical Education & Research, Chandigarh, India

Kawasaki disease (KD) is a common childhood systemic vasculitis with a special
predilection for coronary arteries. Even after more than five decades of the initial
description of the disease, the etiology of KD remains an enigma. This transcriptome
data re-analysis study aimed to elucidate the underlying pathogenesis of KD using a
bioinformatic approach to identify differentially expressed genes (DEGs) to delineate
common pathways involved in KD. Array datasets from the Gene Expression Omnibus
database were extracted and subjected to comparative meta-analysis for the identification
of prominent DEGs. Fifteen hub genes with high connectivity were selected from these
DEGs (IL1B, ITGAM, TLR2, CXCL8, SPI1, S100A12, MMP9, PRF1, TLR8, TREM1, CD44,
UBB, FCER1G, IL7R, and FCGR1A). Of these 15 genes, five genes (CXCL8, FCGR1A,
IL1B, TLR2, and TLR8) were found to be involved in neutrophil degranulation. To gain
further insight into the molecular mechanism, a protein–protein network was established.
Significantly enriched pathways based on the above-mentioned genes were mainly
centered on biological regulation and signaling events. In addition, the pathway
analysis also indicated that the majority of the DEGs in KD were enriched in systemic
lupus erythematosus, suggesting a strong interplay between immunological and genetic
factors in the pathogenesis of KD. These findings could significantly aid in identifying
therapeutic targets and understanding KD biosignatures to design a biomarker panel for
early diagnosis and severity of the disease.

Keywords: bioinformatics, biomarkers, hub genes, in-silico analysis, Kawasaki disease,microarray, transcriptomics
analysis

INTRODUCTION

Kawasaki Disease (KD) is an acute childhood febrile illness predominately affecting children below
5 years. It is a systemic vasculitis with a special predilection for coronary arteries (Newburger et al.,
2004). It is now recognized as the most common cause of acquired heart disease in children in the
developed world (Banday et al., 2021). The incidence of the KD ranges from 10 to 25 per 100,000
children below five years in North America and Europe. The highest incidence of KD is reported in
children of Japanese ancestry; 350 per 100,000 children below 5 (Singh et al., 2015). Approximately
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1% of all Japanese children would develop KD by the age of 10.
Althoughmany centers in India are now diagnosing children with
KD on a regular basis, the vast majority of patients are perhaps
still going undiagnosed and unreported (Singh et al., 2015). KD
has the potential to cause severe complications and significant
morbidity andmortality. We have reported that the mortality rate
in our cohort has been 0.8%. This is significantly higher than
mortality figures of ≤0.04% reported in developed countries
(Singh et al., 2016).

Even after more than five decades of the initial description of
the disease, the diagnosis of KD is still clinical and based on a
constellation of clinical features. There is no pathognomonic
laboratory feature. Differential diagnosis of KD includes
several febrile illnesses in children, including viral infections
(e.g., measles, Epstein Barr virus, and adenovirus), scarlet
fever, toxic shock syndrome, and drug reactions like Stevens-
Johnson syndrome or serum sickness. Clinical symptoms of KD
include persistent fever for more than five days, rash, swelling of
the dorsum of hands and feet, red strawberry tongue, conjunctival
nonsuppurative injection, cervical lymphadenopathy, periungual
peeling, and diffuse mucosal inflammation (McCrindle et al.,
2017; CDC, 2020). Children with scarlet fever do not have lip
changes and eye changes, which are present in KD. While rash in
scarlet fever is characteristically sandpaper, KD can have a
pleomorphic rash. Elevated antistreptolysin O (ASO) titer,
positive throat culture for β hemolytic streptococcal group A,
and brisk response to antimicrobials are other characteristic
features of scarlet fever. Similarly, one can differentiate KD
from other common differentials based on the constellation of
clinical features (Jindal et al., 2019). Standard of care involves
high-dose of intravenous immunoglobulin (IVIG) along with oral
aspirin in the acute phase of the disease, which helps to resolve
inflammation and minimize the risk of coronary arteries
abnormalities (CAAs) (Oates-Whitehead et al., 2003).
Approximately 10%–20% of children with KD doses did not
respond to first-line therapy and persisted in having
inflammation, known as IVIG resistant KD. Despite timely
treatment, 3%–5% of patients with KD can develop CAAs. In
patients having IVIG resistant KD, the chances of development of
CAAs remain high (Ogata et al., 2013; Skochko et al., 2018;
Brogan et al., 2020). KD remains the most common cause of

acquired heart disease among children in Japan, North America,
and Europe (Banday et al., 2021).

Multiple theories regarding the etiology of KD have been
hypothesized such as infectious theory, infectious plus
autoimmunity, RNA virus theory, and superantigen theory.
However, none of them has been independently able to
provide an exact mechanism for the initiation and progression
of pathogenic mechanisms in KD (Ramphul and Mejias, 2018;
Nakamura et al., 2019). The present consensus strongly indicates
a complex interplay of infectious triggers in children with a
genetic predisposition of KD, followed by an abnormal
immune response (Dietz et al., 2017; Nakamura et al., 2019).

Over the last few years, high-throughput platforms such as
microarray have emerged as potent tools to detect differential
gene expression profiles and have been recognized as significant
clinical approaches with efficient diagnosis at the molecular level,
prognostic prediction, stratification of patients, and identification
of therapeutic targets. To date, quite a number of genes have been
examined in KD, which were usually selected based on
information regarding their function in inflammation, immune
response, and other biological mechanisms. Recently, gene
expression profiling studies have been conducted to
understand the pathophysiology of KD (Hoang et al., 2014;
Dietz et al., 2017; Wu et al., 2019; Rahmati et al., 2020; Gao
et al., 2021); however, the prognostic power of identified genes
still remains unclear. Therefore, understanding the pathogenesis
of KD is essential for identifying novel pathways that can be
targeted for therapy. The current study was conducted to find out
the most important hub genes among the known ones.

In our recent study, we explored the role of epigenetic factors
in modulating the gene expression in KD (Sharma et al., 2021).
Transcriptomic profiles in KD can reveal perturbations caused by
inflammation or infection, which could help to delineate the
pathogenesis of KD. In the present study, we extracted a large-
scale expression dataset of a similar microarray-based platform to
investigate the pathogenesis of KD. Using an integrated
transcriptomic approach, we identified differentially expressed
genes (DEGs) in KD. The underlying pathways were recognized
using functional annotation and via constructing protein–protein
interaction (PPI) network. This data from the present study could
help to conceptualize the molecular events underpinning KD and
identify diagnostic biosignature and design a biomarker panel.

MATERIALS AND METHODS

Microarray Data
Data of microarray samples with suitable gene expression was
obtained from the NCBI Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/geo/) (Edgar et al.,
2002). Using the keywords “Kawasaki Disease and Homo
sapiens,” a thorough search of the GEO database was
performed. Furthermore, the ARGEOS web tool (https://ar-
geos.org) was also used for the selection of datasets from
various public databases. After a systematic review, we
included GSE73461, GSE63881, GSE73463, and GSE68004,
GEO datasets that belong to the same array platform

TABLE 1 | Search result GEO datasets using the ARGEOS web tool.

Accession Organism Type Platform

GSE73461 Homo sapiens Expression profiling by array GPL10558
GSE73463 Homo sapiens Expression profiling by array GPL10558
GSE63881 Homo sapiens Expression profiling by array GPL10558
GSE68004 Homo sapiens Expression profiling by array GPL10558
GSE73462 Homo sapiens Expression profiling by array GPL6947
GSE73464 Homo sapiens Expression profiling by array GPL6947
GSE48498 Homo sapiens Expression profiling by array GPL570
GSE16797 Homo sapiens Expression profiling by array GPL570
GSE9864 Homo sapiens Expression profiling by array GPL6270
GSE9863 Homo sapiens Expression profiling by array GPL6271
GSE18606 Homo sapiens Expression profiling by array GPL6480
GSE109351 Homo sapiens Expression profiling by array GPL17586
GSE73577 Homo sapiens Expression profiling by array GPL4133
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GPL10558. The PRISMA checklist was followed for this study
(Supplementary Figure S1).

Differentially Expressed Genes Screening
For microarray expression data analysis ExAtlas meta-analysis
software was used (Sharov et al., 2015). The four GEO datasets
included in the present study were extracted from the GEO database.
Data normalizationwas carried out using the quantilemethod. From
the sample file, unpaired samples were removed, followed by the
generation of the gene expression matrix file. Using correlation of
log10-transformed expression level with other data, the quality of
individual samples and level of global standard deviation were
evaluated with respect to a set of pre-selected housekeeping
genes. Low-quality samples were removed from the datasets.

For statistical analysis, ExAtlas uses the algorithm applied in
the NIA Array Analysis (Zhou et al., 2019). The significance of
gene expression change was assessed by false discovery rate
(FDR) instead of p-values.

Standard Meta-Analysis
In the pairwise comparison section of ExAtlas, one of the KD
expression profiles was added as a sample for examination, and
for baseline control, its adjacent comparative pair was added.
Then, more gene expression profile pairs were added using the
meta-analysis section. Furthermore, to perform the meta-
analysis, a random-effect model was used to take into
account the variance of heterogeneity between the studies.
For each, gene symbol analysis was performed, and their effect

TABLE 2 | List of the datasets included in the study.

Accession Samples Type Summary References

GSE73461 459 Illumina HumanHT-12 V4.0
expression beadchip
Platform: GPL10558

Genome-wide analysis of transcriptional profiles in children <17 years of age with
inflammatory diseases, bacterial or viral infections, or with clinical features suggestive
of an infection

Wright et al.
2018GSE73463 233

GSE63881 341 Transcriptional profiles in KD patients at acute and convalescent phases with different
clinical outcomes were investigated

Hoang et al.,
2014

GSE68004 162 1) To define the transcriptional signature of KD that can aid in the diagnosis of
complete and incomplete KD in children; 2) to identify specific biomarkers that
objectively discriminate between KD and other mimicking conditions, including HAdV
and 3) to test the prognostic utility of GEP to determine response to IVIG therapy and
development of coronary artery abnormalities (CAAs)

Jaggi et al., 2018

TABLE 3 | Top 25 upregulated genes of the microarray meta-analyses along with their fold change values.

Upregulated genes

Gene symbol Gene name Log ratio combined Fold change combined

FDR

PPM1A Protein phosphatase, Mg2+/Mn2+ dependent 1A 1.5612 36.408 0.001274
KIR2DL5A Killer cell immunoglobulin-like receptor, two domains, long cytoplasmic tail, 5A 1.5063 32.085 0.004013
PPFIBP1 PTPRF interacting protein, binding protein 1 (liprin beta 1) 1.4856 30.594 0.000258
MBD3L5 Methyl-CpG binding domain protein 3-like 5 1.4677 29.354 0.0185
OSGIN1 Oxidative stress–induced growth inhibitor 1 1.3628 23.057 0.0319
FCAR Fc fragment of IgA receptor 1.0824 12.089 0.000323
MCEMP1 Mast cell-expressed membrane protein 1 1.0476 11.158 0
HP Haptoglobin 1.0464 11.127 0
FAM177A1 Family with sequence similarity 177 member A1 1.0097 10.227 0.000461
ANXA3 Annexin A3 1.0074 10.171 0
KCNJ15 Potassium channel, inwardly rectifying subfamily J, member 15 0.9882 9.731 5.19E-13
CEP170 Centrosomal protein 170 kDa 0.896 7.87 0.0192
FCGR1A Fc fragment of IgG, high-affinity Ia, receptor (CD64) 0.8823 7.625 0
HMX3 H6 family homeobox 3 0.8658 7.342 0
SOD2 Superoxide dismutase 2, mitochondrial 0.8651 7.33 2.84E-06
S100A12 S100 calcium-binding protein A12 0.8571 7.196 0
H2AC20 Histone cluster 2, H2ac 0.8223 6.642 0
LIMK2 LIM domain kinase 2 0.8072 6.415 0.0275
C19orf38 Chromosome 19 open reading frame 38 0.7805 6.033 0.0396
RBMS1 RNA binding motif, single-stranded interacting protein 1 0.7598 5.751 0.00032
CYSTM1 Cysteine-rich transmembrane module containing 1 0.7549 5.687 0
ALPL Alkaline phosphatase, liver/bone/kidney 0.7503 5.627 0
IL1R2 Interleukin 1 receptor, type II 0.7208 5.258 0
C1QB Complement component 1, q subcomponent, B chain 0.7202 5.251 0
CCPG1 Cell cycle progression 1 0.6979 4.988 0.0239
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was represented in terms of combined log-10 ratios and fold
changes. FDR <0.05, p-value ≤0.05 and change of ≥2-folds in
gene expression were considered significant.

Protein–Protein Interaction Network
Construction and Hub Gene Identification
Protein–protein interaction (PPI) network analysis was
performed using the Search Tool for the Retrieval of
Interacting Genes (STRING) database (https://string-db.org/
). To assess possible PPI correlations, previously identified
DEGs were mapped to the STRING database, followed by the
extraction of PPI pairs. Cytoscape software v3.9.0 (https://
cytoscape.org/) with the CytoHubba plugin was then
employed to visualize the PPI network. In our study, the
top 15 genes were considered as hub genes.

Pathway Enrichment Analysis
The biological processes that are involved with the DEGs, along with
the functional enrichment analysis, were studied using the BINGO
app (Maere et al., 2005) of Cytoscape. A hypergeometric test was
carried out using Benjamini and Hochberg FDR correction. The
Gene Ontology (GO) biological process was selected as the ontology
file for executing enrichment analyses. Furthermore, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
(Kanehisa and Goto, 2000) enrichment analysis was performed
using the online tool Database for Annotation, Visualization, and

Integrated Discovery (DAVID) (Version 6.8; https://david.ncifcrf.
gov/home.jsp) (Huang et al., 2009).

RESULTS

A systematic search of the studies was carried out up to December
2021. The search with the keywords “Kawasaki Disease” inHomo
sapiens and “expression profiling by array” resulted in 13
microarray gene expression datasets (Table 1). We have
combined those studies which implement the same
methodology/platform and where >2 datasets were available.
From 13 data sets, we have chosen four datasets which belong
to the same platform GPL10558 (Table 2).

Meta-Analysis
The meta-analysis identified overall 74 differentially over-
expressed and 52 repressed genes in KD compared to the
matched adjacent control samples. A list of the top 25
upregulated genes and 25 downregulated genes is given in
Tables 3 and 4.

Protein–Protein Interaction Network
The PPI network analysis was performed to look for the
physical and functional links of proteins encoded by the
identified DEGs in KD. A confidence score cut-off >0.9 was
considered to construct the PPI network (Figure 1).

TABLE 4 | Top 25 downregulated genes of the microarray meta-analyses along with their fold change values.

Downregulated genes

Gene symbol Gene name Log ratio
combined

Fold change
combined

FDR

RPL17P43 Ribosomal protein L17 pseudogene 43 −2.1741 149.314 7.33E-05
LRRC4B Leucine-rich repeat-containing 4B −1.9794 95.367 0.00244
OXNAD1 Oxidoreductase NAD-binding domain containing 1 −1.8402 69.215 0.006463
NR1I2 Nuclear receptor subfamily 1 group I member 2 −1.6318 42.835 0.008047
ASS1P13 Argininosuccinate synthetase 1 pseudogene 13 −1.2125 16.312 0.0476
GNLY Granulysin −0.9048 8.032 0.003075
SAMD3 Sterile alpha motif domain containing 3 −0.8114 6.477 0.006021
ITM2C Integral membrane protein 2C −0.7768 5.981 0.008414
SIRPG Signal-regulatory protein gamma −0.7626 5.789 0.00083
PYHIN1 Pyrin and HIN domain family member 1 −0.7397 5.492 0.0246
IL7R Interleukin 7 receptor −0.6883 4.879 0.000688
TLE5 Amino-terminal enhancer of split −0.594 3.927 0.000246
TMEM204 Transmembrane protein 204 −0.5689 3.706 0.0214
TXNDC5 Thioredoxin domain containing 5 (endoplasmic reticulum) −0.5602 3.633 0.0247
GNLY Granulysin −0.5543 3.583 1.47E-10
FAM83A-AS1 FAM83A antisense RNA 1 −0.5483 3.534 3.61E-06
RNF213 Ring finger protein 213 −0.5095 3.232 6.75E-05
SLAMF6 SLAM family member 6 −0.5078 3.219 0.0473
WASH3P WAS protein family homolog 3 pseudogene −0.488 3.076 0.0071
ADGRG1 Adhesion G protein-coupled receptor G1 −0.4751 2.986 1.35E-09
GZMK Granzyme K −0.4613 2.893 3.27E-07
POLR3GL Polymerase (RNA) III (DNA directed) polypeptide G (32kD)-like −0.4545 2.848 2.25E-05
SERPINA13P Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 13,

pseudogene
−0.4539 2.844 0.000964

IL32 Interleukin 32 −0.4476 2.803 1.8E-06
RUNDC3A RUN domain containing 3A −0.4169 2.612 0.0124
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To identify hub proteins in the PPI network, the degree of
each node in the network was calculated by using the
Network Analyzer tool of Cytoscape software. The degree
of a node is defined as the number of edges connected to the
node. Nodes with higher degrees play a crucial role in the
organization of the PPI network, and therefore they might be
more crucial and relevant than non-hub genes
(Vallabhajosyula et al., 2009). In this study, nodes with
degrees >15 are considered to indicate “hub proteins” and
are presented in Table 5. Interleukin 1-Beta (IL1β) had the
highest degree of node (54), followed by Integrin αM
(ITGAM) and Toll-like receptor-2 (TLR2), with their
degrees of nodes being 44 and 42, respectively.

Pathway Enrichment Analyses
The BINGO plugin of Cytoscape was used to perform Gene
Ontology (GO) functional enrichment analyses (Figure 2).
Yellow nodes are significantly over-represented, while the
white nodes are not significantly over-represented and are
included only to show the yellow nodes in reference to the GO
hierarchy. The size of a node is proportional to the number of
query genes that are annotated to the corresponding GO
category. The top 20 GO categories based on their
respective node sizes, which are significantly over-
represented in our study, are listed in Table 6. Among
these significantly over-represented categories, the highest
node size was reported for the biological regulation pathway

FIGURE 1 | The protein–protein interaction (PPI) network analysis of differentially expressed genes in KD. The network was constructed by Cytoscape based on the
PPI correlations from the STRING database.
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followed by a response to stimulus and signaling. It is
interesting to find that 25 genes (ANXA3, BPI, C1QB,
CCR1, CD55, CLEC4D, CXCL8, FCGR1A, IL18R1, IL18RAP,
IL1B, IL32, LCN2, LILRA6, LTB4R, LY96, PGLYRP1, PRDX2,
RAB27A, SH2D1A, TLR1, TLR2, TLR8, TREML1, and
TRIM25) were found to be common in top 5 pathways.
This shows the importance of these genes in the flow of
information in reference to the pathophysiology of the
diseases. Of these 25 genes, five genes are common in
between hub genes; CXCL8, FCGR1A, IL1B, TLR2, and TLR8.

Gene Set Overlap for Upregulated Genes
As shown in Figure 3 and Table 7, the analysis identified
significantly overrepresented categories (FDR<0.05) of GO
molecular function for the upregulated genes. These include
“neutrophil degranulation,” “tertiary granule membrane,” and
“IgG binding.” Among them, “neutrophil degranulation” and
“tertiary granule membrane” were the most significantly
enriched biological processes (Figure 3), while most of the
proteins encoded by the upregulated genes (number = 50) were
found to be located in the “neutrophil degranulation”
(Table 7).

Kyoto Encyclopedia of Genes and Genomes
Pathway Analysis
KEGG pathway analysis indicated that the majority of the DEGs in
KD was enriched in systemic lupus erythematosus (SLE) (Table 8).

DISCUSSION

Despite recent advancements in clinical research, the exact
etiology of KD is still poorly understood, and there is no
laboratory test for confirmation of diagnosis, especially when
the clinical presentation is incomplete or atypical. As a result,
early diagnosis of KD may be different to establish. Growing
evidence from the immunological, molecular, genetic, and
epigenetic studies reveal that epidemiology might differ based

on the infectious trigger for KD, especially in some children with
a predilection based on genetic factors (Agarwal and Agrawal,
2017; McCrindle et al., 2017; Noval Rivas and Arditi, 2020;
Sharma et al., 2021). In such individuals, a putative primary
immune response may be activated in mucosal lymphoid tissues.
This is then followed by activation of a cytokine cascade resulting
in an uncontrolled systemic immune response. Inflammation of
medium-sized vessels (especially the coronary arteries) probably
results from the extravasation of immune cells in the sub-
endothelium. Involvement of coronary arteries results in the
development of coronary artery abnormalities (CAAs)
(Senzaki, 2006). Therefore, early diagnosis of KD is essential
for management decisions in children with KD.

In the last decade, several studies have been conducted to
identify the genetic markers for KD; however, a consistent
molecular marker having a significant prognostic value has not
yet been determined. Furthermore, it is known that despite
treatment, approximately 3%–5% of patients with KD would
still develop CAAs. Therefore, understanding the pathogenesis of
KD is essential for identifying novel pathways that can be targeted
for therapy. The current study used an integrated transcriptomic
analysis approach to identify DEGs with significant expression
change in KD. These molecular biomarkers may be used as a
novel multifunctional biomarker panel for diagnosis and
therapeutic targets in patients with KD.

Recently, several studies have been conducted on gene
expression and genome-wide association in patients with KD.
However, there is no consensus on specific genes or biological
pathways responsible for the pathogenesis of KD (Popper et al.,
2007; Burgner et al., 2009; Onouchi et al., 2012; Xie et al., 2018;
Chen et al., 2020; Johnson et al., 2021). The present study aims to
pin down specific genes using large-scale datasets on microarray
profiles from the GEO database and with the aid of
bioinformatics provide key hub genes. Genome-wide
expression data in whole-blood samples of KD patients and in
controls were obtained using four different GSE datasets with the
same array platform, and an integrated bioinformatic analysis
was performed. As a result, 126 shared DEGs were screened out
and these were mainly enriched in immune and inflammatory
responses. The identified 15 hub genes were all significantly
upregulated in KD. After careful inspection, we found that five
of the 15 hub genes, including ITGAM, MMP9, S100A12, TLR2,
and FCER1G, were involved in the top GO item neutrophil
degranulation.

The top 10 hub genes from the analyzed data sets in our
study were IL-1β, ITGAM, TLR2, CXCL8, SPI1, S100A12,
MMP9, PRF1, TLR8, and TREM1. Of these, IL-1β had the
highest degree of a node (Lau et al., 2008). IL-1β is a potent
proinflammatory cytokine that has been responsible for
chronic inflammatory conditions such as cardiovascular
disease, coronary artery lesions, and vasculopathy, relevant
to the pathogenesis of KD (Lee et al., 2012). Enhanced
circulating levels of IL-1β have been reported in KD
patients as compared to controls (Hoang et al., 2014; Porritt
et al., 2020). Upregulated IL-1β expression is associated with
IVIG resistance (Weng et al., 2010; Fu et al., 20192019).
Studies have shown that administration of IL-1 receptor

TABLE 5 | Top 15 hub genes with high degrees of connectivity in patients with KD.

Genes Betweenness centrality Closeness centrality Degree

IL1B 0.19793249 0.43856333 54
ITGAM 0.08124394 0.40347826 44
TLR2 0.10349151 0.41281139 42
CXCL8 0.07645807 0.40773286 42
SPI1 0.08767911 0.38538206 34
S100A12 0.07193145 0.36535433 29
MMP9 0.0400542 0.38410596 27
PRF1 0.05125956 0.37001595 27
TLR8 0.01113809 0.36535433 26
TREM1 0.01784325 0.35474006 25
CD44 0.08380828 0.38157895 25
UBB 0.10610165 0.33237822 24
FCER1G 0.01477434 0.33819242 23
IL7R 0.01549726 0.3625 23
FCGR1A 0.01234507 0.35474006 21
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antagonist (anakinra) in the KD mice model effectively
prevents the development of coronary artery aneurysm,
vasculitis, and myocarditis (Lee et al., 2012; Wakita et al.,
2016). Based on the genetic and transcriptomic studies and
evidence from the mice-model studies, anakinra is undergoing
clinical trials (clinicaltrials.gov: NCT02179853) for the
treatment of patients with KD.

The KEGG pathway analysis indicated that most DEGs were
enriched in SLE and may thus be immune response-associated
genes. While overlap of SLE and KD has been occasionally
reported in the literature, this is extremely unusual. Both KD

and SLE are immune-mediated disorders characterized by
distinctive clinical features. However, some clinical findings
are common to both conditions. These include fever,
lymphadenopathy, arthritis or arthralgia, ocular and mucosal
manifestations, rash, and multisystemic involvement. In
addition, there appears to be a strong interplay between
immunological and genetic factors in the pathogenesis of both
KD and SLE (Guleria et al., 2020; Saez-de-Ocariz et al., 2020).
ITGAM (Integrin αM) was one such gene with the second highest
degree of nodes (44) in our analysis. ITGAM is associated with
SLE (Han et al., 2009) and is found to be upregulated in KD

FIGURE 2 | Enrichment network of the shared DEGs based on biological processes. Biological process network of differentially expressed genes of KD patients
using the BINGO app of Cytoscape. Large nodes indicate more genes involved, and the size of a node is proportional to the number of targets in the GO category. Yellow
nodes indicate the genes playing a significant role in KD: p-value < 0.05.
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patients with vasculopathy (Hom et al., 2008; Reindel et al., 2013).
ITGAM, also known as CD11b, belongs to the integrin family and
is involved in the regulation of neutrophils, monocyte activation,
adhesion, and migration to damaged endothelium associated
extracellular matrix. Moreover, studies have shown increased

ITGAM levels in peripheral blood and upregulated protein
expression in patients with KD (Reindel et al., 2013; Wu et al.,
2019).

Immune system activation is one of the major pathogenic
mechanisms of KD. These pathways play a crucial role in the

TABLE 6 | List of top 20 significantly overrepresented GO categories derived from the BINGO analysis output, based on our data. The list has been arranged in descending
order of node size.

Name Description GO Average
shortest path

length

Betweenness
centrality

Closeness
centrality

Node size Adjusted p
value

No. of
genes

65,007 Biological regulation 4.07075472 0.41100745 0.24565469 23.7486842 0.0394 43
50,896 Response to stimulus 4.27830189 0.24678813 0.2337376 20.4939015 0.0000 40
23,052 Signaling 4.65566038 0.02528647 0.2147923 17.8885438 0.0043 50
6,950 Response to stress 5.17924528 0.03215335 0.19307832 16.3707055 0.0000 67
23,033 Signaling pathway 5.52358491 0.01811721 0.18104184 15.7480157 0.0009 105
23,060 Signal transmission 5.16509434 0.02117959 0.19360731 14.832397 0.0314 28
23,046 Signaling process 4.58018868 0.02435299 0.21833162 14.832397 0.0314 20
7,165 Signal transduction 5.52358491 0.02548615 0.18104184 14.4222051 0.0164 34
2,376 Immune system process 4.55660377 0.07892457 0.2194617 14.1421356 0.0000 62
42,221 Response to chemical stimulus 5.14622642 0.01607496 0.19431714 13.8564065 0.0009 48
65,008 Regulation of biological quality 4.95283019 0.03262659 0.20190476 13.4164079 0.0162 32
6,955 Immune response 5.0990566 0.03425987 0.19611471 13.114877 0.0000 42
7,166 Cell surface receptor linked signaling

pathway
6.51886792 0 0.15340087 12.9614814 0.0031 80

6,952 Defense response 6.0754717 0.00547133 0.16459627 12.6491106 0.0000 37
23,034 Intracellular signaling pathway 6.10377358 0.00418892 0.16383308 12.1655251 0.0132 45
10,033 Response to organic substance 5.94811321 0.00434888 0.16812054 11.6619038 0.0009 52
35,556 Intracellular signal transduction 6.33490566 0.01587904 0.15785555 11.3137085 0.0019 55
9,611 Response to wounding 6.16509434 0.00429051 0.16220352 10.5830052 0.0000 55
6,468 Protein amino acid phosphorylation 8.49528302 3.87E-04 0.11771238 9.38083152 0.0438 141
6,954 Inflammatory response 7.06132075 4.47E-05 0.14161657 8.94427191 0.0001 22

FIGURE 3 | Graphical representation of significantly overrepresented individual categories of GO molecular function for the upregulated genes.
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innate immune response by recognizing pathogen-associated
molecular patterns (PAMPs) of infectious agents. Huang
et al. (2009) found that mRNA levels of TLR2 and TLR8
were significantly elevated in patients with KD as compared
to controls. Furthermore, after treatment with IVIG therapy,
the level of TLR mRNA expression in KD patients was
decreased. Studies have shown that augmented expression
of TLR2 on CD14+ monocytes is observed in patients with KD
and in coronary arteritis mice model, suggesting their role in
immunopathogenesis (Rosenkranz et al., 2005; Lin et al.,
2012; Mitsui et al., 2014). Therefore, these TLRs may be
used as inflammatory biomarkers for the identification of
patients with KD.

CXCL2, also known as interleukin-8 (IL8), is a member of
the CXC chemokine family, known to possess tumorigenic
properties. It is involved in proinflammatory activities, such
as neutrophil degranulation, amelioration of adhesion
molecule expression on neutrophils’ surfaces and
directional migration of neutrophils (Brat et al., 2005). In
the acute phase of KD, IL-8 is overexpressed in mononuclear
cells and polymorphonuclear neutrophils of patients with KD
as compared to controls (Lin et al., 1992; Asano and Ogawa,
2001). Furthermore, Asano et al. showed that IL-8 protein
and the neutrophil chemoattractant activity within plasma
were increased in the acute phase of KD and were
significantly elevated following IVIG therapy (Asano and
Ogawa, 2001).

Spi-1 proto-oncogene (SPI1) is a protein-coding gene mainly
involved in the activation, differentiation, activation, and migration
of macrophages or B cells. This gene was also identified as one of the
hub genes in a study by Gao et al. (2021). The role of the SPI1 gene is
yet not explored in KD.

Activation of TREM-1 (triggering receptor expressed on
myeloid cells-1), trigger receptor is found to be associated

with the pathogenesis of KD. Zhao et al. have shown that
serum soluble TREM-1 protein concentrations were
significantly higher in the acute phase of KD as compared
to controls, indicating its involvement in vasculitis and CAAs
in patients with KD (Zhao and Wang, 2016). Our results
confirm that the expression of the TREM gene was
significantly upregulated in patients with KD.

S100 calcium-binding protein A12 (S100A12) belongs to
the S100 protein family. Serum SAA00A12 levels were
significantly higher in patients with KD, and the levels
declined significantly after treatment with IVIG (Foell et al.,
2003; Abe et al., 20051950; Armaroli et al., 2019; Lech et al.,
2019; Gao et al., 2021). Furthermore, expression of S100A12
increased on the surface of circulating endothelial cells of
patients with KD and persisted for a longer duration in KD
patients with CAAs, indicating the role of S100A12 in the
development of CAAs. In addition, S100A12 stimulates
monocytes to produce IL-8, which in turn induces coronary
artery endothelial cell dysfunction (Armaroli et al., 2019). Li
et al. have shown that IVIG therapy and S100A12 antibody had
similar effects on reducing neutrophil infiltration (Lin et al.,
1992). Data from these studies highlight the potential of
S100A12 as an imperative biomarker for monitoring
patients with KD. Despite this, detailed mechanisms
through which S100A genes regulate the pathogenesis of
KD have not yet been well studied. We hope that our
results will enhance our understanding of the role of the
S100A gene family in the pathogenesis of KD.

Matrix metalloproteinases-9 (MMP-9) has been
implicated in the pathogenesis of several disorders,
including tumor metastasis, inflammatory disorders, and
atherosclerosis (Sakata et al., 2010). The role of MMP-9 in
the pathogenesis of KD has also been highlighted.
Overexpression of MMPs induces degradation of the

TABLE 7 | Significantly enriched GO Molecular functions of DEGs.

Title z-value FDR Fold
enrichment

N
genes

Genes

GO: 0043312, neutrophil
degranulation

17.3639 0 7.6743 50 STXBP2, FCAR, CRISPLD2, LILRA3, RETN, S100P, CDA, TCN1, ITGAM, BST1,
CAMP, OSCAR, PGLYRP1, CD55, MMP9, CEACAM8, LCN2, SLPI, CLEC4D,
CYSTM1, FOLR3, MCEMP1,MMP25, QSOX1, RAB27A, VNN1, PGM2, GPR84, FTH1,
CKAP4, S100A11, MAPK14, S100A12, ORM1, SIGLEC14, CANT1, TLR2, HP, QPCT,
SIRPB1, CEACAM3, TNFAIP6, BPI, HSPA1A, FCER1G, CEACAM1, GYG1, ANXA3,
RAB31, and CD44

GO: 0035580, specific granule
lumen

15.6351 0 17.9727 15 ORM1, CANT1, HP, QPCT, BPI, RETN, TCN1, CAMP, OSCAR, PGLYRP1, LCN2,
SLPI, FOLR3, QSOX1, and RAB27A

GO: 1904724, tertiary granule
lumen

15.536 0 18.9095 14 MMP9, PGLYRP1, OSCAR, QSOX1, FOLR3, CDA, CAMP, TCN1, TNFAIP6, ORM1,
FTH1, QPCT, HP, and CANT1

TABLE 8 | Significantly enriched KEGG pathway of DEGs.

Title z-value FDR Fold
enrichment

N
genes

Genes

Systemic lupus
erythematosus

4.758 0 3.9336 10 H2AC21, HLA-DRB5, H2BC18, C1QB, H2AC20, FCGR1A, H2BC21, H2AC18, H2BC5,
and H3C4
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extracellular matrix. Takeshita et al. (2001) hypothesized that
in patients with KD, activated neutrophils and monocytes
produce MMP-9 in large amounts, that upon migration leads
to the breakdown of basement membrane that resulting in
vascular damage and coronary artery inflammation. This
hypothesis was validated in the mice model by Lau et al.
(2008). Studies have shown that serum levels of MMP-9 are
elevated in KD patients and were found to play an important
role in the development of CAAs (Takeshita et al., 2001; Chua
et al., 2003; Gavin et al., 2003; Wu et al., 2019). Perforin-1
(PRF1) is one of the major cytolytic proteins of cytolytic
granules. One of the main pathways of lymphocyte-mediated
cytolysis entails the secretion onto target membranes of
cytolytic granules contained in cytolytic effector
lymphocytes of T-cell or NK-cell type (https://omim.org/
entry/170280). This gene is related to hemophagocytic
lymphohistiocytosis (HLH) but has no reports in KD. We
assumed that together all these hub genes may play a key role
in the pathogenesis of KD. However, future studies need to be
conducted to verify this hypothesis.

CONCLUSION

The integrated transcriptomic approach, along with the
bioinformatic analysis used in the present study, helped to
reveal deregulated molecular mechanisms explaining the
underlying etiology of KD. Furthermore, using data from

more than one microarray dataset and their healthy controls
helped eliminate the potential influences of clinical, demographic,
and environmental factors on transcriptomic analysis. The 10
hub genes may provide clues to understanding the pathogenesis
of KD pathogenesis and could be used to design a biomarker
panel to monitor patients with KD.
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Ecological genomics approaches have informed us about the structure of genetic
diversity in natural populations that might underlie patterns in trait variation. However,
we still know surprisingly little about the mechanisms that permit organisms to adapt to
variable environmental conditions. The salt marsh foundation plant Spartina alterniflora
exhibits a dramatic range in phenotype that is associated with a pronounced intertidal
environmental gradient across a narrow spatial scale. Both genetic and non-genetic
molecular mechanisms might underlie this phenotypic variation. To investigate both,
we used epigenotyping-by-sequencing (epiGBS) to evaluate the make-up of natural
populations across the intertidal environmental gradient. Based on recent findings, we
expected that both DNA sequence and DNA methylation diversity would be explained by
source population and habitat within populations. However, we predicted that epigenetic
variation might be more strongly associated with habitat since similar epigenetic
modifications could be rapidly elicited across different genetic backgrounds by similar
environmental conditions. Overall, with PERMANOVA we found that population of
origin explained a significant amount of the genetic (8.6%) and epigenetic (3.2%)
variance. In addition, we found that a small but significant amount of genetic and
epigenetic variance (<1%) was explained by habitat within populations. The interaction
of population and habitat explained an additional 2.9% of the genetic variance and 1.4%
of the epigenetic variance. By examining genetic and epigenetic variation within the
same fragments (variation in close-cis), we found that population explained epigenetic
variation in 9.2% of 8,960 tested loci, even after accounting for differences in the DNA
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sequence of the fragment. Habitat alone explained very little (<0.1%) of the variation in
these close-cis comparisons, but the interaction of population and habitat explained
2.1% of the epigenetic variation in these loci. Using multiple matrix regression with
randomization (MMRR) we found that phenotypic differences in natural populations
were correlated with epigenetic and environmental differences even when accounting for
genetic differences. Our results support the contention that sequence variation explains
most of the variation in DNA methylation, but we have provided evidence that DNA
methylation distinctly contributes to plant responses in natural populations.

Keywords: epigenomic analysis, foundation plant, Spartina alterniflora, non-genetic inheritance, salt marsh
ecology, ecological genomics

INTRODUCTION

The importance of genetically based variation within species
has been well accepted in the field of evolutionary biology, but
further analyses are required to understand the mechanisms that
enable organisms to adapt to conditions in novel or challenging
environments. In addition to patterns of genetic variation that
have been associated with different environmental challenges
(Bock et al., 2015; Hodgins et al., 2015; Neinavaie et al.,
2021), increasing evidence suggests that epigenetic variation (e.g.,
alterations to DNA methylation, small RNAs, and chromatin
remodeling) plays a role in ecology, and that this variation can
be both environmentally induced and contribute to phenotypic
plasticity (Cortijo et al., 2014; Medrano et al., 2014; Robertson
and Richards, 2015; Banta and Richards, 2018; Ashe et al.,
2021; Mounger et al., 2021a; Stajic and Jansen, 2021). This
additional source of variation may be particularly important
for sessile organisms such as plants, given that individuals are
unable to migrate away from stressors (Dodd and Douhovnikoff,
2016; Balao et al., 2018). Many plant species persist across
broad ranges in environmental conditions, and phenotypes are
known to vary in response (Schlichting, 1986; Des Marais et al.,
2013; Gratani, 2014). The association of phenotypic variation
with environmental variation is particularly evident in coastal
ecosystems, where plant species are exposed to substantial
fluctuations in inundation, salinity, and soil conditions (Pennings
and Bertness, 2001; Richards et al., 2005; Lewis et al., 2021).
As plants increasingly face habitat loss, competition from
invasive species, and extreme weather conditions resulting from
anthropogenic global change, rapid phenotypic modifications
moderated by epigenetic mechanisms may be an important
component of response (Nicotra et al., 2010). This source of
variation could be especially important in ecosystems impacted
by the most dramatic intensifications or shifts in climatic
and habitat conditions (Nicotra et al., 2015; Burggren, 2016;
Jueterbock et al., 2020; Mounger et al., 2021b).

Our understanding of the role of epigenetic regulatory
mechanisms in plant trait response is primarily based on research
with model organisms or from agriculture (Niederhuth and
Schmitz, 2017; Balao et al., 2018; Miryeganeh and Saze, 2020). In
these contexts, epigenetic mechanisms such as DNA methylation
and histone modifications have been shown to play a role in
stress response to salinity, drought, temperature, fluctuating

nutrient levels and UV radiation (reviewed in Miryeganeh
(2021)). However, the examination of these relationships in more
natural settings is expanding (Richards et al., 2017; Jueterbock
et al., 2020; Sarma et al., 2020, 2021; Mounger et al., 2021a,b;
Boquete et al., 2022). For instance, several population epigenetics
studies have demonstrated that DNA methylation varies with
population structure and habitat (Lira-Medeiros et al., 2010; Paun
et al., 2010; Schulz et al., 2014; Xie et al., 2015; Foust et al.,
2016; Herrera et al., 2017; Gao et al., 2019; Gáspár et al., 2019;
Mounger et al., 2021b). Studies of non-model plant species have
also shown changes in DNA methylation that are associated
with community composition (van Moorsel et al., 2019), abiotic
stress response (Verhoeven et al., 2010; Nicotra et al., 2015;
Li et al., 2020; Boquete et al., 2022), biotic interactions such
as herbivory (Herrera and Bazaga, 2011; Alonso et al., 2019),
and transgenerational plasticity (Herman and Sultan, 2016; Puy
et al., 2021a,b). Despite this body of work, few studies have
simultaneously analyzed genetic, epigenetic, and environmental
factors to establish if and how much they each contribute to
functional variation (e.g., Herrera et al., 2017; Wang et al., 2017).

Spartina alterniflora L. (Poaceae) populations provide a
unique opportunity to explore the mechanisms that underlie
phenotypic response to environmental challenges. Throughout
the native range of S. alterniflora, a predictable change in
phenotype is associated with repeated instances of the intertidal
environmental gradient (Figure 1). On the leading edge of the
shoreline, plants grow tall, sometimes exceeding 2 m in height.
As elevation climbs away from the water, plants decrease in
height and may not reach 0.25 m at the highest elevations
(Pennings and Bertness, 2001; Richards et al., 2005; Voors,
2018). Plants along this gradient are exposed to tides at varying
frequency, with plants in the low marsh (closest to tidal creeks
and bays) experiencing regular tidal inundation and plants in
the high marsh receiving less frequent exposure to flooding. Salt
deposits accumulate to a greater degree in the high marsh soil
as a combined result of evapotranspiration and diminished tidal
flushing (Bertness and Ellison, 1987; Pennings et al., 2005). In
addition, differences in competition, edaphic conditions, water
content, elevation, and herbivory can drive phenotypic variation
in this species (Richards et al., 2005; Wiêski and Pennings, 2014;
Zerebecki et al., 2017; Voors, 2018). Previous studies on whether
the phenotypic differences in so called short-form versus tall-
form S. alterniflora are genetically based have been equivocal
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FIGURE 1 | Trait variation in Spartina alterniflora is correlated with tidal inundation across the marsh. Tall-form plants (>2 m) grow adjacent to tidal creeks in the low
marsh where they are inundated daily. Plants decrease in height across increasing elevation such that short-form plants (<0.25 m) are found in the high marsh where
exposure to tidal flooding is less often and for less duration. Perigean spring tides are extremely high tides often referred to as “King Tides” which reach the highest
elevation in the marsh. They happen 6–8 times a year and inundate the entire salt marsh community (see: https://oceanservice.noaa.gov/facts/perigean-spring-tide.
html).

(Stalter and Batson, 1969; Shea et al., 1975; Valiela et al., 1978;
Gallagher et al., 1988). However, a recent reciprocal transplant
study demonstrated that plants from the high and low marsh
habitats were differentiated genetically and in several plant
traits, which translated into fitness differences, supporting the
hypothesis of local adaptation (Zerebecki et al., 2021).

In addition to well-documented differences in plant traits that
are associated with environmental variation, native populations
of S. alterniflora harbor high genetic diversity within natural
populations (Richards et al., 2004; Travis et al., 2004; Hughes and
Lotterhos, 2014; Foust et al., 2016; Zerebecki et al., 2021). This
high genetic diversity could allow for fine-scale differentiation
across the landscape considering the persistent differences in
habitats. This species is known to be resilient to both natural
(Pennings and Bertness, 2001; Edwards et al., 2005; Pennings
et al., 2005) and anthropogenic stressors (Lin and Mendelssohn,
2012; Lin et al., 2016; Robertson et al., 2017; Alvarez et al., 2018).
Response to these environmental conditions may be attributable
to both genetic and non-genetic variation. For instance, recent
work in S. alterniflora has shown that differences in DNA
methylation were associated with different natural habitats (Foust
et al., 2016), exposure to crude oil (Robertson et al., 2017) and
with hybridization and allopolyploidization events that occurred
during the process of invasion (Salmon et al., 2005). However,
linking molecular mechanisms to trait variation and fine-scale
environmental variation remains a daunting task.

Strategic application of multivariate statistics allows us to gain
some insight into the relationships between genetic, epigenetic,
environmental and phenotypic variation (Herrera et al., 2017;
Wang et al., 2020). In this study, we used epigenotyping-by-
sequencing (epiGBS) combined with measures of environmental
factors and plant phenotypic variation to associate patterns
of genomic and epigenomic diversity with environmental and
phenotypic variation in natural S. alterniflora populations. We
expected that DNA sequence variation would be explained by
source population and habitat type (low and high marsh) within

populations. We also predicted that DNA methylation patterns
would be explained by both source population and habitat type,
but more strongly associated with habitat type, since across
genetic backgrounds similar epigenetic modifications could be
elicited in response to similar environmental conditions. Finally,
we used multiple matrix regression analysis with randomization
(MMRR) to evaluate associations of a phenotypic distance matrix
with matrices of genetic, epigenetic, and environmental distances.
We predicted that the epigenetic differences and environmental
differences would associate with differences in traits, even when
accounting for genetic distances.

MATERIALS AND METHODS

Study Species and Site Description
Spartina alterniflora is a coastal salt marsh foundation species
(sensu Ellison, 2019) that alters environmental conditions, builds
land through the accumulation of sediments and organic matter,
provides nursery grounds for numerous fish species, regulates
trophic interactions, and serves as a crucial primary producer
within subtropical and temperate estuarine environments
(Pennings and Bertness, 2001; Lewis and Eby, 2002; Hughes
and Lotterhos, 2014; Bertness, 2020; Hays et al., 2021). This
species reproduces clonally by rhizomes (Pennings and Callaway,
2000), and sexually through completely outcrossed seeds (Somers
and Grant, 1981). The relative contribution of each type of
reproduction is unknown, but these populations have average
levels of genetic diversity compared to non-clonal outcrossing
species with otherwise similar life history characteristics (sensu
Hamrick and Godt, 1996; Zerebecki et al., 2021).

We collected S. alterniflora individuals in two habitat types
(low, or seaward, and high, or landward, parts of the salt marsh)
at three sites near Charleston, South Carolina: Fort Johnson (N
32.74910; W 79.89822), Folly Beach (N 32.64436; W 79.96564),
and Bowens Island (N 32.68027; W 79.95389; Figure 2). Mean
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FIGURE 2 | Map of the James Island region near Charleston, South Carolina,
United States. We sampled from two habitats (low and high marsh) in three
populations: Fort Johnson (FJ), Bowens Island (BI), and Folly Beach (FB).

tidal range at these sites is between 1.59 and 1.65 m (U.S. NOAA
National Ocean Service, Charleston, Cooper River Entrance, SC
– Station ID: 8665530; Highway 171 Bridge, Folly Creek, SC –
Station ID: 8665424; Folly River Bridge, Folly River, SC – Station
ID: 8666652). The salt marshes within each site were typical
of those in the southeastern United States, with S. alterniflora
as the dominant plant species occurring across a wide range
of salinity and soil conditions (Pennings and Bertness, 2001;
Richards et al., 2005; Voors, 2018). We defined each site as a
distinct population of potentially interbreeding individuals based
on previous work in these locations (Zerebecki et al., 2021). The
low marsh habitat occurred near tidal creek banks, was tidally
inundated daily, and was characterized by the so-called tall-form
of S. alterniflora (average height of 131 cm; Voors, 2018). The
high marsh habitat was flooded less frequently, had higher soil
salinity, and supported the short-form of S. alterniflora (average
height of 53 cm; Voors, 2018).

During a 3-day period in August 2016, we established low-
and high-marsh transects that ran parallel to the marsh-open
water interface, and were separated by a minimum distance of
20 m. We ran a 50 m transect in each habitat at each site and
laid down flags at randomly selected positions along each transect
to establish ten 0.5 m × 0.5 m plots. The low marsh transects
were within 2 m of tidal creeks. In a 0.25 m × 0.25 m quadrat in
the center of each plot, we recorded densities of live and dead
S. alterniflora stems. We then haphazardly flagged five stems
in each plot and measured the stem height and the number
of live leaves on each flagged stem. We collected a leaf sample
from each flagged stem (i.e., 3 populations × 2 habitats × 10
plots× 5 stems = 300 individual plant samples) for (epi)genomic
analyses and flash froze them in the field in liquid nitrogen before
storing them long-term in −80◦C. We collected an additional

leaf tissue sample from each of the same 300 individuals for
stable isotope analysis and kept them on ice in the field before
freezing them in the lab. We measured redox, temperature, and
salinity in a subset (min = 3) of plots along each transect. We
also counted the number of snails present, measured porewater
salinity and sediment respiration, and collected sediment samples
from each plot. From the sediment samples obtained in the
field, we recorded percent soil moisture, percent organic matter
by loss-on-ignition, soil extractable ammonium (NH4

+), soil
extractable nitrate (NO3

−), porewater NH4
+, porewater NO3

−,
microbial biomass carbon (C), and microbial biomass nitrogen
(N) in the lab as described in Voors (2018).

DNA Extractions and Library Prep
We extracted genomic DNA from the 300 samples using the
Qiagen DNeasy plant mini kit according to the manufacturer’s
protocol with some modifications (sensu Foust et al., 2016). We
prepared epiGBS libraries for 288 samples using three sets of
96 barcodes to be sequenced on three lanes of the Illumina Hi-
Seq platform following methods outlined in van Gurp et al.
(2016) and modified in Boquete et al. (2020). We digested
400 ng of genomic DNA from each sample with the enzymes
NsiI and AseI. We ligated methylated, non-phosphorylated,
barcoded adapters with variable barcodes of lengths from four
to six base pairs to either end of the resulting fragments. The
barcoded adaptors were designed so that we could identify
forward (“Watson”) and reverse (“Crick”) strands for each
fragment within each individual. Having the strand information
allows for differentiating between C/T polymorphisms and
methylation polymorphisms because we can recreate when
unmethylated cytosines were present in either strand before
bisulfite treatment without sequencing untreated samples (for
details see van Gurp et al. (2016)).

For each group of 96 samples, we allocated the samples
across eight pools and cleaned and size-selected genomic DNA
fragments greater than 200 bp using 0.8× SPRI beads (Agencourt
AMPure XP; Beckman Coulter). We repaired nicks between the
3′ fragment overhangs and the 5′ non-phosphorylated adaptor
nucleotides using a mix of dNTPs and DNA polymerase I.
We used the Zymo EZ Lightning methylation kit to bisulfite-
treat the DNA. We amplified libraries with the KAPA Uracil
Hotstart Ready Mix with the following PCR conditions: an initial
denaturation step at 95◦C for 3 min followed by 18 cycles of 98◦C
for 10s, 65◦C for 15s, and 72◦C for 15s, with a final extension
of 72◦C for 5 min. The University of Florida Interdisciplinary
Center for Biotechnology Research (UF ICBR) sequenced paired-
end reads of the libraries on three lanes of the Illumina
Platform HiSeq3000 (2 × 150 bp) in March 2017. Many of the
libraries resulted in poor sequencing quality and depth, so we
repeated library preparations. This time, we meta-pooled samples
following ligation to reduce heterogeneity during the remaining
library preparation process. Then, we sequenced 293 samples
on four lanes of the Illumina Platform HiSeq X Ten System
(2 × 150 bp) at the Novogene facility in Hong Kong in January
2019. We found that there were significantly fewer average reads
per lane in the first set of libraries than the second set (P < 10−16),
but we could not detect significant differences in the overall read
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count between populations, habitats or their interaction between
the two library preparations (Supplementary Figure 1). We
combined the sequencing from all seven lanes of data for analysis.

Data Pre-processing
We used the epiGBS2 pipeline (Gawehns et al., 2022) based on
the original epiGBS pipeline (van Gurp et al., 2016) to process
the raw sequence data. We demultiplexed, quality trimmed
sequencing reads, and removed the barcode sequences with the
original scripts as previously described (van Moorsel et al., 2019;
Mounger et al., 2021b). Then, we used the processed reads for de
novo reference construction using a minimal sequencing depth
of 100 and an identity threshold of 95% during clustering. We
used the default parameters of the epiGBS2 pipeline to call
single nucleotide polymorphisms (SNPs) and single methylation
polymorphisms (SMPs). We annotated de novo reference
sequences with DIAMOND (protein coding genes; NCBI non-
redundant proteins as reference; version 0.8.22; Buchfink et al.,
2015) and RepeatMasker (transposons and repeats; Embryophyta
as reference species collection; version 4.0.6; Smit et al., 2013–
2015). We used this annotation to identify de novo reference
contigs mapping to genes, transposons, repeats, or none of these
classes (Supplementary Table 1).

We filtered SNPs and SMPs to keep only loci with a minimum
coverage of five (i.e., five sequencing reads mapping to each
locus in the de novo reference) and a maximum coverage of
1,000 within each individual. This filtering eliminated regions
that did not have enough coverage for SNP or SMP identification
and ruled out artifacts that could result from repetitive regions
that were collapsed into a single contig (Schmid et al., 2018b).
We then removed individuals that were missing coverage for
more than 50% of the SNPs or SMPs found in the entire data
set. This filtering resulted in a final number of 211 samples for
analysis. With these 211 samples, we removed SNPs and SMPs
that were not present in at least 20 individuals per subpopulation.
We also applied an additional filter removing loci with a minor
allele frequency of 1% or less. We considered that these loci
were probably actually monomorphic given the inaccuracies of
sequencing technology (Yoder and Tiley, 2021).

Genetic Variation and Genetic Structure
We characterized genetic variation with three approaches. First,
we estimated the proportion of polymorphic loci as the number
of fragments that contained SNPs and the average number of
SNPs/kb of sequence. We then calculated allelic richness (defined
as the rarefied mean number of alleles per locus within each
population and habitat within populations as in Mounger et al.
(2021b) using the function allelic.richness from hierfstat package
(Goudet, 2005). Finally, we determined the mean and standard
deviation of observed gene diversity, and heterozygosity per
locus, with the function basic.stats within hierfstat, which is based
on Nei (1987). We also estimated overall observed heterozygosity,
total genetic diversity, total among-population genetic diversity,
mean within-population genetic diversity, and overall population
differentiation with the function basic.stats. For these analyses,
we used 8,767 SNPs with no missing values.

We tested for genetic differentiation within and among
S. alterniflora populations using three different approaches.

First, we used a multivariate ANOVA (or PERMANOVA)
with genetic distances between individuals (DIST) as a
dependent variable. We modeled the contribution of populations,
habitats, and the interaction between populations and habitats
as explanatory variables for genetic distance with 9,999
permutations (package vegan, version 2.5-7, function adonis;
Oksanen et al., 2020). To do so, we used the formula DIST ∼
population + habitat + population:habitat. Note, whereas the
“habitat” term tests for differences between habitats (high vs. low
marsh) that are common across populations, the interaction tests
for additional differences between habitats that are not shared
among populations.

Second, we used distance-based redundancy analysis (dbRDA)
to quantify the relationship between genome-wide genetic
variation and population, habitat and their interaction. This
time we used the function capscale implemented within the
vegan package (Oksanen et al., 2020). RDA is an ordination
technique that summarizes the main patterns of variation in the
response matrix, i.e., the scaled allele frequency matrix created
from the SNP data [obtained using the function scaleGen from
adegenet v. 2.1.3 (Jombart, 2008; Jombart and Ahmed, 2011)
with NA.method set to “mean”], which can be explained by our
explanatory variables. We fit the following models:

1) Genetic distance∼ population
2) Genetic distance∼ population+ habitat
3) Genetic distance ∼ population + habitat + population
× habitat

We tested the significance of the variation explained by our
explanatory variables using a Monte Carlo permutation test with
999 permutations and obtained adjusted R2 using the function
RsquareAdj from the vegan package. We corrected p-values for
multiple testing with false discovery rate (FDR; Benjamini and
Hochberg, 1995) using the “fdr” method implemented with the
p.adjust function in the base package of R.

Third, we obtained overall FST and pairwise FST values using
the functions wc and genet.dist, respectively, from the package
hierfstat. We calculated the confidence intervals of the pairwise
FST values using the function boot.ppfst from the same package,
with 999 permutations to determine whether FST values were
significantly different from zero; that is, to find evidence of
significant population differentiation. To identify candidate SNPs
under selection, we used BayeScan v. 2.1 (Foll and Gaggiotti,
2008; Fischer et al., 2011). We corrected p-values for multiple
testing with a significance threshold set to an FDR of 0.01.

Finally, we used a phylogenetic tree to assess the separation of
populations and habitats based on genetic data. For this analysis,
we used the same filtering process, but increased the MAF filter
to include only MAF > 10% and excluded loci with any missing
values. We concatenated the resulting 20,121 SNPs that survived
this filtering and performed a maximum likelihood phylogenetic
tree construction with IQ-tree (v 1.6.11) (Nguyen et al., 2015;
Trifinopoulos et al., 2016; Hoang et al., 2018). We used the
“general time reversible model with unequal rates and unequal
base frequency,” and optimized base frequencies by maximum
likelihood (GTR + FO; Tavaré, 1986). We used the codon model
for DNA, which is an ultrafast bootstrap of 1,000 on 3 CPU cores.
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Other settings were left as default. We visualized the maximum
likelihood tree with the R packages ape v. 5.5 (Paradis and Schliep,
2019) and scales v.1.1.1.9000 (Wickham and Seidel, 2020).

Epigenetic Variation and Epigenetic
Structure
We calculated the DNA methylation level at each SMP within
each individual sample (N = 211) as the number of reads mapping
to one position that showed evidence of methylation (i.e., the
bisulfite treatment did not convert the cytosine at that position)
divided by the total number of reads mapping to that position.
Then, we calculated the average level of DNA methylation for
each sequence context (CG, CHG, and CHH) and across all
contexts for plants grouped by habitat within each population
(i.e., subpopulations) as well as the proportion of loci fixed for
no methylation (i.e., methylation level ≤5% across ≥95% of the
samples) and for full methylation (i.e., methylation level ≥95%
across ≥95% of the samples).

We used a multivariate test for homogeneity of dispersions to
estimate epigenetic diversity, i.e., variation in DNA methylation
levels, following the approach of Anderson et al. (2006). This
approach measures the average distance from each individual to
their group centroid in a multivariate space using a dissimilarity
measure. We argued previously that the distance from each
individual sample to its population centroid in a multivariate
space generated using an epigenetic distance matrix provides
an estimate of the extent of the variation in DNA methylation,
i.e., epigenetic variation (Mounger et al., 2021b). Then, the
average distance of each population can be compared to
test for significant differences in the amount of epigenetic
variation among populations. Here, we applied the same logic
to evaluate epigenetic variation within subpopulations. To do so,
we generated pairwise epigenetic distance matrices by calculating
the average difference in DNA methylation level across all
cytosines between each pair of samples. Then, we used this
matrix to calculate the distance between each individual sample
and its subpopulation centroid using the function betadisper
from the vegan package version 2.4-4 (Oksanen et al., 2020).
We tested for differences in dispersion among subpopulations
using a permutation-based test of multivariate homogeneity
of group dispersions on the output of betadisper with 9,999
permutations. When this test was significant, we used the Tukey’s
Honest Significant Difference test to check which subpopulations
differed in their average distance to the centroid, i.e., in their
levels of epigenetic variation. Finally, to compare genetic and
epigenetic diversity levels, we used this approach to calculate
the distance from each sample to its population centroid using
genetic distance matrices. Genetic distances were calculated as
the average distance of all per−SNP differences between two
individuals. For each SNP, the distance was set to 0 if both alleles
were identical, 0.5 if one allele was different, and 1 if both alleles
were different (sensu Mounger et al., 2021b).

We tested for epigenetic differentiation within and among
S. alterniflora populations using similar approaches as for
genetic differentiation: (1) PERMANOVA, (2) dbRDA, and
(3) a close cis analysis for each cytosine. To assess the
effect of population and habitat on genome-wide epigenetic

variation across all sequence contexts, or each separate sequence
context (i.e., CG, CHG, and CHH), we used the same
PERMANOVA model and dbRDA. We also evaluated overall
epigenetic variation with and without accounting for genetic
structure, using partial constrained dbRDA. Partial constrained
dbRDA allows for “conditioning” the analysis of epigenetic
variation with genetic data which we summarized with principal
component analysis (PCA).

For the dbRDA, we used only SMPs with complete data, i.e., no
missing values across samples. First, we summarized the genetic
data into principal components (PCs) based on 68,317 SNPs with
alleles with a minor allele frequency (MAF) > 1%. We used the
first four PCs which combined explained ∼14% of the genetic
variation across all sequence contexts. Then, we ran the following
models to predict DNA methylation in S. alterniflora:

1) Epigenetic distance∼ population
2) Epigenetic distance∼ habitat
3) Epigenetic distance ∼ population + habitat + population
× habitat

4) Epigenetic distance ∼ population + habitat + population
x habitat+ Condition (PCs)

5) Epigenetic distance∼ Condition (PCs)

Just as for the genetic data, we tested the significance of the
variation explained by our explanatory variables using a Monte
Carlo permutation test and obtained adjusted R2, and adjusted
p-values for multiple testing to reflect FDR.

We further evaluated how much of the variation in
methylation is associated with populations and habitat before
and after controlling for the underlying genetic variation in cis
by comparing two models. We took advantage of the function
“anova” in R (version 3.5.1) which uses type I (i.e., sequential)
tests. We used the base functions lm and anova to calculate
the model terms. We collected the terms for each reference
sequence and adjusted P-values for each term for multiple testing
to reflect FDR as above. First, we modeled the average DNA
methylation level of individual reference sequences (i.e.,∼270 bp
long contigs, n = 8,960) in response to the sequence context
(CTXT), the population of origin (POP), the habitat (HAB), the
interaction between the sequence context and the population
(CTXT:POP) and habitat (CTXT:HAB), the interaction between
population and habitat (POP:HAB) and the genotype of the
reference sequence (GENO) and its interaction with sequence
context (CTXT:GENO). We fit the terms first in this order, then
compared this result to an alternative model in which POP and
HAB were fitted after GENO.

1) percent methylation ∼ CTXT + POP + HAB + CTXT:
POP + CTXT:HAB + POP:HAB + GENO +

(CTXT:GENO).
2) percent methylation ∼ CTXT + GENO + CTXT:GENO
+ POP+HAB+ CTXT:POP+ CTXT:HAB+ POP:HAB.

With this approach, the first model tested for epigenetic
differentiation between populations of origin and habitats
without first accounting for the sequence differences. The
second model tested whether there was epigenetic differentiation
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TABLE 1 | Number of alleles, allelic richness (i.e., average number of alleles per locus) and mean and standard deviation (SD) of observed gene diversity (Hs) and
observed heterozygosity (Ho) per locus for each population.

Subpopulation(population × habitat) No. alleles Allelic richness mean Hs SD Hs mean Ho SD Ho

Bowens Island high marsh (27) 12,048 1.37 0.050 0.109 0.063 0.163

Bowens Island low marsh (40) 12,668 1.37 0.051 0.110 0.064 0.166

Folly Beach high marsh (28) 12,297 1.40 0.051 0.107 0.062 0.157

Folly Beach low marsh (37) 12,208 1.34 0.050 0.113 0.064 0.171

Fort Johnson high marsh (33) 12,670 1.40 0.054 0.113 0.069 0.174

Fort Johnson low marsh (46) 12,821 1.36 0.053 0.117 0.072 0.187

Overall (211) 17,553

Overall number of alleles is also presented for the whole dataset. Calculated based on SNPs with no missing values (8,767).

between populations of origin or habitats that could not be
explained by the underlying sequence differences since the
effects of sequence differences were removed before evaluation
of population and habitat. Results from this model cannot be
directly compared with the results from our other models used
to test for differential DNA methylation at individual cytosines,
because this model uses an average level of DNA methylation
across several cytosines within a reference contig. However, this
model detects the dependency of epigenetic variation on genetic
variation at the location of the DNA methylation (i.e., it only
considers the variation within the ∼ 270 bp of a reference
sequence). Such cis associations usually decay at relatively short
distances (i.e., 200 bp in Arabidopsis thaliana or 1 kb in
Arabidopsis lyrata; Hollister et al., 2011), and the model thus
captures a good proportion of cis interactions. However, far-
cis associations (for example an insertion variant which is close
to, but not represented in the reference sequence) or trans
dependencies (effects from loci anywhere else in the genome)
will remain undetected (sensu van Moorsel et al., 2019; Mounger
et al., 2021b). As a result, this model might overestimate
the proportion of epigenetic variation which is unlinked to
genetic variation.

We also analyzed variation in methylation at each individual
cytosine with a linear model in R with the package DSS version
2.24.0 (Park and Wu, 2016) with a single factor summarizing
population and habitat as separate levels (i.e., subpopulations)
and using contrasts to compare levels of interest following the
method for RNA-Seq in Schmid (2017) and the testing procedure
in Schmid et al. (2018a). We compared groups using linear
contrasts. We adjusted p-values for each contrast for multiple
testing to reflect FDR. A cytosine was defined as differentially
methylated (“DMC”) if the FDR was below 0.01 for any of the
contrasts [see also Schmid et al. (2018b)].

Correlation of Phenotype to Genetics,
Epigenetics, and Environment
We compared phenotypic distance to genetic, epigenetic, and
environmental distances using multiple MMRR adapted from
Herrera et al. (2017). We created pairwise distance matrices
for phenotypic [stem height (cm), number of leaves per stem,
number of live and dead stems per quadrat] and environmental
(soil salinity, temperature, oxygen, number of snails present,
percent soil moisture, percent organic matter, respiration rate,

soil extractable NH4
+, soil extractable NO3

−, porewater NH4
+,

porewater NO3
−, microbial biomass C, and microbial biomass

N) distances between subpopulations (population × habitat
combinations) with function as.matrix in the R environment
(R Core Team, 2020). We scaled and centered the phenotypic
and environmental matrices using Euclidean distance (Herrera
et al., 2017). We assessed the correlation between phenotypic
and environmental distances using a Mantel test conducted in
R with the package vegan as above (Oksanen et al., 2020). We
regressed standardized genetic, epigenetic, and environmental
distance matrices on the phenotypic distance matrix using the
MMRR function in R as described in Wang and Bradburd
(2014) and Herrera et al. (2017). We standardized each matrix
to mean = 0 and SD = 1 to compare relative magnitude of effects
of the predictor matrices. We ran this analysis on the full data
set, subsetted by habitat, subsetted by population and subsetted
by subpopulation to explore the patterns in more detail. For each
subset, we restandardized the data.

RESULTS

Our de novo reference creation resulted in 183,319 fragments
with a total length of 33,193,750 bp. About 10% of the
fragments overlapped with functional proteins, while nearly
24% overlapped with repeats (1.94%) and transposons (21.72%;
Supplementary Table 1). After filtering poorly covered loci and
samples, we retained data for 211 out of 293 sequenced samples.
We found 12,187 of the 183,319 fragments contained 414,449
SNPs before filtering for MAF <1%. After removing loci with
MAF <1%, 9,429 fragments remained with 68,317 SNPs. For
DNA methylation, we found 15,463 fragments with 512,559
cytosines with sufficient coverage.

Population Genetics
We estimated the proportion of polymorphic loci in this
collection of plants to be 6.6% based on the number of fragments
that contained SNPs before the MAF filter. This dropped to
5.1% after we removed the loci with MAF <1%. With this
filter, the number of SNPs/kb of sequence dropped from 5.5
to 2.1. Mean allelic richness averaged 1.37 for subpopulations
(population× habitat combinations; Table 1). We observed gene
diversity with values per locus ranging between 0.050 and 0.054
and heterozygosity between 0.062 and 0.072 (Table 1). Overall
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TABLE 2 | Results of the distance-based redundancy analysis (dbRDA) showing
the percentage of genetic and epigenetic variance explained by population (P),
habitat (H), and/or their interaction (P:H).

Model df F value FDR adj. R2

GD ∼ P 2 7.922 0.0001 6.4

GD ∼ P + H 3 5.932 0.0001 6.8

GD ∼ P + H + P:H 5 4.77 0.0001 8.5

ED ∼ P 2 5.141 0.0001 3.8

ED ∼ H 1 1.290 0.0145 0.14

ED ∼ P + H 3 3.884 0.0001 3.96

ED ∼ P + H + P:H 5 3.067 0.0001 4.7

ED ∼ P + H + P:H + Condition(PCs) 5 1.148 0.0001 0.32

ED ∼ Condition(PCs) 10 4.594 0.0001 14.6

In the case of the epigenetic data, the models include with and without adjusting
for the variance explained by the genetic data (PCs). GD, genetic distance matrix;
ED, epigenetic distance matrix; PC, first four principal components from genetic
data (explaining 10.41% of the variation in scaled allele frequencies); df, degrees
of freedom; F value, value of the test statistic; FDR, false discovery rate; adj. R2,
percent of variance explained, adjusted for multiple comparisons.

genetic diversity (Ht) across subpopulations was very similar, i.e.,
0.0521 (Supplementary Table 2).

Each of our three methods to examine genetic structure
provided evidence of significant genetic differentiation within
and among populations of S. alterniflora. With PERMANOVA,
we found that all effects in the model explained a significant (at
FDR < 0.01) proportion of the genetic variation: population of
origin explained 8.6%, habitat explained 0.9% and the interaction
of population and habitat explained an additional 2.9%. Similarly,
the RDA (Table 2) showed that population alone explained 6.4%
of the genetic variation, while the addition of habitat and the
interaction term added an additional 2.1% explanatory power
(R2 = 8.5; FDR = 0.0001).

Overall FST was low (0.026 across the 3 populations or 0.030
across the 6 subpopulations). Pairwise comparisons of the three
populations ranged from (FST = 0.0187–0.0301; Figure 3A).
Pairwise comparisons of the six subpopulations ranged from
(FST = 0.0035–0.0565). Comparisons across subpopulations
within the high marsh habitats revealed comparatively low FST
ranging from 0.0035 between Bowens Island and Folly Beach and
0.0209 between Fort Johnson and Bowens Island (Figure 3B).
On the other hand, comparisons among the low marsh habitats
revealed on average more differentiation (FST = 0.0455–0.0565),
particularly between Folly Beach and Fort Johnson (FST = 0.0565;
Figure 3B).

We visualized the genetic data by means of PCA using the
complete SNP dataset as well as the 5% most differentiated SNPs.
This visualization suggested that there was a separation among
populations, and partial separation of habitat within populations
with the 5% most differentiated loci (Figure 4).

The maximum likelihood phylogeny generally showed three
major genotype clusters that roughly correspond to each
of the three sites (Folly Beach, Fort Johnson, and Bowens
Island; Figure 5). These genotype clusters were not reciprocally
monophyletic clades, indicating that sites have a mixture of the
three clusters. It also appeared that genotypes were well mixed
between habitats within sites.

Population Epigenetics
We found that DNA methylation across all contexts averaged
11.8% for all subpopulations, while DNA methylation levels in
CG, CHG and CHH contexts averaged 53.3, 28.7, and 4.4%,
respectively, for all subpopulations in the dataset (Table 3). We
also found that about half of the cytosines were fixed for no
methylation (50.1% across all contexts for all subpopulations,
ranging between 36.8 and 60.6% within subpopulations; Table 3).

FIGURE 3 | Pairwise FST values (A) among field populations of Spartina alterniflora, and (B) between habitats (low marsh and high marsh) within populations. All
values were significantly genetically differentiated pairs based on 95% CI.
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FIGURE 4 | Visualization of the genetic structure of S. alterniflora populations by PCA (PC1 explains 16.5% of the variation, PC2 explains 8%, and PC3 explains
4.6%). We used only the top 5% most differentiated SNPs based on Jost’s D (Jost, 2008), and only SNPs without missing values (N = 80). Each dot represents one
stem; populations are indicated by color (Green = Bowens Island, Red = Folly Beach, Blue = Fort Johnson) and habitats are filled (low marsh plants) or open (high
marsh plants). See also Supplementary Figure 2 for similar depiction of epigenetic structure of populations.

A substantially smaller proportion of cytosines were fixed for full
methylation (1.4% across all contexts for all subpopulations, with
a range of 0.5–2% within subpopulations; Table 3).

Using average distances from each sample to its subpopulation
centroid, we estimated that epigenetic variation ranged between
0.08 and 0.10 (Figure 6). For comparison, the average distances to
centroid estimated with the genetic data were between 0.015 and
0.020. The test for homogeneity of multivariate dispersions was
highly significant (F = 9.04, p < 0.001), suggesting differences in
epigenetic diversity among subpopulations.

With PERMANOVA, we found that population of origin
explained a significant component of the overall epigenetic
variance (3.2%; FDR < 0.0001). In addition, we found that a small
but significant amount of epigenetic variance (0.6%; FDR = 0.006)
was explained by habitat. The interaction of population and
habitat explained an additional 1.4% (FDR = 0.0001) of
the epigenetic variance. We found similar results in each
of the cytosine contexts. Population explained 2.6–4.6% of
the epigenetic variation within each of the CG, CHG and
CHH contexts (FDR < 0.0001 for all). Habitat explained
0.6–0.7% for each context (FDR < 0.01). The interaction
explained 1–2% for each context (FDR < 0.01). The RDA
results were similar (Table 2): population alone explains 3.8%
(FDR = 0.0001) of the epigenetic variation while the addition
of habitat and the interaction term explains an additional 0.9%
(R2 = 4.7; FDR = 0.0001).

Correlation Between Population
Genetics and Epigenetics
Using dbRDA we discovered that PCs of genetic data alone
explained more of the variation in epigenetic distances than
any other model (Table 2). In addition, we found that when
conditioned on PCs of the genetic data, the partial constrained
dbRDA only explained less than 1% of the variation (Table 2).

The genotype of the reference sequence explained much of
the epigenetic diversity in close-cis even when fitted last (i.e.,
28.5% for genotype and 23.5% for genotype x context; Table 4).
However, among populations we found that epigenetic variation

was different in around 9.2% of 8,960 tested fragments (of the
9,429 only 8,960 intersect with those that have methylation data),
even after accounting for differences in DNA sequence of the
underlying loci. Habitat only explained variation in < 1% of
the cytosines when evaluated across populations, however, the
interaction between populations and habitats explained variation
in 2% of the cytosines when fitted last, but nearly 7% of the
cytosines when fitted before genotype.

The pairwise comparison of differential methylation at
individual cytosines yielded between 0.02 and 6.1% significantly
differentially methylated cytosines (Table 5). We found that the

FIGURE 5 | Unrooted phylogenetic tree of S. alterniflora populations by
maximum likelihood based on all SNPs filtered for MAF > 10% and no
missing data. Each dot represents one stem; populations are indicated by
color (Green = Bowens Island, Red = Folly Beach, Blue = Fort Johnson) and
habitats are filled (low marsh plants) or open (high marsh plants). Asterisks
indicate maximum likelihood support with bootstrap values greater than 95%.
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TABLE 3 | Proportions of (A) methylated cytosines per context and for all
contexts, (B) fixed cytosine positions for no methylation, and (C) fixed cytosine
positions for methylation.

(A) All

Subpopulation (habitat x site) ALL CG CHG CHH

Bowens Island high marsh 11.718 53.543 28.534 4.261

Bowens Island low marsh 11.664 53.283 28.525 4.221

Folly Beach high marsh 11.713 53.274 28.62 4.268

Folly Beach low marsh 11.877 53.47 29.008 4.389

Fort Johnson high marsh 11.999 53.088 28.659 4.649

Fort Johnson low marsh 12.03 53.116 28.79 4.662

(B) Percent fixed unmethylated

ALL CG CHG CHH

Bowens Island high marsh 60.59 24.81 40.54 67.98

Bowens Island low marsh 52.65 22.35 34.83 59.06

Folly Beach high marsh 63.4 26.22 42.52 71.09

Folly Beach low marsh 47.89 21.16 32.62 53.46

Fort Johnson high marsh 39.26 17.6 26.74 43.81

Fort Johnson low marsh 36.77 16.66 24.62 41.08

(C) Percent fixed methylated

ALL CG CHG CHH

Bowens Island high marsh 2.01 11.83 0.83 1.18

Bowens Island low marsh 1.38 7.2 0.39 0.94

Folly Beach high marsh 2.36 13.91 1.35 1.32

Folly Beach low marsh 1.21 6.76 0.38 0.77

Fort Johnson high marsh 0.84 4.29 0.2 0.59

Fort Johnson low marsh 0.54 2.14 0.1 0.45

most pronounced differences were between Bowens Island vs.
Fort Johnson (6.1% significant Cs) and in the comparison of low
marsh plants in these two populations (3.99%) which contrasted
with the comparison of the high marsh plants (0.95%). We found
little support for differences between habitats at any level (≤0.5%
significant Cs). Most of the SMPs were located in unannotated
portions of the genome (63.0% on average among pairwise
comparisons) or in TEs (24.1%). A few SMPs were located in
genes and other repeats (on average, 16.6 and 2.9% respectively).
Although most cytosines in our libraries were in the CHH context
(78% in CHH compared to 8% in CG and 14% in CHG), the
number of SMPs tended to be higher in the CG context (22, 17,
and 60% in CG, CHG, and CHH, respectively).

Correlation of Phenotype to Genetics,
Epigenetics, and Environment
In the MMRR analysis, the overall regression explained about
8.4% of the variation in phenotypic distance (p-value = 0.001;
Table 6A). Genetic, epigenetic and environmental distances
each explained a significant proportion of the variance in
phenotypic distances (p-values ranged between 0.001 and
0.036). The standardized regression coefficients suggested that
epigenetic and environmental distance matrices were stronger

FIGURE 6 | Distance from each individual sample to its corresponding
subpopulation centroid calculated using (A) genetic distance matrices and (B)
epigenetic distance matrices for subpopulations (site × habitat). Lines within
the violin plots represent the 25, 50, and 75% quartiles of the distribution and
red asterisks denote the average distance to centroid for each subpopulation.
Subpopulations are as follows: high and low marsh Bowens Island (hmBI,
lmBI), Folly Beach (hmFB, lmFB), and Fort Johnson (hmFJ, lmFJ).

predictors of the variation in the phenotypic matrix than
the genetic matrix. Subsetting the plants by habitat revealed
similar, slightly stronger patterns in the high marsh plants,
but none of the relationships held in the low marsh plants
alone (Table 6B). By population, we found divergent patterns
from no significant relationship for the overall model in Folly
Beach plants, to the model that explained the most variation
(R2 = 0.312) in Fort Johnson plants (Table 6C. In this
population, genetic distance explained more of the variation than
environmental variation did, while epigenetic distance did not
explain variation in phenotypic distance. Looking at each of the
subpopulations separately, genetic, epigenetic and environmental
distance were often not significantly associated with phenotypic
distance (Table 6D).
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TABLE 4 | Anova (type I) models of amount (%) of variation in methylation
explained by population, habitat, and sequence context before (left) and after
(right) accounting for genotype effects on methylation using MAF-filtered data only
(8,960 contigs).

Population and habitat before
GENO

GENO before population and
habitat

Context 96.33 Context 96.33

Population 19.56 Genotype 31.07

Habitat 0.49 Context × genotype 25.1

Context × population 17.89 Population 9.22

Context × habitat 0.42 Habitat 0.2

Population × habitat 6.9 Context × population 9.63

Genotype 28.45 Context × habitat 0.04

Context × genotype 23.54 Population × habitat 2.07

TABLE 5 | Summary of results of linear contrasts to evaluate variation in
methylation at each individual cytosine with the package DSS (version 2.24.0;
Park and Wu, 2016).

Comparison Included levels % DMC

Low marsh vs high marsh across all sites 0.02

within FB 0.31

within BI 0.39

within FJ 0.09

BI vs FB with both habitats 0.42

given low marsh plants 1.22

given high marsh plants 0.14

FB vs FJ with both habitats 2.28

given low marsh plants 2.19

given high marsh plants 0.34

BI vs FJ with both habitats 6.07

given low marsh plants 3.99

given high marsh plants 0.95

DMC, differentially methylated cytosine [FDR < 0.01; see also Schmid et al.
(2018b)]. FB, Folly Beach; BI, Bowens Island; FJ, Ford Johnson.

DISCUSSION

Several studies have shown that epigenetic changes can be
induced by environmental variation and can be partially
independent of underlying genetic variation, but very few
have linked these patterns with phenotypic variation (Herrera
et al., 2017; Wang et al., 2020). We addressed these questions
with natural populations of S. alterniflora, a species known
to have high genetic diversity and to vary dramatically in
traits along a steep environmental gradient. We predicted
that DNA sequence variation and epigenetic variation would
be explained by source population and habitat (low and
high marsh). Moreover, we expected that DNA methylation
patterns would be more strongly associated with habitat since
the same epigenetic modifications might be induced across
genetic backgrounds in response to environmental conditions.
Accordingly, we predicted that epigenetic and environmental
differences would associate with variation in phenotypic traits,
even after accounting for genetic differences. We found that
populations, habitats and the interaction of populations and

habitats explained variation in both genetic and epigenetic
variation. However, these models, and the habitat effect, were
better able to explain variation in DNA sequence than they
were variation in DNA methylation. Several lines of evidence
support the contention that sequence variation explains most of
the variation in DNA methylation genome wide and in close-
cis. However, a small percentage of epigenetic variation was
explained by habitat or the interaction of population and habitat
even after correcting for genetic variation in close-cis. Lastly,
we show that epigenetic variation in this system contributes
to phenotypic variation even when genetic and environmental
distances are accounted for.

Population Genetics
Previous work on native populations of S. alterniflora has
reported high levels of genetic diversity (Richards et al., 2004;
Hughes and Lotterhos, 2014; Foust et al., 2016; Zerebecki et al.,
2021). Richards et al. (2004) found high genetic diversity in stands
on Sapelo Island, Georgia using allozymes, and these levels of
diversity were later confirmed among the same populations using
AFLP (Foust et al., 2016). Similarly, Hughes and Lotterhos (2014)
found that high genetic diversity persisted even at small spatial
scales across marshes in the Florida Panhandle (Hughes and
Lotterhos, 2014). Travis et al. (2004) found that genetic diversity
among populations along coastal Louisiana varied according
to age, with younger populations (<16 years) supporting
higher genetic diversity than older, established populations
(Travis et al., 2004).

More recently, Zerebecki et al. (2021) found significant
genetic differentiation among habitats within our populations
of S. alterniflora near Charleston, South Carolina as well
as across a much broader geographic range. They showed
that the phenotypic divergence in stem height and biomass
allocation observed across intertidal gradients was at least partly
due to local genetic differentiation (Zerebecki et al., 2021).
Further, their reciprocal transplant experiment combined with
repeated patterns of molecular differentiation among habitats
within individual marshes supported parallel microgeographic
adaptation to intertidal gradients in natural populations of
S. alterniflora (Zerebecki et al., 2021).

Estimates of heterozygosity and genetic diversity more
generally are not easily compared across studies with different
sample sizes, different types of molecular markers, and with
different filtering approaches (Sunde et al., 2020; Schmidt
et al., 2021). In this study on S. alterniflora, we found that
Ho was approximately six times and Ht was five times that
of Rhizophora mangle from natural populations using similar
approaches (Mounger et al., 2021b), confirming previous reports
of high genetic diversity in these Charleston populations of
S. alterniflora (Zerebecki et al., 2021). Although habitat alone,
and in interaction with population explained variation in
genetic differences, population was the best predictor of genetic
variation. In both RDA and PERMANOVA, habitat added
very little explanatory power, except through the interaction
with population. This result provides some insight into our
previous work that examined the association between phenotypic
variation and edaphic factors (Voors, 2018). In that study, habitat
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TABLE 6 | Results of multiple matrix regression with randomization (MMRR) analysis relating the combined phenotypic distance matrix across all S. alterniflora samples
with the matrices of genetic (SNP), epigenetic (SMPs), and environmental distances for (A) across all samples, (B) within each habitat type across populations, (C) within
each population across habitats and (D) for each subpopulation. NS indicates p value > 0.10.

(A) Across all samples (N = 211 individuals)

Predictor matrices

Overall regression Genetic distance Epigenetic distance Environmental distance

F p-Value R2 Coefficient p-Value Coefficient p-Value Coefficient p-Value

681.22 0.001 0.084 −0.114 0.014 0.229 0.001 0.249 0.001

(B) Within high marsh (N = 88) and low marsh (N = 123) habitat across populations

Predictor matrices

Overall regression Genetic distance Epigenetic distance Environmental distance

F p-Value R2 Coefficient p-Value Coefficient p-Value Coefficient p-Value

High marsh 167.98 0.001 0.116 −0.127 0.07 0.314 0.006 0.311 0.001

Low marsh 12.70 NS 0.005 −0.056 NS 0.025 NS 0.062 NS

(C) Within each population across habitats (N = 65-79)

Predictor matrices

Overall regression Genetic distance Epigenetic distance Environmental distance

F p-Value R2 Coefficient p-Value Coefficient p-Value Coefficient p-Value

Bowens Island 116.69 0.001 0.137 0.032 NS 0.314 0.006 0.311 0.001

Folly Beach 19.84 NS 0.028 −0.230 NS 0.345 0.09 0.303 0.001

Fort Johnson 464.66 0.001 0.312 −0.102 0.008 0.056 NS 0.562 0.001

(D) Within each sub-population (N = 27-46 individuals)

Predictor matrices

Overall regression Genetic distance Epigenetic distance Environmental distance

F p-Value R2 Coefficient p-Value Coefficient p-Value Coefficient p-Value

BI high 4.38 NS 0.036 0.044 NS 0.088 NS 0.186 0.003

BI low 15.78 NS 0.057 0.413 0.058 −0.478 NS 0.017 NS

FB high 4.38 NS 0.034 −0.078 NS 0.737 NS 0.091 NS

FB low 3.96 NS 0.018 −0.237 NS 0.423 NS 0.042 NS

FJ high 23.17 0.003 0.117 −0.155 NS −0.201 NS 0.326 0.001

FJ low 18.74 0.03 0.052 −0.209 0.044 −0.261 0.047 0.088 NS

explained a large portion of the variation in plant traits, but not in
soil characteristics. The patterns in genetic marker diversity could
reflect that the environmental differences between high-marsh
and low-marsh habitats are not consistent among populations
(i.e., among sites). Thus, different environmental conditions
could be driving divergent genetic patterns between the two
habitats, but not necessarily in the same way at the various
populations, leading to population-by-habitat interactions.

We were able to visualize a clear differentiation between
populations of origin when the 5% most differentiated loci
were compared in a PCA. The most obvious difference was
the separation of Fort Johnson. This differentiation was also
supported by the pairwise FST analyses where the highest

values were comparisons between Fort Johnson and the other
populations, particularly in the low marsh. The Fort Johnson
population of S. alterniflora is situated within Charleston
Harbor, while Bowens Island and Folly Beach populations are
geographically closer together, connected by the Folly River
and situated along less intensely developed tidal creeks to the
south of the main shipping harbor. Genetic differentiation
at Fort Johnson relative to the other two populations may
in part be driven by geographical distance (Herrera et al.,
2017; Wang et al., 2020; Mounger et al., 2021b), population
age (Travis et al., 2004), cryptic environmental variation
(Zerebecki et al., 2021), or by anthropogenic impacts such as
long-term or historic exposure to urban effluents and industrial
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pollutants (Robertson et al., 2017). Additional research is
required to investigate which of these factors may be driving
the genetic differentiation we detected at Fort Johnson. However,
we also found support for differences among populations using
all SNPs in the phylogenetic tree. More specifically, the tree
supported the contention made by Zerebecki et al. (2021) that
the differences we found among habitats could have evolved
within populations. An alternative hypothesis would be that
the high marsh and low marsh habitat at each site was
colonized by high marsh and low marsh genotypes that had
diverged previously. Additional research is required to investigate
which processes may explain the lack of genetic differentiation
at Fort Johnson. Our study also supports the possibility of
convergent processes particularly in the high marsh which could
be contributing to less differentiation among subpopulations
in the high marsh than we found among subpopulations
in the low marsh.

Population Epigenetics
Although epigenetic variation can be dictated by underlying
genetic variation (Becker et al., 2011; Dubin et al., 2015; Sasaki
et al., 2019), we found a small but statistically significant amount
of epigenetic variation was associated with habitat even after
accounting for genetic variation. This finding is important
because it supports the theoretical understanding that epigenetic
mechanisms may provide an additional source of variation that
is distinct from genetic variation in natural populations. Our
results suggest that the habitat differences in natural populations
of S. alterniflora may correspond to both genetic and epigenetic
differentiation, but more fine scale analyses are needed to
dissect these relationships. This work supported our previous
studies of differences in these molecular mechanisms within this
species. For instance, Foust et al. (2016) found that a small
percentage of epigenetic variation across sites was associated
with similar habitats after accounting for genetic variation.
Similarly, a study of response to crude oil exposure found both
genetic and epigenetic differentiation between oiled and non-
oiled populations in Southern Louisiana following the Deepwater
Horizon oil spill (Robertson et al., 2017).

Genetic, Epigenetic, and Environmental
Variation Correlates With Phenotypic
Variation
Herrera et al. (2017) compared the genetic, epigenetic,
environmental (six habitat features) and phenotypic (20
traits) variation of ten subpopulations of the perennial herb
Helleborous foetidus using MMRR. They determined that
geographical distance explained genetic differentiation among
subpopulations, while environmental distance explained
epigenetic differentiation (Herrera et al., 2017; Wang et al.,
2020). These results for H. foetidus supported earlier work that
showed that epigenetic isolation by environment (IBE) can arise
as a consequence of native epigenotypes having higher fitness
in a given environment than epigenotypes from a different
subpopulation (Wang and Bradburd, 2014; Herrera et al., 2017;
Wang et al., 2020).

Following these methods, we used standardized genetic,
epigenetic and environmental distance matrices to determine
if these variables might explain the phenotypic variation we
have observed within habitats or within populations. We found
significant relationships between phenotypic distance across our
S. alterniflora samples and all three predictor matrices of genetic,
epigenetic, and environmental distances. Using standardized
distance matrices allowed us to infer that environmental and
epigenetic distances each explained more of the phenotypic
distance than did genetic distance in the overall collection
of plants. However, additional analyses revealed that these
relationships varied within habitats and within populations. We
found no relationship between these predictors and phenotypic
variation in the low marsh plants, but the relationships between
epigenetic and phenotypic distance and between environmental
and phenotypic distance appeared to be even stronger when
evaluating only the high marsh plants. Further work will be
required to assess the contribution of these different components
to phenotypic variation in the context of complex natural
populations and habitats. These results indicate that genetic,
epigenetic, and environmental variation contribute to phenotypic
response in these plants even when evaluated simultaneously.
Considering that we expected most of the phenotypic and
environmental differences to occur largely between habitats or
among populations, the lack of relationships within separate
subpopulations may be the result of limited variance.

CONCLUSION AND FUTURE
PERSPECTIVES

The importance of epigenetic mechanisms in ecological contexts
is still an open question that is difficult to address (Boquete
et al., 2021). This line of inquiry has a variety of constraints.
In particular, plant populations with high levels of genetic
diversity challenge our ability to clearly distinguish patterns
of epigenetic variation (Foust et al., 2016). In addition, the
lack of well annotated reference genomes for most plant
species greatly limits our ability to make inferences about
the functionality of genes or methylation patterns (Boutte
et al., 2016; Richards et al., 2017; Paun et al., 2019; Mounger
et al., 2021a). Reduced Representation Bisulfite Sequencing
(RRBS) methods like epiGBS provide substantially more genome
coverage than previous methods such as methylation-sensitive
amplified fragment length polymorphism (MS-AFLP or MSAP;
Schrey et al., 2013; Richards and Pigliucci, 2020). However,
for large polyploid genomes like that of S. alterniflora this
approach still only captures a small percentage of the genome
(approximately 3%). In addition, polyploidization, or genome
doubling, can provide additional sources of molecular variation
which thereby contribute to plant responses to environmental
conditions, but this phenomenon complicates our ability to
analyze and draw conclusions about genomic mechanisms
(Dufresne et al., 2014; Robertson et al., 2020; Mounger
et al., 2021a). RRBS methods such as epiGBS do not yet
provide adequate coverage to confidently estimate polyploid
genotype likelihoods (Dufresne et al., 2014; Alvarez et al., 2020;
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Robertson et al., 2020). Despite these limitations, this
work adds to a growing body of evidence that shows
that epigenetic differences, particularly variation in DNA
methylation, are associated with responses to environmental
variation in natural populations. This association is not
explained simply by sequence based differences and requires
continued investigation.
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Rare Alleles and Signatures of
Selection on the Immunodominant
Domains of Pfs230 and Pfs48/45 in
Malaria Parasites From Western
Kenya
Kevin O. Ochwedo1,2, Fredrick O. Ariri 3,2, Wilfred O. Otambo3,2, Edwin O. Magomere2,4,
Isaiah Debrah2,5, Shirley A. Onyango2,6, Pauline W. Orondo2, Harrysone E. Atieli 2,
Sidney O. Ogolla7, Antony C. A. Otieno1, Wolfgang R. Mukabana1,2, Andrew K. Githeko2,7,
Ming-Chieh Lee8, Guiyun Yan8, Daibin Zhong8* and James W. Kazura9

1Department of Biology, Faculty of Science and Technology, University of Nairobi, Nairobi, Kenya, 2Sub-Saharan Africa
International Centre for Excellence in Malaria Research, Homa Bay, Kenya, 3Department of Zoology, School of Physical and
Biological Sciences, Maseno University, Kisumu, Kenya, 4Department of Biochemistry, Egerton University, Nakuru, Kenya, 5West
Africa Centre for Cell Biology of Infectious Pathogen, Department of Biochemistry, Cell and Molecular Biology, University of
Ghana, Accra, Ghana, 6School of Zoological Sciences, Kenyatta University, Nairobi, Kenya, 7Centre for Global Health Research,
Kenya Medical Research Institute, Kisumu, Kenya, 8Program in Public Health, College of Health Sciences, University of California,
Irvine, Irvine, CA, United States, 9Centre for Global Health and Diseases, Case Western Reserve University, Cleveland, OH,
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Background: Malaria elimination and eradication efforts can be advanced by including
transmission-blocking or reducing vaccines (TBVs) alongside existing interventions. Key
transmission-blocking vaccine candidates, such as Pfs230 domain one and Pfs48/45
domain 3, should be genetically stable to avoid developing ineffective vaccines due to
antigenic polymorphisms. We evaluated genetic polymorphism and temporal stability of
Pfs230 domain one and Pfs48/45 domain three in Plasmodium falciparum parasites from
western Kenya.

Methods:Dry blood spots on filter paper were collected from febrilemalaria patients reporting
to community health facilities in endemic areas of Homa Bay and Kisumu Counties and an
epidemic-prone area of Kisii County in 2018 and2019.Plasmodium speciationwas performed
using eluted DNA and real-time PCR. Amplification of the target domains of the two Pfs genes
was performed on P. falciparum positive samples.We sequenced Pfs230 domain one on 156
clinical isolates and Pfs48/45 domain three on 118 clinical isolates to infer the levels of genetic
variability, signatures of selection, genetic diversity indices and perform other evolutionary
analyses.

Results: Pfs230 domain one had low nucleotide diversity (π = 0.15 × 10–2) with slight variation
per study site. Six polymorphic sites with nonsynonymous mutations and eight haplotypes
were discovered. I539T was a novel variant, whereas G605S was nearing fixation. Pfs48/45
domain three had a low π (0.063 × 10–2), high conservation index, and three segregating sites,
resulting in nonsynonymous mutation and four haplotypes. Some loci of Pfs230 D1 were in
positive or negative linkage disequilibrium, had negative or positive selection signatures, and
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others (1813, 1955) and (1813, 1983) had a history of recombination. Mutated loci pairs in
Pfs48/45 domain three had negative linkage disequilibrium, and some had negative and
positive Tajima’s D values with no history of recombination events.

Conclusion: The two transmission blocking vaccine candidates have low nucleotide
diversity, a small number of zone-specific variants, high nucleotide conservation index, and
high frequency of rare alleles. With the near fixation a polymorphic site and the proximity of
mutated codons to antibody binding epitopes, it will be necessary to continue monitoring
sequence modifications of these domains when designing TBVs that include Pfs230 and
Pfs48/45 antigens.

Keywords: Pfs230, Pfs48/45, transmission blocking vaccines, genetic diversity, evolutionary forces

INTRODUCTION

Genetic polymorphism of Plasmodium falciparum antigens
has hampered efforts to develop an effective vaccine that is
protective against pre-erythrocytic and asexual blood-stage
parasites (Genton et al., 2002; Takala et al., 2007; Ogutu
et al., 2009; Bergmann-Leitner et al., 2012; Neafsey et al.,
2015; Ouattara et al., 2015). Recent efforts, however, have
been made to develop vaccines that reduce and block
Plasmodium falciparum transmission at the community
level. Two of the existing transmission-blocking vaccine
(TBV) candidates, P. falciparum surface protein 230
(Pfs230) (Sabeti et al., 2007; Lee et al., 2019, 2020; Singh
et al., 2019, 2020; Tachibana et al., 2019; Huang et al., 2020;
Healy et al., 2021) and P. falciparum surface protein 48/45
(Pfs48/45) (Singh et al., 2019, 2021; Lee et al., 2020) have been
shown to elicit antibody responses in mice and people that
block P. falciparum gametocyte fertilization in the mid-gut of
the Anopheles vector.

Pfs230 is a cysteine-rich 230 kDa protein expressed by both
male and female gametocytes (Rener et al., 1983; MacDonald
et al., 2016). The antigen is thought to play a role in gamete
fusion in the mosquito blood meal after forming a complex
with another cysteine-rich protein, Pfs48/45 (Eksi et al., 2006).
In comparison to antibodies elicited by immunization with
other Pfs230 domains, Domain 1 (D1) has been shown to elicit
transmission-blocking monoclonal antibodies with strong
inhibitory activity against oocyst development in standard
membrane feeding assays (Lee et al., 2019; Singh et al.,
2019, 2020; Tachibana et al., 2019; Huang et al., 2020;
Healy et al., 2021). Like Pfs230 D1, fusion with its
counterpart Pfs48/45 D3 has good potential as a component
of a TBV. The latter fused doublet antigen consists of three
domains linked by disulphide bonds and contains 16 cysteine
residues (Kocken et al., 1993; Lennartz et al., 2018). Unlike
Pfs230, Pfs48/45 is anchored on the gamete surface membrane
by glycophophatidylinositol (Kocken et al., 1993; Dijk et al.,
2001; Gilson et al., 2006; Lennartz et al., 2018) and is essential
for male gamete fertility. Domain 3 has been shown to elicit
antibodies in the host (Graves et al., 1988; Roeffen et al., 1994;
Dijk et al., 2001; Bousema et al., 2010; Jones et al., 2015;
Acquah et al., 2017; Singh et al., 2019; Baptista et al., 2022).

Pfs48/45 D3 is located at the C-terminus of the protein and
contains binding sites for non-inhibitory and inhibitory
human and mouse mAbs that reduce P. falciparum
infection in mosquitoes (Vermeulen et al., 1986; Graves
et al., 1988; Outchkourov et al., 2007; Chowdhury et al.,
2009; Singh et al., 2017, 2019; Kundu et al., 2018; Lennartz
et al., 2018; Lee et al., 2020).

Antigenic polymorphism of Pfs230 D1 and Pf48/45 D3
should be assessed in malaria endemic areas on a regular
basis to support the successful development of these TBV
candidates due to the fact that, if the targeted regions are
genetically unstable, polymorphisms may cause critical codon
changes within immunogenic epitopes, thereby reducing TBV
efficacy. Several dimorphic sites on Pfs230 D1 and Pfs48/45 D3
have previously been identified (Kocken et al., 1995; Drakeley
et al., 1996; Escalante et al., 1998; Conway et al., 2001; Jones
et al., 2015; MacDonald et al., 2016; Kundu et al., 2018; Singh
et al., 2020; Coelho et al., 2021); however, there is limited
knowledge of the extent of genetic diversity, signatures of
selection, and other evolutionary forces that may be shaping
alleles in P. falciparum from different malaria transmission
zones. We therefore performed an in-depth genetic analysis of
Pfs230 D1 and Pfs48/45 D3 in parasites isolated from patients
with uncomplicated falciparum malaria from three different
areas in western Kenya.

MATERIALS AND METHODS

Study Site and Sampling
Dry blood spots (DBS) were collected on filter paper from
febrile malaria patients at health clinics in Homa Bay County
(Kochia), Kisumu County (Chulaimbo), and Kisii County
(Eramba) in 2018 and 2019 (Figure 1). The study site in
Homa Bay is characterized by perennial transmission.
Vector control consists of universal distribution of long-
lasting insecticidal bed nets with annual indoor residual
spraying of insecticides. The study site in Kisumu County
also has perennial transmission. Vector control consists of
long-lasting insecticidal bed nets (LLINs) alone. The site in
Kisii County is malaria epidemic-prone with low transmission
and residents use LLINs (Kapesa et al., 2018). In brief, four
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drops of approximately 25 µL of blood from each patient were
spotted on Whatman™ Blood Stain Cards (GE Healthcare
WB100014) as previously described (Coombs and Fiscus,
2009). Each card was stored individually in silica gel-
containing plastic bags before being transported to the joint
International Centre of Excellence for Malaria Research
(ICEMR) and Tom Mboya University College Laboratory in
Homa Bay town for storage at -20°C. 150 of the 372 DBS
collected came from Homa Bay; 120 and 102 came from
Kisumu and Kisii, respectively.

Amplification and Sequencing of Pfs230
Domain one and Pfs48/45 Domain three
Genomic DNA was extracted from filter paper using the
modified Chelex resin (Chelex -100) method and stored at
-20°C. As a positive control, DNA from the cultured laboratory
strain NF54 was extracted and stored. Plasmodium species-
specific real-time PCR targeting 18S ribosomal RNA gene was
used to confirm P. falciparum positive DNA samples before
amplification of specific target fragments of each gene
(Ochwedo et al., 2021; Onyango et al., 2021). Primer sets
were designed using Primer3 version 0.4.0 for Pfs230 D1
and Pfs48/45 D3 and in silico validation of each set was
performed using the Sequence Manipulation Suite
(Stothard, 2000). Among the 372 samples, 332 (89.3%)
tested positive for P. falciparum DNA (n = 150, 120 and 62

from Homa Bay, Kisumu and Kisii, respectively) and were used
to amplify Pfs230 D1 and Pfs48/45 D3 in a T100™ Thermal
Cycler (Bio-Rad, Hercules, CA, United States ). Briefly, 3 µL of
sample DNA was added to a mixture of 11.5 µL of DreamTaq
Green PCR Master Mix (2X), 0.5 µL of Pfs230 D1 forward (5′-
TGGTGAAGCTGTCGAAGATG-3′) and reverse primers (5′-
GTGTACCACAGGGGGAAGAG-3′) targeting 514 base pairs
and 7.5 µL of double-distilled water. The thermal profile was
set as follows 95 °C for 3 min, 34 cycles (94 °C for 30 s, 58 °C for
30 s and 72 °C for 45 s) and final extension at 72 °C for 6 min.
For Pfs48/45 D3, similar reaction volume was prepared using
forward (5′-TTTTCAAGAAGGAAAAGAAAAAGC-3′) and
reverse primers (5′-GCCAAAAATCCATAATATGCTGA-3′)
targeting 600bp. The PCR conditions were set as follows 95°C
for 3 min, 34 cycles (94°C for 30 s, 55 °C for 30 s and extension
at 72°C for 45 s) final extension at 72 °C for 6 min. All the
amplicons were assessed by gel electrophoresis in 1.5% w/v
agarose gel before sequencing. For Pfs230 D1, 82, 39, and 35
samples from Homa Bay, Kisumu, and Kisii, respectively, were
amplified. For Pfs48/45 D3, 36, 44, and 38 samples from Homa
Bay, Kisumu, and Kisii, respectively, were amplified. All the
PCR amplicons, together with positive controls, were purified
using Exonuclease I and Shrimp Alkaline Phosphatase
(ExoSAP-IT) and bi-directionally sequenced using 3730
BigDye® Terminator v3.1 Sequencing Standard kit on ABI
PRISM® 3700 DNA Analyzer (Applied Biosystems, Foster
City, CA, United States).

FIGURE 1 |Map showing Homa Bay (Kochia), Kisumu (Chulaimbo) and Kisii (Eramba) study sites in western Kenya. The sampling points are represented by the red
circles on the map. This figure was prepared with ESRI ArcGIS Pro 2.8 with field survey results and publicly available datasets. The map contains information from
OpenStreetMap and OpenStreetMap 115 Foundation, which is made available under the Open Database License.
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Data Analysis
All sequences were assembled using Geneious version 11.1.5
software, and multiple sequence alignment was performed
using ClustalW. Polymorphic locus and codons were
inferred after comparing each sequence to the respective
sequence of positive control (NF54) as well as 3D7
(PF3D7_0209000 for Pfs230 and PF3D7_1346700 for Pfs48/
45). DnaSP Version 6.12.03 (Rozas et al., 2017) and Arlequin
version 3.5.2 (Excoffier and Lischer, 2010) were used to
compute genetic diversity indices such as nucleotide
diversity (π), haplotype diversity (Hd), number of
haplotypes (h), number of segregating sites (S) and mean
number of pairwise difference (k). Population Analysis with
Reticulate Trees (Popart) version 1.7 software (Clement et al.,
2000) was used to infer haplotype networks. Neutrality tests;
Tajima’s D, Fu and Li’s D, Fu and Li’s F and Fu’s Fs statistics
and test for the presence of Recombination events (Rm) and
linkage disequilibrium (LD) were computed in DnaSP Version
6.12.03 and Arlequin version 3.5.2. Generated Tajima’s D
values were plotted using GraphPad version 8.3.0. Both
antigen structural delineation was done using Protein
Homology/analogY Recognition Engine (PHYRE2) version
2.0 and generated models visualized and edited in UCSF
Chimera version 1.15 (Pettersen et al., 2004).

RESULTS

Analysis of Mutations Detected in Pfs230D1
and Pfs48/45 D3
Six loci (1,616, 1813, 1955, 1964, 1967, and 1983) in Pfs230 D1
were found to be polymorphic, resulting in nonsynonymous
mutations (Table 1). The mutations were skewed toward
transversion, with a transversion to transition ratio (Tv: Ts)

greater than 0.5. Two polymorphic sites were singletons (1964
and 1967), whereas four dimorphic sites (1,616, 1813, 1955, and
1983) were parsimony informative. These polymorphisms
resulted in I539T, G605S, T652R, E655V, T656N, and K661N
codon changes. Nonsynonymous alterations T652R and K661N
were on separate beta (β) pleated sheets connected by a loop
containing mutated codons E655V and T656N (Supplementary
Figure S1). G605S was also on the loop connecting two different
ß pleated sheets. In general, western Kenya parasites had a high
allelic frequency of G605S (98.08%), followed by progressively
lower frequencies of K661N, T652R, and I539T. E655R and
T656N were each observed at a frequency of <1%. The
prevalence of various alleles was almost similar across the
various study sites. For example, as shown in Table 1, G605S
was themost common codon change in the three study sites. Only
two P. falciparum isolates from Kisumu and Homa Bay County
lacked this mutation.

In contrast to the six nonsynonomous mutated sites observed
in Pfs230 D1, Pfs48/45 D3 had three segregating sites (Table 1).
Singleton sites were found at loci 911 and 979 in parasites isolated
from patients residing in Homa Bay County and Kisii County,
respectively. A low frequency polymorphism at locus 940 was
observed across parasite populations in all three counties, and was
parsimony-informative. These transition bias mutations at loci
911, 940, and 979 resulted in nonsynonymous mutations V304D,
L314I, and C327G, respectively. The variants were in the Pfs48/45
D3 antigen loop connecting different ß pleated sheets
(Supplementary Figure S1). Codon change C327G in D3 was
found in only one sequence in parasites isolated from a patient in
Kisii County (Table 1). The ability of the designed primer set to
cover Pfs48/45D3 also allowed for the discovery of a singleton site
753 (Y251Y) and parsimony-informative sites 757 and 762
(K253E and N254K) (Table 1; Supplementary Figure S1).
Except for G605S, which was near dimorphic codons on

TABLE 1 | Polymorphic sites on Pfs230 domain one and Pfs48/45 domain two and three from Homa Bay, Kisumu and Kisii region in western Kenya n: number of sequences
harbouring mutations; *: reference (3D7and NF54) allele only; D: Domain; Nsyn: Non-synonymous mutation; Syn: Synonymous mutation; A: Adenine; C: Cytosine; T:
Thymine; G: Guanine.

Pfs230 (N = 156)

Segregating Sites Domains Allelic Frequency Substituted Bases Type of
substitution

Codon Change Type of
MutationHoma Bay

n (%)
Kisumu n

(%)
Kisii n
(%)

1616 D1 - 2 (5.1) - *T/C Transition I539T Nsyn
1813 D1 81 (98.8) 37 (94.9) 35 (100) *G/A Transition G605S Nsyn
1955 D1 2 (2.4) 1 (2.6) 2 (5.7) *C/G Transversion T652R Nsyn
1964 D1 - - 1 (2.9) *A/T Transversion E655V Nsyn
1967 D1 - 1 (2.6) - *C/A Transversion T656N Nsyn
1983 D1 35 (42.7) 19 (48.7) 16 (45.7) *A/C Transversion K661N Nsyn

Pfs48/45 (N = 118)

753 D2 - - 1 (2.6) *T/C Transition Y251Y Syn
757 D2 - 4 (9.1) 3 (7.9) *A/G Transition K253E Nsyn
762 D2 1 (2.8) 3 (6.8) 3 (7.9) *C/G Transversion N254K Nsyn
911 D3 1 (2.8) - - *T/A Transition V304D Nsyn
940 D3 3 (8.3) 3 (6.8) 9 (23.7) *T/A Transition L314I Nsyn
979 D3 - - 1 (2.6) *T/G Transversion C327G Nsyn
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Pfs48/45 domain 2, the superimposed structure revealed
dimorphic codons of Pfs48/45 D3 antigen close to those of
Pfs230 D1 (Supplementary Figure S2).

Genetic Diversity of Pfs230 and Pfs48/45
Genes in Western Kenya
Pfs230 D1 from the three sites had π of 0.15 × 10–2, k; 0.68 and
haplotype diversity (Hd) of 0.57 (Table 2). The domain had a
nucleotide conservation index of 98.7% with a total of eight
haplotypes circulating in western Kenya (Figure 2). Kisumu
had the highest π (0.18 × 10–2) followed by Kisii (0.15 × 10–2)
and Homa Bay (0.12 × 10–2). The site also had the most
haplotypes 6) and the highest Hd (0.63) when compared to
Kisii and Homa Bay, which had four haplotypes each and Hd
of 0.60 and 0.52, respectively (Figure 2). Haplotype 2 (Hap_2)
with the mutated codon G605S was the most common in western
Kenya and at each study site. This was followed by Hap_4
(mutated codons G605S and K661N), Hap_7 (G605S, T652R,

and K661N), and Hap_8 (T652R and K661N) (Supplementary
Table S1). The remaining haplotypes (Hap_1, Hap_3, Hap_6,
and Hap_5) were observed at a lower frequency. Only one
sequence (from Chulaimbo) in western Kenya lacked a
mutated site and had 100% sequence identity to the laboratory
strain PF3D7_0209000 or NF54 sequence used as a positive
control (Figure 2).

The Pfs48/45 D3 from western Kenya had low π (0.06 × 10–2)
and Hd (0.25) (Table 2). The domain had a conservation index
of 99.3%, with four haplotypes circulating in the study area
(Figure 2). Kisii parasites had the highest π (0.10 × 10–2)
followed by Homa Bay (0.05 × 10–2) and Kisumu (0.03 × 10–2)
(Table 2). Kisii and Homa Bay study sites each had three
haplotypes in circulation, while Kisumu had four (Figure 2).
The majority of haplotypes lacked a mutation (Hp_1) or had
100% sequence identity to the laboratory strain
PF3D7_1346700 or the NF54 sequence used as a positive
control (85.6%). This was followed by Hp_3 (mutated
codon L314I), which had an overall frequency of 12.7%,

TABLE 2 | Summary of genetic diversity indices for Pfs230 domain one and Pfs48/45 domain three from parasites in western Kenya N: Sample size; C: Conservation index;
S: Segregating sites; π: nucleotide diversity; Vars: Variants; Hd: Haplotype diversity.

Pfs230
D1 Region

N C (%) S π
(×10–2)

h Hd Tajima’s
D

Fu’s
FS

FLD* FLF*

Homa Bay 82 99.40 3 0.12 4 0.52 −0.11 −0.21 −0.54 −0.45
Kisumu 39 98.90 5 0.18 6 0.63 −0.80 −1.94 −0.73 −0.82
Kisii 35 99.40 3 0.15 4 0.60 −0.15 −0.39 −0.31 −0.29
W. Kenya 156 98.70 6 0.14 8 0.56 −0.82 −3.33 −0.94 −1.03

Pfs48/45 D3

Homa Bay
36 99.50 2 0.05 3 0.21 −1.09 −1.42 −0.80 −0.95

Kisumu 44 99.80 1 0.03 2 0.13 −0.60 −0.30 0.55 0.244
Kisii 38 99.50 2 0.10 3 0.41 −0.21 −0.12 −0.81 −0.74
W. Kenya 118 99.30 3 0.06 4 0.25 −0.94 −1.87 −2.06 −2.00

FIGURE 2 | TCS-network analysis of the relationship of haplotypes based on the of Pfs230 domain one and Pfs48/45 domain three from parasites in malaria-
endemic and epidemic-prone regions of western Kenya. (A). represents haplotypes based on observed sequence variation in Pfs230 D1 whereas (B) represents
haplotypes inPfs48/45D3. The network shows the distribution of haplotype within malaria-endemic Homa Bay (red) and Kisumu (Chulaimbo) (green) as well as epidemic
Kisii highland (purple). The hatchmarks represent the number of mutations resulting in a specific haplotype whereas the size of the circle equates to the frequency of
the observed haplotypes. Haplotypes labelled Hap_1(NF54) for Pfs230 D1 and Hp-1 (NF54) for Pfs48/45 D3 lacked mutated locus and have 100% sequence identity to
laboratory strain NF54 or 3D7. Nucleotide sequences of all haplotypes were submitted to GenBank (accession: MW624857- MW625101).
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while the rest (Hp_2 and Hp_4) had a frequency <1%
(Supplementary Table S2).

Signatures of Selection, Linkage
Disequilibrium and Recombination Events
Pfs230 D1 from P. falciparum isolates deviated from a standard
neutral model. Tajima’sD (-0.8), FLD* (-0.9) and FLF* (-1.0) tests
were all negative and non-significant (p > 0.05) (Table 2).
However, Fu’s FS result (-3.3), was significant (p = 0.023).
Tajima’s D test results were also non-significant (p > 0.05) in
each site (Table 2). Despite the overall negative Tajima’s D
results, there was a slight variation among individual mutated
loci on Pfs230 D1. Locus 1983 (codon change K661N) had a
significant (p < 0.05) positive (1.9) Tajima’s D result, whereas the
rest had negative results (Figure 3). Apart from deviating from a
standard neutral model, some loci pairs (1813, 1955) had positive
LD (D′) results with highly significant (p < 0.001) χ 2 values of
19.7 and 12.7 among Homa Bay and Kisumu sequences,
respectively (Supplementary Table S1). Among Kisii
sequences, loci pairs (1813 and 1983) had positive D′ results,
despite the fact that the χ 2 values was non-significant and the r2

value was low (0.03). Other loci with positive D′ results, low r2

values and non-significant (p > 0.05) χ2 values in Homa Bay and
Kisumu parasites include loci pairs (1813,1983) (1955,1983) and
(1967,1983). Some loci pairs on Kisumu and Kisii sequences had
negative D′ results (Supplementary Table S1). On Pfs230 D1
from parasites in Homa Bay and Kisumu, recombination events
were detected across loci pairs (1813, 1955) and (1813, 1983)
(Supplementary Table S1).

All of the Pfs48/45 D3 sequences had non-significant (p >
0.05) negative Tajima’s D -1.9, FLD*: 2.1 and FLF*: 2.0 results.
The Fu’s FS (-1.9) result was, however, significant (p = 0.096).
Locus 940 (L314I) among Kisii sequences had a significant (p >
0.05) positive Tajima’s D (0.8) results (Figure 3). There was no
evidence of Rm or positive D′ results at any of the dimorphic
loci within Pfs48/45 D3. However, some loci pairs from Homa
Bay and Kisii had negative D′ results (Supplementary
Table S2).

DISCUSSION

The Pfs230 D1 and Pfs48/45 D3 antigens are important candidate
antigens in the development of an effective TBV. Despite having a
high frequency of rare alleles in western Kenya, both targets had
low nucleotide diversity. Two variants, each on Pfs230 D1 and
Pfs48/45 D3, were novel and private to western Kenya. The study
validated five previously described polymorphic sites on Pfs230
D1 (Singh et al., 2020). In this study, G605S, one of the five
mutated codons, was fixed in some study areas but not in others.
Pfs230D1 had the most mutations, while the Pfs48/45 D3 was the
most conserved. Mutated loci from both domains were either
under purifying or balancing selections. Other genetic forces
revealed to have shaped alleles on the two genes included
inbreeding and genetic drift with recombination being
discovered only Pfs230 D1.

Pfs230 D1 from western Kenya had low nucleotide diversity,
with significant Fu’s FS results indicating a high frequency of rare
alleles. In addition to the previously reported 15 polymorphisms
on Pfs230 D1 from parasites in Asian (Bangladesh, Cambodia,
Laos, Myanmar, Thailand, and Vietnam) and African
(Democratic Republic of the Congo, Ghana, Guinea, Malawi,
Mali, Nigeria, Senegal, and Gambia) countries (MacDonald et al.,
2016; Singh et al., 2020), this study discovered one additional
mutation (I539T). This novel variant was identified only at the
Kisumu study site along with five other polymorphisms (G605S,
T652R, E655V, T656N, and K661N). These findings validate five
previously described polymorphisms reported by (Singh et al.,
2020). We speculate that the relatively higher nucleotide diversity
index and number of haplotypes in Kisumu compared to other
sites in western Kenya is related to the region’s slightly higher
malaria transmission and absence of IRS activities (Oduma et al.,
2021; Ochwedo et al., 2022).

Missense mutation G605S was found in parasites at a slightly
higher allelic frequency (AF = 0.98) than in other geographical
regions, as described by (Singh et al., 2020) (AF = 0.94)
(MacDonald et al., 2016), (AF = 0.11), and (Coelho et al.,
2021) (AF = 0.91). With only two clinical isolates in western
Kenya lacking this mutation, G605S is almost completely fixed.

FIGURE 3 | Sliding window plot of Tajima’s D values for Pfs230 domain one and Pfs48/45 domain three in western Kenya. The X-axis displays the nucleotide
position (Windowmidpoint) whereas the Tajima’s D values are represented on the Y-axis. (A) is a representation of Pfs230 domain one whereas (B) represents of Pfs48/
45 domain 3. The blue curve represents computed Tajima’sD plot for sequences of P. falciparum circulating in Kisii, the red colour is for Homa Bay, the green colour is for
Kisumu (Chulaimbo) whereas the black dotted colour represents the population from the three study sites. The middle horizontal dotted line (intersecting the Y-axis
at 0.0) represents a standard neutral model where the Tajima’s D value is equal to zero. Positive deviation from the grey dotted line signifies balancing selection whereas
negative deviation represents purifying selection.
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This indicates the presence of selection pressure from either host
antibodies, vector immune response or genetic drift (decreased
variation and increasing homozygosity), may be stronger on P.
falciparum populations from Kisii (low parasite population size)
or Homa Bay (endemic site with declining parasite population
size) compared to Kisumu (Chulaimbo) (Hancock and Di Rienzo,
2008; Honnay, 2013; Oduma et al., 2021). In contrast, the second
most common polymorphism, K661N, was found in Kisumu at a
higher frequency than in Kisii and Homa Bay. This reversal in the
observed G605S and K661N frequencies could be attributed to
factors such as recombination events (Rm), which are known to
interfere with linked loci and could be effective on linked
dimorphic loci pair 1813 and 1983 (responsible for G605S and
K661N mutations respectively), thus increasing diversity in
Kisumu (Chulaimbo) (Mejia, 2012) as opposed to Kisii and
Homa Bay parasites, which also lack Rm between the two
sites. Since immunogenic epitope binding light chain of
transmission-blocking 4F12 monoclonal antibodies (TB 4F12
mAb) is close to the dimorphic codon G605, selection
pressure from host antibodies on the epitope may be affecting
the surrounding codons (MacDonald et al., 2016; Singh et al.,
2020). This codon is located within a disulphide loop (from 593 to
611) that is thought to be stabilizing the epitope binding of TB
4F12 mAb (Singh et al., 2020). With near-complete fixation, the
mutation may be beneficial to parasites but have a negative effect
on the epitope binding affinity of TB 4F12 mAb. This needs to be
looked into further by immunoassays of haplotypes with this
polymorphism. Polymorphism I539T was found near codons
542–592 that contain 3G2 and 5G3 mAb binding epitopes which
were previously shown to have no detectable oocyst reduction
activity (Singh et al., 2020). Other polymorphisms, T652R,
K661N on different ß pleated sheets, and E655V, T656N on
disulphide loops linking the two loops, were distally located from
the epitope that binds TB 4F12 mAb (Singh et al., 2020). When
the two fusion proteins were superimposed, these four
polymorphic codons were closer to mutated codon V304D,
L314I, and C327G on Pfs48/45 D3, supporting the hypothesis
that antibodies could be sterically interfering with protein-protein
interaction (Singh et al., 2020). Plasmodium falciparum may
induce these mutations in response to antibody-induced
pressure in order to circumvent the blockade of fusion
between Pfs230 D1 and Pfs48/45 D3, resulting in an
uninterrupted gametocyte fertilization process.

The novel missense polymorphism C327G on Pfs48/45 D3 has
the potential to be very important because it can interfere with
one of the six cysteine residue pairings (pairing between codon
C298 and C327) on the 85RF45.1 mAb epitope (Kundu et al.,
2018). Other polymorphisms (Y251Y, K253E, N254K in Pfs48/45
D2 and V304D, L314I in Pfs48/45 D3) have been observed in P.
falciparum populations in other malaria endemic regions
(Conway et al., 2001; Jones et al., 2015; Kundu et al., 2018).
However, none of these polymorphisms had been previously
reported by a study conducted in the Asembo Bay area of
western Kenya (Escalante et al., 1998). Though not the focus
of this study, polymorphisms on codon 254 is thought to
influence the type of host antibody that binds at the epitope
bearing this mutation on Pfs48/45 antigen (Kocken et al., 1995).

The three polymorphic codons Y251Y, K253E, and N254K on
Pfs48/45 D2, are close to the disulphide loop that stabilizes the
epitope binding TB 4F12 mAb on Pfs230 D1, thus suggesting
steric interference from the antibodies. Pfs48/45 domain three is
highly conserved, with low nucleotide and haplotype diversity
when compared to Pfs230 D1. The key polymorphism based on
this domain was L314I, which has a higher allelic frequency in
Kisii highlands than in Homa Bay and Kisumu. Despite the
presence of a high frequency of rare alleles, the majority of
parasites lacked polymorphic loci on Pfs48/45 D3.

Inbreeding, recombination, and natural selection were
identified as major drivers of the observed mutations in Pfs230
D1 and Pfs48/45 D3. The presence of linkage disequilibrium
confirmed the history of selection pressure and inbreeding across
various loci in Pfs230D1 and Pfs48/45D3 (Larrañaga et al., 2013).
Some polymorphisms were considered intermediary because they
had negative linkage disequilibrium (D′) values (Silvela et al.,
1999). The negative D′ values also confirmed a history of random
drift, which is decreasing the number of variants while increasing
homozygosity that may play a role in the parasite’s loss of
favourable mutations if it persists (Barton, 2010).

The presence of natural selection was confirmed by the Tajima’s D
values. Overall negative Tajima’s D results revealed that purifying
selectionwas affecting themajority of loci withinPfs230D1andPfs48/
45 D3, reducing genetic diversity (Cvijović et al., 2018). The
aforementioned selection was, however, weak because the
computed negative Tajima’s D values in both antigens were not
significant. Individual Tajima’s D results for each codon revealed all
other dimorphic codons to be under purifying selection, with the
exception of K661N on Pfs230 D1 from all study sites and V304D on
Pfs48/45 D3 from Kisii, which are under strong and weak balancing
selection, respectively. The twomutated loci under balancing selection
may play an important role within the Pfs230 D1 and Pfs48/45 D3
fusion proteins, which may explain why they are maintained in the P.
falciparum population from western Kenya (Escalante et al., 1998).
These findings support previous postulation (Jones et al., 2015) that
selection pressure is acting on immunogenic domains of Pfs48/45.

The presence of weak purifying selection acting on dimorphic
sites may impact not only host mAb binding and functional activity
but also be affected by selective pressure in the mosquito vector
(Lombardo andChristophides, 2016). This pressure could be exerted
on individual antigens before or after complex formation. Findings
in the present study support future investigations that examine
functional antibody responses such as the ability of PfS230 and
Pfs48/45 antibodies that activate human plasma complement and
reduce mosquito infectivity in membrane feeding assays.

CONCLUSION

The Pfs230D1 and Pfs48/45D3 in P. falciparum from western Kenya
have low nucleotide diversity and a high conservation index with high
frequency of rare alleles. Among the observed polymorphisms in
Pfs230 D1, G605S is nearly fixed in the population. Natural selection,
inbreeding, and, to some extent, recombination are important driving
forces in shaping these alleles in the two antigens. With the discovery
of novel polymorphic sites, the two domains of the Pfs230 and Pfs48/
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45 fromdifferentmalaria-prone regions, including areaswhere clinical
trials have been conducted, should bemonitored indefinitely. This will
help track the genetic stability of the two TBV candidates.
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Epigenetics are the heritable changes in gene expression patterns which occur without
altering DNA sequence. These changes are reversible and do not change the sequence of
the DNA but can alter the way in which the DNA sequences are read. Epigenetic
modifications are induced by DNA methylation, histone modification, and RNA-
mediated mechanisms which alter the gene expression, primarily at the transcriptional
level. Such alterations do control genome activity through transcriptional silencing of
transposable elements thereby contributing toward genome stability. Plants being sessile
in nature are highly susceptible to the extremes of changing environmental conditions. This
increases the likelihood of epigenetic modifications within the composite network of genes
that affect the developmental changes of a plant species. Genetic and epigenetic
reprogramming enhances the growth and development, imparts phenotypic plasticity,
and also ensures flowering under stress conditions without changing the genotype for
several generations. Epigenetic modifications hold an immense significance during the
development of male and female gametophytes, fertilization, embryogenesis, fruit
formation, and seed germination. In this review, we focus on the mechanism of
epigenetic modifications and their dynamic role in maintaining the genomic integrity
during plant development and reproduction.

Keywords: epigenetic modification, DNA methylation, histone proteins, stress response, plant hormones,
transposon silencing, miRNA

INTRODUCTION

Epigenetics is the study of mitotically and/or meiotically heritable changes in gene function that
cannot be explained by changes in the DNA sequence (Waddington 1957; Waddington, 2012;
Iwasaki and Paszkowski, 2014). Epigenetic changes are induced through behavioral or
environmental factors that may affect the way the genes work (Niederhuth and Schmitz, 2017;
Parker et al., 2021). These modifications are reversible and do not change the sequences of DNA but
alters the way in which DNA sequences are read. Epigenetic modifications include DNAmethylation
(Bouyer et al., 2017), histone modifications (Zhou, 2009; Liu et al., 2010), ubiquitination of histone
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N-tails, and posttranscriptional silencing through small
noncoding RNAs and RNA-mediated mechanisms (Slotkin
and Martienssen, 2007; Matzke and Mosher, 2014). Gene and
transposon activity get affected by epigenetic changes in the DNA
present within a chromatin (Lippman et al., 2004; Rodrigues and
Zilberman, 2015). Epigenetics regulate flowering time in plants
through transposon silencing, paramutation, and genomic
imprinting (Yaish et al., 2011; Ay et al., 2014; Blüumel et al.,
2015; Parker et al., 2021). Epigenetic changes are inherited
through alleles or epialleles. Epialleles are the sites that get
transmitted to the next generations after being retained stably
in the chromatin state. Epialleles act as supplementary sources of
variation to regulate phenotypic diversity. In plant species,
epialleles affect floral morphology, time of flowering, resistance
against diseases, and leaf senescence (Brukhin and Albertini,
2021). The present review is a summary of the information
available on different epigenetic modifications that appear to
be important in growth, development, and reproduction of
plants.

Epigenetic Modifications in Plants
Plants being sessile in nature are invariably affected by
changing environmental conditions. However, they have the
ability to adapt their biological processes according to the
changing environments. They interact with their environment
through consistent adjustments at the molecular level by
modifying the patterns of gene expression (Yaish et al.,
2011). Epigenetic regulations assist plants in increased
tolerance against different environmental stresses by
reprogramming their developmental stages, such as
flowering time (Barozai and Aziz, 2018). In transgenic
plants, epigenetics helps to understand the problems related
to suitable expression of newly introduced transgenic
segments (Madhusudhan, 2015). Epigenetic changes are
conserved in plants and influence the structure of the
chromatin which in turn regulates the gene expression.
Epigenetic mechanisms are important to regulate various
biological processes and disruption of any one of the
epigenetic mechanisms leads to developmental
abnormalities in plants. Therefore, epigenetic changes play
dynamic roles in the growth and development of plants (Zhang
et al., 2018).

Different biological pathways such as phytohormone
signaling, photoperiodism, and vernalization in combination
with the environmental signals (epigenetic changes) regulate
flowering time by integrating internal state of development of
plants (An et al., 2004; He, 2009; Amasino, 2010; Andrés and
Coupland, 2012; Sun et al., 2014; Burgarella et al., 2016). This
network of flowering regulation involves FLOWERING
LOCUS D (FLD) and FLOWERING LOCUS C (FLC) gene
transcription which are controlled through epigenetic
mechanisms such as ubiquitination, acetylation/
deacetylation, and methylation/demethylation concealed by
hormone signaling. HISTONE DEACETYLASE 6 (HDA6)
protein increases the rate of expression of FLC gene but
ethylene sets off HDA6 expression. FLC is suppressed by
FLOWERING LOCUS D through demethylation of

H3K4me2 which facilitates H4 deacetylation in the same
locus. H3K27me3 is added by PRC2 marking into FLD
chromatin. This also engages PICKLE to link with DELLA
which in turn facilitates the repression of FLC (Bastow et al.,
2004; De Lucia et al., 2008; Jiang et al., 2008; Choi et al., 2009).

Regulation of Epigenetic Modifications
Phenotypic plasticity within the plant species plays an important
role in adaptation to different environmental conditions allowing
different cultivars to adjust and grow. Plasticity maintains the
homeostasis within changing environmental conditions that
allows better gene expression to adapt to different biotic or
abiotic constrains (disease, herbivory, plant–plant competition,
altitude, soil type, seasonal, day length, rain, and ambient
temperature) (Gratani, 2014). Genetic plasticity within the
plants is inferred by different epigenetic modifications that are
regulated by DNAmethylation, histone modification, transposon
modification, noncoding RNAs, and chromatin modulation
(Zhang et al., 2018; Zhang et al., 2008; Zhang et al., 2013).

DNA methylation
DNA methylation is a chromatin modification in plants and is
conceivably inherited mitotically or meiotically over generations.
DNA methylation is catalyzed by cytosine methyltransferases. It
involves the addition of a CH3 group (methyl group) at the fifth
carbon position on cytosine residue generating 5-methyl cytosine
in a sequence-specific manner. The methyl group acts as a
platform for various protein complexes to attach and modify
the chromatin scaffolds causing altered gene expression
(Niederhuth and Schmitz, 2017). On the basis of the target
sequence, methylation is of two types: asymmetrical and
symmetrical methylation. Symmetrical methylation is CG and
CHG methylation and asymmetrical methylation is CHH
methylation (where H denotes any nucleotide other than
guanine). Both symmetric, i.e., CG and CHG, and asymmetric
methylation, i.e., CHH, exist in plants (Jacobsen and Meyerowitz,
1997). Only some genes are methylated in plants within a gene
body, and methylation is restricted only to CG sites (Niederhuth
and Schmitz, 2017). DNA methylation is found to be higher at
repetitive sequences than genic regions in case of plant species. To
maintain genome stability, silencing of TEs is important which
can be mediated through RNA-directed DNA methylation
(RdDM) (Slotkin and Martienssen, 2007; Matzke and Mosher,
2014). Despite having a pivotal role in different biological
processes, DNA methylation applications in crop improvement
are not fully investigated.

DNA methylation is induced biochemically as an epigenetic
heritable change initiated through enzymes. It entails a shift of a
methyl group to the fifth position on the cytosine residue and is
catalyzed by DNA methyltransferases utilizing
S-adenosylmethionine (Thapa and Shrestha, 2020). DNA
methylation occurs at cytosine regions, viz., CG, CHG, and CHH
(H stands in for A, T, or C) (Figure 1). METHYLTRANSFERASE 1
(MET1) enzyme catalyzes the methylation of CG. After the
completion of DNA replication process, MET1 identifies hemi-
methylated CG dinucleotides and methylates the unchanged
cytosine in the daughter strand (Kankel et al., 2003; He et al.,
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2011). DNA methyltransferases CHROMOMETHYLASE 3
(CMT3) and CHROMOMETHYLASE 2 (CMT2) are said to
catalyze CHG methylation (Lindroth et al., 2001; Stroud et al.,
2014). Depending on the chromosomal region, CHH methylation
is catalyzed through DOMAINS REARRANGEDmethyltransferase
2 (DRM2) or CMT2 methyltransferases. Methylation through
CHROMOMETHYLASE 2 is catalyzed at histone H1–containing
heterochromatin sites, while DRM2 catalyzes methylation at RdDM
target areas (Zemach et al., 2013; Zhang et al., 2018) (Figure 1).
There are two types of DNA methylation mechanisms: active and
passive DNA methylation. A particular protein participates in the
active process and demethylates the DNA sequence. The base
excision repair pathway is involved. During DNA replication,
methylation of cytosine is replaced with unmodified cytosine in a
passive process. The reduction of activity of DNAmethylases such as
METHYLTRANSFERASE 1 (MET1) and CHROMOMETHYLASE
3 (CMT3) causes the addition of non-modified cytosine during
DNA replication (Ibarra et al., 2012). In the case of plants, cytosine
methylation has been extensively researched (Ruffini Castiglione
et al., 2002). Cytosine alterations are not constant and vary greatly
depending on the stages of development in plants and
environmental factors (Burn et al., 1993).

DNA methylation is recruited de novo via DRM2 at all
sequence contexts, and its role in CHH methylation is more

prominent because CHH methylation depends only on de novo
methylation. The RdDM pathway regulates the DRM2 activity.
The RdDM pathway contains two plant-specific DNA-dependent
RNA polymerases. The large subunit of these polymerases
consists of proteins, i.e., NRPD1 and NRPE1, and functions
specifically in transcriptional gene silencing and de novo DNA
methylation. Single-stranded RNAs are produced through DNA-
dependent RNA polymerase IV (Pol IV) in DNA repeat sites and
in transposon regions. Pol IV transcription is facilitated by
chromatin remodeling protein CLASSYs (CLSYs; CLSY1-4)
(Yang et al., 2018; Zhou et al., 2018). Single-stranded RNA is
converted to double-stranded RNAs via RNA-dependent RNA
polymerase (RDR2). Double-stranded RNA is then cleaved by
Dicer-like protein (DCL3) into 24-nt siRNA. This 24-nt siRNA
binds to ARGONAUTE proteins (AGO4, AGO6, and AGO9).
Loading of siRNA to ARGONAUTE proteins require KOW
CONTAINING TRANSCRIPTION FACTOR 1 (KTF1)/SPT5-
like protein. KTF1 (RNA-binding protein) binds to noncoding
RNA transcripts produced from Pol V forming RNA-directed
DNA methylation effector complex. Pol V generates single-
stranded RNA transcripts in intergenic noncoding (IGN)
regions. RNA transcripts generation via Pol V requires DRD1,
DMS3, RDM1 and RDM4. RDM1 binds to single-stranded
methylated DNA and leads to the recruitment of Pol V to

FIGURE 1 | Epigenetic changes in response to stress management during growth and development of plant.
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chromatin regions. To catalyze new DNA methylation, de novo
DNA methyltransferases DRM2 are directed to specific
chromatin regions via effector complex (He et al., 2011; Xie
et al., 2012). It has been reported that six homologous proteins act
in a redundant way in the RdDM pathway. These proteins are
found in Arabidopsis and named as FACTOR of DNA
METHYLATION 1–5 (FDM1-5) and INVOLVED IN DE
NOVO (IDN2/RDM12). They belong to the SGS3-like plant-
specific protein family, and their rice homolog is X1. They have
an important role in transcriptional gene silencing like the SGS3
protein family (Xie et al., 2012).

Histone Protein Modifications
Histone modifications comprise an interesting part in epigenetics
(Pfluger and Wagner, 2007). Histone proteins act as winder
around which the segment of DNA gets wrapped and leads to
the formation of a structural unit called as nucleosome.
Nucleosomes comprise histone octamers consisting of two
copies of each of the H2A, H2B, H3, and H4 histone proteins.
The N-terminal tail of these histone proteins undergoes different
modifications such as acetylation, methylation, sumoylation,
ubiquitination, and phosphorylation. These histone
modifications are correlated with either gene activation or
repression. Several histone variants and enzymes are present
in plants that modify histones posttranslationally and regulate
gene expression (Zhou, 2009; Liu et al., 2010). Gene expression is
brought about by the process of acetylation and phosphorylation,
whereas gene expression is reduced through sumoylation and
biotinylation. In the case of plants, deacetylation and methylation
of H3K27 and H3K9 repress genes, while H3K4 and H3K36
acetylation and methylation activate gene expression. Epigenetic
modifications participate in several biological processes like
transcription, replication, and DNA repair by recruiting
specific proteins needed in such processes (Jiang et al., 2009;
Iwasaki and Paszkowski, 2014). Epigenetic modifications not only
consist histone marks/modifications but also consist replacement
with histone variants having different properties to influence gene
expression (Liu et al., 2010). Chromatin immunoprecipitation
applications following deep sequencing provide an insight for the
genome-wide association studies regarding variants of histones
and their posttranscriptional modifications (Butterbrodt et al.,
2006). Responding to various biotic and abiotic stresses, histone
modifications regulate the DNA transcription by interfering with
the packaging structure either by activating the DNA to
transcribe or making condensed structures thereby
deactivating transcription machinery.

N-terminal tails of histones are the sites where most of the
histone modifications take place. These modifications specify the
function of chromatin and transcriptional activities (Jenuwein
and Allis, 2001; Zhao et al., 2019). Histone modifications include
methylation, acetylation, ubiquitination, and phosphorylation
and occur at lysine and arginine residues. Histone
methyltransferases (writers) are a group of SET domain which
catalyzes histone lysine methylation, and downstream events are
mediated by proteins (readers) which recognize specific lysine
methylation. Two histone demethylases, i.e., Jumonji C (Jmj C)
and lysine-specific demethylase 1 (LSD 1) catalyze the removal of

histone lysine methylation (Zhao et al., 2019). In eukaryotes, the
involvement of histone acetylation and methylation in gene
expression regulation was first identified by Allfrey et al.
(1964). It has been demonstrated that increase in histone
acetylation leads to poor separation of sister chromatids in
human fibroblasts and causes chromosomal defects during cell
cycle in tobacco. Trichostatin A (TSA) is identified to have
negative pleiotropic effects and has been found to decrease
global histone deacetylation, resulting in an increase in
acetylated histones (Cimini et al., 2003; Li et al., 2005).

The overexpression of antisense of the histone deacetylase
gene (AtHD1) induces histone acetylation activity in Arabidopsis
thaliana. The AtHD1 gene gives rise to pleiotropic phenotypes
having a variety of developmental defects such as the suppression
of apical dominance, ectopic expression of silenced genes, floral
structure abnormalities, male and female sterility, heterochronic
shift toward juvenility (Tian and Chen, 2001). In plant genome,
the repressive state of heterochromatic regions is marked by
H3K9me1 and H3K9me2. Heterochromatic regions are enriched
with transposable elements and repetitive sequences.
Heterochromatic regions in Arabidopsis are enriched with
H3K27me1, and the association of H3K27me1 is catalyzed by
plant-specific histone methyltransferases ARABIDOPSIS
TRITHORAX-RELATED PROTEINS, i.e., ATXR 5 and ATXR
6. Mutation in H3K27me1 results in de-condensation of
heterochromatin and the release of transposable silencing
(Zhao et al., 2019). H3K27me3 deposition on chromatin is
catalyzed by polycomb repressive complex 2 (PRC2) via
histone methyltransferases. The subunits of PRC2 were first
identified in Drosophila melanogaster (Shen et al., 2021). In
plants, PRC2 deposits the H3K27me3 methylation and plays
an important role in growth and developmental phases of
plants. This modification is found in protein-coding genes and
is regulated dynamically during the growth stages of plants. PRC2
consists of four components, viz., histone methyltransferases
enhancer of zeste [E(z)], extra sex combs (Esc), suppressor of
zeste 12 [Su(z)12], and the histone-binding nucleosome-
remodeling factor 55 kDa (Nurf55, also called p55). One
component of PRC2, i.e., E(z), specifically belongs to the SET
[Su(var)3-9; E(z); trithorax] domain family and is responsible for
histone H3 tri-methylation at Lys27 (Czermin et al., 2002;
Butenko and Ohad, 2011; Simon and Kingston, 2013; Shen
et al., 2021). In case of Arabidopsis, PRC2 components have
multiple duplications, and there exists three homologs of E(z), viz.,
CURLY LEAF (CLF), SWINGER (SWN), and MEDEA (MEA);
three homologs of Su(z), viz., EMBRYONIC FLOWER 2 (EMF2),
VERNALIZATION 2 (VRN2), and FERTILIZATION-
INDEPENDENT SEED 2 (FIS2); and one homolog of Esc, viz.,
COPY SUPPRESSOR OF IRA 1–5 (MSI1-5). FIS2 regulates mega-
gametogenesis and endosperm development in plants during
postfertilization events and EMF, and VRN polycomb
repressive complexes regulate the development of sporophyte
and phase transition, i.e., vegetative to reproductive in plants
(Shen et al., 2021). Histone demethylases found in Arabidopsis,
i.e., JUMONJI 13 (JMJ13), JUMONJI 30 (JMJ30), JUMONJI 32
(JMJ32), EARLY FLOWERING 6 (ELF6), and RELATIVE OF
EARLY FLOWERING 6 (REF6), demethylate H3K27 and
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depress genes temporally or spatially for processes like
flowering, signaling of hormones, and circadian clock control
(Sanchez et al., 2020).

Histone methylation is influenced by environmental factors
(Boyko and Kovalchuk, 2008; Kim et al., 2010). Global gene
expression analysis and chromatin immunoprecipitation (ChIP)
tests have revealed that histone H3 Lys4 methylation (H3K4)
patterns in Arabidopsis respond dynamically to dehydration
stress (van Dijk et al., 2010). The floral initiator SHK1 kinase
BINDING PROTEIN 1 (SKB1) mutant line skb1 provides an
example of the interaction between environmental stress and
blooming. SKB1 attaches to chromatin and raises the quantity of
histone 4 Arg3 (H4R3) symmetric dimethylation (H4R3sme2)
and causes FLC expression and a number of stress-responsive
genes to be downregulated. As a result, its mutant characteristics
include salt hypersensitivity, late flowering, and stunted
development (Zhang et al., 2011; Chen et al., 2013; Cheng
et al., 2019). The standard ABC model determines flower
architecture at the molecular level (Bowman et al., 1991;
Bowman et al., 2012). The geographical bounds of each floral
whorl are determined by precise union of gene expression and
protein interactions in this model (sepals, petals, stamens, and
carpel). The A class gene APETALA2 (AP2) regulates target gene
expression as part of a complex that it forms with TOPLESS
(TPL) and HISTONE DEACETYLASE 19 in Arabidopsis
(HDA19). AGAMOUS (AG) and SEPALATA3 (SEP3), the C
class and E class genes, respectively, are negatively regulated by
the transcription repressor complex. Deacetylation of H4K16 in
regulatory areas of AG and SEP3 mediates gene suppression
(Krogan et al., 2012). Expression studies revealed and identified
additional HDACs expressed in reproductive tissues in
Arabidopsis, i.e., HDA5, HDA6, HDA7, HDA9, HDA15, and
HDA18. Their function in fruit or flower development is
unknown. Only the function of HDA6 has been reported, and
it plays a role in the regulation of blooming time. Histone H3K4
demethylase, i.e., FLOWERING LOCUS D (FLD), interacts
directly with HDA6. The complex represses the expression of
three flowering repressors: FLD, MADS AFFECTING
FLOWERING 4 (MAF4), and MAF5 by removing the acetyl
and methyl groups from histone 3 at their loci (Yu et al., 2011).
HDA6 is one of the HDACs engaged in RdDM. RdDM is a plant-
specific epigenetic process and small interfering RNA
(siRNA)–mediated epigenetic mechanism which regulates the
chromatin silencing of developmental genes, transposable
elements, and repetitive elements. The RdDM mechanism
involves a large number of participants whose actions may be
broken down into a few simple phases (Matzke and Mosher,
2014). The RdDM machinery involves two kinds of transcripts,
viz., Pol IV and Pol V transcripts. Pol IV transcribes long
noncoding RNAs (lncRNAs), and the lncRNAs gets
transformed to double-stranded RNAs (dsRNAs) through
RDR2 (Haag et al., 2012). dsRNAs then gets converted into
siRNAs by DICER-like 3 (DCL3). The siRNAs are loaded into
AGO4 and reimported into the nucleus after being exported to
the cytoplasm. siRNA direct AGO4 to nascent scaffold transcripts
of Pol V through precise base pairing. siRNA, AGO4, and
lncRNA scaffold derived from Pol V recruit histone

deacetylases (HDACs) and DNA methyltransferases, which in
turn silence the genomic loci transcribed by Pol V by the process
of histone deacetylation and DNA methylation. Histone
deacetylation characterizes RdDM-silenced promoters, which
is mediated by RPD3-type histone deacetylase AtHDA6 in
Arabidopsis, which is homologous to SIHDA3 of tomato.
Deacetylation is essential for subsequent methylation by
histone methyltransferases (HMTs), and to control siRNA-
dependent heterochromatin, there is a requirement of
functional AtHDA6 (Li et al., 2005; Aufsatz et al., 2007). The
mutants of AtHDA6 display the revival of RdDM-silenced
promoters in spite of the presence of an RNA-silencing signal.
Reduced cytosine methylation indicates that AtHDA6 plays an
important role in methylation maintenance. The physical
connection of AtHDA6 with DMTs, MET1, and CMT3 may
facilitate this function. Acetylases and deacetylases of histones
have an important role in flowering and fruit development of
tomato plant (Aufsatz et al., 2002). Cigliano et al. (2013)
identified potential histone modifiers of AU4 tomato genome
using RNA sequencing data of tomato genome (Tomato Genome
C 2012) generated by worldwide collaboration sequencing. Also,
they analyzed the expression profiles of each histone modification
in the sample tissues used by using RNA sequencing data from
the same source. Two histone acetylases S1HAG18 and S1HAG6
showed peak expression in the floral samples used, which
indicates their function in reproductive development of
tomato plant. Recently, 15 histone deacetylases have been
discovered in tomatoes. SlHDA3 was found to be the tomato
homolog of AtHDA6 which is expressed in all tissues having the
highest blossom stage expression (Zhao et al., 2014). Another
tomato homolog of AtHDA19, i.e., S1HDA1, was found to be
significantly expressed in the flowering stage, and its expression
was repressed at the fruiting stage. In yeast two-hybrid tests, it has
been found that histone deacetylases, including S1HDA1,
S1HDA3, and S1HDA4, interact with MADS-box transcription
factors, i.e., TOMATO AGAMOUS1 (TAG1) and TOMATO
MADS-BOX (TM29) (Zhao et al., 2014). Transcription factor
TAG1 is required for the expression of both ethylene-dependent
and ethylene-independent ripening genes (Klee and Giovannoni,
2011). TM29 is a homolog of SEPALLATA, which when silenced,
leads to the formation of aberrant flowers and parthenocarpic
fruits (Ampomah-Dwamena et al., 2002).

Transposon Modifications
Most species have transposon elements (TEs) in their
chromosomes, and multicellular eukaryotes have TEs as a key
component of their genome. The majority of transposable
elements are silenced epigenetically, although certain
transposable elements have active transcription in epigenetic
regulation mutants. Furthermore, environmental stress can
trigger TE transcription, a mechanism that occurs across the
evolutionary spectrum from bacteria to mammals (Capy et al.,
2000). McClintock (1984) was the first to report that stress might
cause TEs to shift, a result that has been widely corroborated in
subsequent research (Grandbastien, 1998). Tnt1 and Tto1 are
LTR-type Class I retroelements in tobacco, whose transposition is
triggered by injury or through pathogen attack (Takeda et al.,
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2001; Perez-Hormaeche et al., 2008). Also, Bs1 LTR-type Class I
retroelement in maize was found to transpose after viral infection
(Johns et al., 1985). In Arabidopsis, heat stress induces
transcription of ONSEN (LTR-type Class I retroelement), and
it transposes into siRNA-defective mutants (Ito et al., 2011). LTR
of ONSEN has a heat-responsive region that is activated by
transcriptional heat stress responses (Cavrak et al., 2014). As a
result, genes near or containing newly inserted ONSEN copies
become heat-responsive (Ito et al., 2011). All the above examples
of transposons are of Class I DNA transposons, and these
transpose via the “copy and paste” mechanism in response to
stress. Class II DNA transposons transpose via a “cut and paste”
process in response to stress. In Antirrhinum majus, low
temperature increases the excision frequency of the Ac/Ds
type transposon Tam3 (Harrison and Fincham, 1964;
Carpenter et al., 1987). Transposable elements are a response
of the genome toward environmental challenges and play a
critical role in gene regulation and evolution of the genome
(McClintock, 1984; Slotkin and Martienssen, 2007; Fedoroff,
2012). It has been proposed that TEs activation in response to
environmental stress could provide epigenetic variability which
could contribute toward the greater adaptive capacity of plants
under stress conditions (Mirouze and Paszkowski, 2011; Bucher
et al., 2012; Ashapkin et al., 2020). The active DNA transposon
mPing has been found to preferentially insert into 50 flanking
regions of genes rather than exons in rice. Cold and salt stress
encourages transcription of a subset of genes by inserting mPing
in the promoter region (Naito et al., 2009; Wang et al., 2016).

It has been reported that epigenetic reprogramming has an
important role in transposon silencing and reprogramming in
germ cells of plants (Feng et al., 2010). In Arabidopsis thaliana,
one egg cell and one central cell containing two nuclei are
produced during the process of female gametogenesis, and
several accessory cells are also produced. The egg cell fuses
with one sperm cell during double fertilization process
forming an embryo, and the second sperm cell fuses with the
central cell leading to the formation of an endosperm (triploid). A
helix hairpin DNA glycosylase, DEMETER (DME) causes
hypomethylation in the endosperm by removing methylated
cytosine residues. Demethylation via DME activates expression
of transposons through the RNAi pathway that introduces
transcripts of transposons and produces additional siRNAs
guiding DNA methylation. The siRNAs expression in the
endosperm development indicates genome imprinting, and
siRNAs production guides DNA methylation in egg cell
reinforcing transposons silencing in the germ cells.
Transposons silencing occurs in the germ cells, but mild
activity of transposons in endosperm have no major effects as
the endosperm is not inherited to next generation (Hsieh et al.,
2009b; Gehring et al., 2009; Ibarra et al., 2012; Ito 2013).
Transposons activity in the embryo has been suppressed via
the RNAi pathway having a major role in reprogramming of
paternal genome inArabidopsis (Han et al., 2019). It has also been
reported that sRNAs lead to hypomethylation of vegetative cells
when they are transported to the sperm cell via the cytoplasm of
the pollen grains. This accumulates siRNAs and activates de novo
remethylation through the RdDM pathway leading to

transposons silencing in the gametes. Genes responsible for
biogenesis of siRNA and transposons silencing are expressed
at a very low concentration in pollen. But the DDM1 gene is an
exception, which is specifically expressed in the sperm cells of
mature pollen. In the vegetative nucleus of wild-type, DNA
demethylation and activation of transposons occur by the
downregulation of the DDM1 gene. This activation of
transposons in vegetative cells also has no effect on the fitness
of the species, as vegetative cells are not inherited to the next
generation and have no contribution of genetic material, i.e.
DNA, to the fertilized embryo. This demonstrates that
epigenetic inheritance and transposon silencing are
contributed through genome reprogramming guided via RNAs
(Ito, 2013; Dziegielewski and Ziolkowski, 2021).

miRNA Modifications
miRNAs comprise 20–24 noncoding nucleotides that regulate
gene expression after transcription and are also involved in the
age pathway by regulating the time of flowering in plants by using
RNA-directed DNA methylation (RdDM) (Matzke et al., 2001;
Matzke et al., 2007; Pikaard, 2006; Teotia and Tang, 2015;
Dziegielewski and Ziolkowski, 2021) (Figure 1). The miRNA
molecules with the help of the RdDM pathway can bring about
DNA methylation on a specific location (Teotia and Tang, 2015).
Global gene expression analysis in Arabidopsis thaliana having
genetic disorder in photoperiodic signaling pathway and system
integrate genes suggesting the role of miRNAs in mediating the
effects of floral induction (Schmid et al., 2003; Kinoshita and
Richter, 2020). miR156 and miR172 are the two key miRNAs
acting as the main elements in controlling the age pathways in
plants by downregulating target genes and also effecting flowering
time in many plant species (Figure 2). The level of miR156
increases during the vegetative stage of plants and decreases as
plants proceed toward the reproductive stage, and at this stage,
miR172 increases (Tanaka et al., 2011; Luo et al., 2013; Teotia and
Tang, 2015). The expression of miRNAs is determined by
environmental factors. miRNAs affect the expression of certain
genes of plants when exposed to abiotic and biotic stress by
frequently reprogramming genes involved in the developmental
pathways (Covarrubias and Reyes, 2010; Hirayama and
Shinozaki, 2010; Urano et al., 2010; Tiwari and Rajam, 2022)
(Figure 1). Stress-inducible miRNAs and their expected targets
have been discovered to be preserved in Arabidopsis (Sunkar and
Zhu, 2004). It has been reported through global gene expression
in rice plants that when exposed to stress conditions such as cold,
drought, excessive salt, and ABA treatment, miRNAs modulate
gene expression in the rice plants (Shen et al., 2010).
Correlation between miRNA biogenesis mechanism
proteins, response to stress, and flowering has been found
in many mutant lines of Arabidopsis. For example, ABH1 and
CBP20 encode cap-binding factors which are required for
maturation of RNA (Papp et al., 2004). The abh1 mutant
exhibits ABA hypersensitivity, and the cbp20 line exhibits
both drought tolerance and ABA hypersensitivity
(Hugouvieux et al., 2001; Kwak et al., 2005). In addition to
the role of miRNA in stress responses, they are also important
in controlling the flowering in Arabidopsis (Aukerman and
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Sakai, 2003; Chen and Li, 2004; Sunkar and Zhu, 2004). Long
intronic noncoding RNA (COLDAIR) mediates interaction of
H3K27me3 at FLC. This interaction of COLDAIR with
FLOWERING LOCUS C (FLC) gene targets PRC2 to
interact with FLC, resulting in FLC suppression during cold
treatment, i.e., vernalization (Baulcombe and Dean, 2014).
miRNA partially regulates the FL, and mutations in the
miRNA biogenesis genes DCL1 and DCL3 cause delayed
flowering in these mutant backgrounds due to overly high
FLC expression (Schmitz et al., 2007) (Figure 1). Another
mutant line HYPONASTIC LEAVES 1 (HYL1) was also found
to show late flowering characteristics (Lu and Fedoroff, 2000).
HYPONASTIC LEAVES 1 (HYL1) gene produces a protein
that binds to double-stranded RNA (dsRNA) and mediates
gene control via miRNA (Han et al., 2004). Scientists have
reported that in addition to hyl1 mutants, many Arabidopsis
mutants in miRNA biogenesis machinery genes have

phenotype related to ABA and salt hypersensitivity,
i.e., SERRATE (SE) gene, DCL1 gene, HUA-ENHANCER 1
(HEN1) gene, and HASTY gene (Lu and Fedoroff, 2000; Han
et al., 2004; Rasia et al., 2010; Zhang et al., 2018).

Epigenetic Regulation in Plant Development
and Morphogenesis
Stem cells are present in plant meristems and lead to the
formation of all tissues and organs. The RdDM factor
transcript levels are higher in tissues of meristem in A.
thaliana than in cell expansion tissues, e. g., tissues of
hypocotyl and differentiated leaves (Zhang et al., 2018). The
DNAmethylation level was found to be more in columella cells of
root meristem because these cells are least condensed with
pericentromeric chromatin. This allows more accessibility to
RdDM factors. There have been no obvious reports of

FIGURE 2 | Role of epigenetic modifications in controlling flowering time in co-relation with biological pathways: flowering is induced by a number of molecular
pathways that respond to external and internal signals. Flower integrator genes such as FT and SOC1 are regulated by flowering activators and repressors. In the
photoperiodic pathway, chromatin modifications involve the well-conserved histone binding protein MULTICOPY SUPRESSORS OF IRA1 (MSI1)–like protein family.
MSI1-like protein forms a complex with ubiquitous protein, i.e., POLYCOMB REPRESSIVE COMPLEX 2 in Arabidopsis and controls the switch to flowering. MSI1
acts in the normal expression of CO in long day (LD) plants. Reduced expression of CO inmsi1mutants leads to FT and SOC1 repression. In age pathway, miR156 and
miR172 acts as positive regulators of SOC1 gene. Vernalization leads to the expression of VIN3. VIN3 represses FLC transcription by binding with PcG protein (VRN1,
VRN2, LHP1). PcG proteins epigenetically modify chromatin of FLC by trimethylation of H3K27.
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apparent meristem abnormalities in RdDM mutants in A.
thaliana, but rice and maize mutants show severe
developmental defects, indicating that these components play

critical roles in meristem function (Zhu et al., 2012; Kawakatsu
et al., 2017; Zhang et al., 2018). After the emergence of leaves from
shoot apical meristem, many developmental genes get suppressed

TABLE1 | Role of epigenetically induced modifications in trait control, development, and morphogenesis of different plant species.

Species Epigenetic modification Plant developmental responses References

Arabidopsis thaliana DNA demethylation Stomatal development Yamamuro et al. (2014)
DNA methylation Diseases resistance Zhang et al. (2018)
Histone modification Growth and development Czermin et al. (2002)
Histone modification Development of sporophyte and phase transition Shen et al. (2021)
DNA methylation Response to pathogen pathways and floral induction Gao et al. (2003)
mi RNA Enhanced plant phenotypic vigor Mondal et al. (2020)
miRNA Regulation of trichome distribution Xue et al. (2014)
Histone methylation Response to drought stress Van Dijk et al. (2010)
Histone methylation Response to necrotrophic fungi Berr et al. (2010)
Histone methylation Response to salt stress Kim et al. (2010)
Histone methylation Response to cold stress Pavangadkar et al. (2010)

Aegilops tauschii DNA hypomethylation Plant defense response against pathogens Geng et al. (2019)
Alternanthera
philoxeroides

DNA methylation Maintains leaf and stem morphology Gao et al. (2010)

Antirrhinum majus DNA methylation Stem elongation Gourcilleau et al. (2019)
Brassica rapa DNA methylation/histone modifications Increased crop yield Hauben et al. (2009)

DNA hypomethylation Plant defense response against pathogens Kellenberger et al. (2016)

Citrullus lanatus DNA hypomethylation Plant defense response against pathogens Sun et al. (2019)
Elaeis guineensis DNA methylation Somaclonal variations Jaligot et al. (2000)
Glycine max DNAmethylation and histone modifications Response to salt stress Song et al. (2012)

Ilex aquifolium DNA methylation Leaf development Herrera and Bazaga (2012)
Lycopersicon esculentum Small RNA Enhanced plant vigor Kundariya et al. (2020)
Nicotiana tabacum DNA hypomethylation Plant defense response Wang et al. (2018)
Nicotiana tabacum DNA methylation Aluminum and salt stress Choi et al. (2009)

DNA methylation More efficient genetic transformation of plants. Yamagishi and Kikuta (2021)
DNA methylation Regulation of nutritive value Quadrana et al. (2014)

Oryza sativa DNA methylation Leaf development Zhang et al. (2018)
miRNA Floral abnormalities Zhu et al. (2009)
miRNA Leaf development Xie et al. (2012)
Histone methylation Gene expression under drought stress Zong et al. (2012)
Histone methylation Stem elongation Chen et al. (2013)
DNA hypomethylation Plant defense response Atighi et al. (2020)
Histone methylation Control of transposon activity Cui et al. (2013)

Panicum virgatum miRNA Morphological alterations Fu et al. (2012)

Torenia fournieri miRNA Plant growth Shikata et al. (2012)

Trifolium pratense DNA methylation Defense against stress Yang et al. (2020)

Vitis vinifera DNA methylation Response to medium-high temperatures in regenerated plants Baranek et al. (2015)
DNA methylation Authentication of plant origin Xie et al. (2017)

Zea mays DNA methylation Improved yield Tani et al. (2005)
DNA methylation Adaptive evolution Xu et al. (2020)
DNA methylation Prediction of key phenotypes Regulski et al. (2013)
DNA methylation Phenotypic predictor, independent of genetic polymorphism

data
Xu et al. (2019)

DNA methylation Controls cell division in maize leaves Candaele et al. (2014)
Histone modifications Enhance plant resilience to stress Forestan et al. (2019)
Small RNA Used as complementary biomarkers in crops Seifert et al. (2018)

Sugar beet DNA methylation Tolerance to bolting Trap-Gentil et al. (2011)

Rubber trees DNA methylation Tolerance against cold stress Tang et al. (2018)
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by the deposition of SET DOMAIN GROUP PROTEIN 711
(SDG711)–dependent H3K27me3 in rice. SDG711-dependent
H3K27me3 synchronizes with DRM2-catalyzed non-CG DNA
methylation in the gene body of Oryza sativa. SDG711 interacts
physically with DRM2, and mutation in DRM2 decreases
chromatin binding of SDG711 and deposition of H3K27me3
at repressed gene sites (Zhou et al., 2016; Zhang et al., 2018).
During the growth of leaves in maize, DNA methyltransferases
were found to be regulated variably resulting in distinct patterns
of CG and CHG methylation in the division zone, transition,
elongation, and mature zone reflecting the leaf’s spatial gradient
of cells (Zhou et al., 2016). DNA methylation is required for
pattern development in some leaf epidermal cells of Arabidopsis
thaliana. DNA demethylation in Arabidopsis thaliana is
dependent on genes of the ROS1 subfamily encoding 5-
methylcytosine DNA glycosylases/lyases. DNA demethylation
initiated via ROS1 leads to the expression of EPF2 gene.
EPIDERMAL PATTERNING FACTOR 2 (EPF2) is a peptide
ligand that inhibits stomatal development, resulting in an excess
of stomatal lineage cells. Malfunction of ROS1 results in promoter
hypermethylation and suppression of the gene encoding EPF2,
resulting in stomatal cell development (Yamamuro et al., 2014;
Zhou et al., 2016; Zhang et al., 2018). Similarly, the loss of
function of H3K9 demethylase IBM1 (increase in BONSAI
methylation 1) causes elevated H3K9me2 and CHG DNA
methylation, as well as the suppression of three LRR
RECEPTOR-LIKE SERINE/THREONINE-PROTEIN KINASE
ERECTA family genes that encode EPF2 receptors, resulting in
stomatal pattern formation problems as seen in ROS1 mutant
plants. In ros1 plants, the mutation in RdDM factors, H3K9
methyltransferase SUVH4, and CMT3 in ibm1 plants can rescue
the stomatal pattern formation resulting through abnormal
epigenetic regulation because DNA methylation of EPF2
promoter and silencing of EPF2 depends on RNA-directed
DNA methylation. Also, ROS1 acts against RdDM action
leading to the expression of EPF2. This indicates that two
DNA methylation-mediated mechanisms are responsible for
regulating leaf epidermal cell patterning in A. thaliana
(Table 1) (Candaele et al., 2014; Yamamuro et al., 2014; Wang
et al., 2016; Zhou et al., 2016; Zhang et al., 2018). FLC, a MADS
box transcriptional repressor that keeps Arabidopsis apices in the
vegetative stage, is downregulated by vernalization. As a result,
epigenetic alterations at the FLC locus hasten flowering (Kim
et al., 2009).

Epigenetic Regulation Under Environmental
Stress
DNA methylation suppresses gene expression under stressful
conditions, allowing the plant to conserve energy and strength
for survival (Thapa and Shrestha, 2020). During water scarcity,
CAM plants show the transition from C3 photosynthetic cycle to
CAM pathways, which increases their resilience. This is
accompanied by an increase in genomic methylation and
hypermethylation of satellite DNA. Hypermethylation response
is used to synthesize chromatin structure, which controls the
expression of several genes and helps the plants to withstand

stressful conditions. Hypermethylation was also discovered when
the root tip of pea plants was exposed to water scarcity conditions
(Thapa and Shrestha, 2020). The vernalization process, which
involves prolonged exposure to cold conditions, initiates
flowering in some plant species and is a well-studied example
of how cold causes epigenetic changes that affect flowering.
Epigenetic regulator, NRPD1, a DNA-binding bromodomain-
containing protein, AtGCN5-related GNAT family 5
(acetyltransferase 5) and histone deacetylase were upregulated
in Arabidopsis (Lee et al., 2005). Low temperature has been linked
to DNA demethylation inArabidopsis and other plant species like
Zeamays (Steward et al., 2002),Antirrhinummajus, and Triticum
aestivum (Sherman and Talbert, 2002; Hashida et al., 2003;
Hashida et al., 2003) (Table 1). The Arabidopsis
VERNALIZATION INSENSITIVE 3 gene (VIN3), a
chromatin-remodeling plant homeodomain (PHD) finger
protein that increases acetylation levels, is induced by cold
exposure. This protein is essential for FLC repression and
flowering enhancement. Because FLC expression is not
lowered by cold treatment, the mutant lines for VIN3 do not
respond to vernalization and so remain in a vegetative state for
longer durations (Sung and Amasino, 2004; Soppe et al., 2021)
(Table 1). During vernalization, this complex attaches to VIN3
locus chromatin (Schonrock et al., 2006). In Arabidopsis, on the
other hand, a decrease in H3K27me3 modifications within the
histones of the cold-responsive gene COR15A and the
GALACTINOL SYNTHASE gene ATGOLS3 results in
enhanced gene expression (Taji et al., 2002; Kwon et al.,
2009). Similarly, during dehydration stress, the plant trithorax
factor (ATX1) (Alvarez-Venegas et al., 2003) tri-methylates Lys4
residues of histone H3 (H3K4me3), regulating floral organ
development and altering expression of transcription factor
WRKY70 (Alvarez-Venegas et al., 2007). ATX1 mutations
result in severe flaws in floral architecture (Alvarez-Venegas
et al., 2003).

Various studies have reported that in A. thaliana and other
plant species, including apples, Pharbitis nil, plant hormones such
as auxin, cytokinin, Gibberellic acid, and abscisic acid interact to
control flowering (Domagalska et al., 2010; Matsoukas, 2014).
Salicylic acid (SA) is implicated in the control of CONSTANS,
FLOWERING LOCUS C, FLOWERING LOCUS T, and MADS-
box protein SOC1 transcription (Martinez et al., 2004).
Interestingly, late-blooming phenotype of SA-deficient plants
coincides with a 2- to 3-fold expression of FLC, lowering the
FT levels in LD or SD circumstances as compared to wild-type
plants. Furthermore, chromatin alterations are involved in the
dynamic shift in the gene expression (Sun et al., 2014). For
example, FLC and FT expression in A. thaliana is controlled
epigenetically (Swiezewski et al., 2009; Ietswaart et al., 2012)
(Figures 2, 3). It has been reported that under cold stress,
Polycom Repressive Complex 2 (PRC2) is involved in
silencing the FLC locus (floral repressor) through H3K27me3
(Yuan et al., 2016) (Figure 2). Also, some studies reported that
the silencing of FLC successfully brought about through reducing
H3K4me2 levels in FLC gene (Liu et al., 2010). PRC2 and
Flowering Locus D (FLD) work in coordination to silence FLC
(Shafiq et al., 2016; Campos-Rivero et al., 2017). Sumoylation/
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FIGURE 3 | Epigenetic control on phytohormones: DELLA proteins are negative regulators of SOC1. DELLA proteins in combination with FLC interact with PICKLE
(chromatin-remodeling protein) and PRC2 and repress the expression of SOC1. PRC2 regulates GA signaling by increasing H3K27me3-repressing histone protein. ABA
INSENSITIVE MUTANT 5 overexpression delays flowering initiation by upregulating the expression of FLC. ABA HYPERSENSITIVE 1 (HAB1) is a negative regulator of
flowering when combine with the chromatin-remodeling complex SWI/SNF. FLC is negatively regulated by lysine-specific demethylase 1–type histone demethylase
(FLD). FLD causes demethylation of H3 histone (H3K4me3) in FLC. FLC downregulates SOC1 expression by trimethylation of lysine 27 on histone H3 protein via the
formation of heterochromatic regions. SUMO E3 ligase (SIZ1) promotes expression of FLC by facilitating repression of FLD through sumoylation.

TABLE 2 | Summary of the role of epigenetic regulation along with phytohormone action in plant species.

Species Trait Hormone action References

Arabidopsis
thaliana

Production of flowers Auxin (IAA) Wu et al. (2015)
Function in the floral meristem Cytokinin dehydrogenase enzymes CKX3 and CKX5 Bartrina et al. (2011); Meijon et al.

(2011)
Flowering ABA INSENSITIVE 3 and ABA INSENSITIVE 5 genes, ABA

HYPERSENSITIVE 1 (HAB1) by interconnecting with SWI/SNF chromatin-
remodeling complex

Saez et al. (2008); Bond et al. (2009)

Delay in bloom Rise in ethylene concentration Achard et al. (2007)
Flowering via FLC expression HDA6 and HDA19 expression by ethylene Zhou et al. (2005); Wu et al. (2008)
Flowering Jasmonic acid signaling via HDA6, a HISTONE DEACETYLASE Liu et al. (2012); Yu et al. (2011)

Brassica napus Response to pathogen pathways
and floral induction

HAD19 expression via ethylene Gao et al. (2003)

Elaeis
guineensis

Development of flower Auxin/cytokinin ratio Eeuwens et al. (2002); Jaligot et al.
(2011)

Populus species Bud dormancy Abscisic acid (ABA) and ABA-responsive factors, i.e., PtAB13 Rohde et al. (2002); Ruttink et al.
(2007); Rios et al. (2014)

Rosa hybrid Control of floral development and
blossoming time

changes in miRNA expression in response to ethylene Ma et al. (2008); Pei et al. (2013)
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desumoylation action of the FLD gene can regulate acetylation/
deacetylation of histones through the unspecified procedure.
Histone demethylase is encoded by the FLD gene, thereby
mediating H3K4me2 demethylation and facilitating H4 histone
deacetylation in FLC chromatin (Jin et al., 2008). Exposure to
various amounts of synthetic auxins results in epigenetic
alterations that affect flower growth (Jaligot et al., 2000). The
mantled phenotype of Elaeis guineensis Jacq (African oil palm) is
characterized by anomalies in the development of flowers, leading
to alteration in the auxin/cytokinin ratio (Table 2) (Eeuwens
et al., 2002, Jaligot et al., 2011; Campos-Rivero et al., 2017).
Mantled blooms were enhanced by applying a high amount of
cytokinin (kinetin) and a low amount of auxin [1-
naphthaleneacetic acid (NAA)], and there were less number of
mantled flowers when a high amount of NAA and low amount of
kinetin were applied (Eeuwens et al., 2002). Mantled phenotype
resulted from DNA hypomethylation caused by kinetin, and the
opposite phenotype of the plant resulted from DNA
hypermethylation caused by NAA (Jaligot et al., 2000;
Eeuwens et al., 2002, Jaligot et al., 2011). Pin-shaped
inflorescence in Arabidopsis thaliana resulted from failed floral
primordial initiation caused by Pin-formed mutant pin-1. This
mutant diminishes the polar auxin transport thereby producing
inflorescence devoid of flowers in A. thaliana (Okada et al., 1991).
When IAA is given exogenously, it causes the production of
flowers, which can be reversed (Reinhardt et al., 2000). Histone
alterations have also been shown to have a role in transcriptional
control of auxin target genes (Wu et al., 2015). mRNA
accumulation increases in LFY and FILAMENTOUS FLOWER
(FIL) when auxin is applied, resulting in initiation of the floral
primordium. Auxin treatment leads to elevation of H3K9ac levels
in LFY and FIL gene loci boosting flower primordial (Wu et al.,
2015). In the absence of auxin, TOPLESS and HDA19 were
reported to repress LFY and FIL loci through binding at their
MP-sites, resulting in transcription inhibition of genes (Wu et al.,
2015). Cytokinins play a major role in the division and
differentiation of cells in the floral meristem (Schaller et al.,
2015). Accumulation of cytokinins in A. thaliana meristem
regulates the size of shoot apical meristem and the activity of
cells in the shoot meristem. Cytokinin degradation is catalyzed by
two cytokinin dehydrogenase enzymes CKX3 and CKX5
performing a regulatory function in the floral meristem of A.
thaliana (Table 2) (Bartrina et al., 2011). In the central
WUSCHEL (WUS) domain, CKX3 is expressed, and CKX5
expresses in the broad region of the apical meristem. Double
mutants, i.e., ckx3 and ckx5, lead to the formation of large
inflorescence and flower meristem. Phenotype developed by
these double mutants indicates that cytokinin signaling
precisely identifies the niche of stem cells and retards the
development of cells (Bartrina et al., 2011). Meijon et al.
(2011) reported that cytokinins work in coordination with
epigenetic modifications and regulate flowering processes in
plants. Cytokinin dihydrozeatin riboside and
isopentenyladenine end the dormancy period and influence
flowering through the DNA methylation process. The levels of
DNA methylation decrease before the initiation of flowers, but
after the formation of floral organs, the levels of DNA

methylation increase (Table 2) (Meijon et al., 2011). Scientists
state that cytokinin is an epigenetic component whose function is
to regulate gene expression during the transition from the
vegetative to reproductive form by instigating demethylation.
Abscisic acid (ABA) acts as a floral repressor in A. thaliana where
externally applied ABA affects the blooming time (Wang et al.,
2013). ABSCISIC ACID-INSENSITIVE MUTANT 5 (AB15)
overexpression retards floral initiation through upregulation
of expression of FLC (Wang et al., 2013). ABA INSENSITIVE 3
and ABA INSENSITIVE 5 genes also regulate flowering by
encoding two transcription factors, i.e., basic leucine zipper
(bZIP)–type and B3-type (Hauser et al., 2011). ABA
HYPERSENSITIVE 1 (HAB1) protein is also involved in
controlling flowering in Arabidopsis by interconnecting with
SWI/SNF chromatin-remodeling complex during
transcription induced by ABA (Figure 3). In response to
cold stress, chromatin-remodeling affects the histone core
proteins by increasing the concentration of ABA, which
leads to an increased level of histone H3 acetylation (Saez
et al., 2004). Abscisic acid (ABA) and ABA-responsive factors
play an important role in the maintenance of bud dormancy in
perennial plants such as the Populus species. The PtAB13 gene
is a homolog of AB13 of Arabidopsis, and its overexpression
and downregulation regulate seed dormancy via ABA
signaling. It causes alterations in bud developmental
processes and misregulates the expression of genes during
the process of bud dormancy (Rohde et al., 2002; Ruttink
et al., 2007; Rios et al., 2014) (Table 2). There is some evidence
that epigenetic regulation and ET synthesis are linked (Zhou
et al., 2005). It is well known that during cold stress, ET levels
rise, which may be associated with vernalization processes
(Figure 2) (Chu and Lee, 1989; Zhao et al., 2014), which are
often regulated by DNA methylation or demethylation (Burn
et al., 1993; Sherman and Talbert, 2002). Cold temperatures
cause a rise in ET in Arabidopsis, which delay bloom;
nevertheless, if the temperature is again appropriate,
blooming is stimulated. Ethylene, on the other hand, has
been shown to promote the expression of HDA6 and
HDA19 (Arabidopsis HDACs) (Zhou et al., 2005). HDA6
upregulates FLC expression in A. thaliana (Wu et al., 2008)
(Table 2). HAD19 links the hormone response to pathogen
pathways and floral induction in Brassica napus through a
similar epigenetic mechanism in response to variations in
ethylene sensitivity. HAD19 has been shown to interact
with bnKCP1 (a putative factor with a kinase-inducible
domain), a cold-inducible factor that is highly expressed in
flowers (Gao et al., 2003). The function of ethylene in the
control of floral development and blossoming time has been
demonstrated in roses (Rosa hybrida Samantha). ET is
involved in the regulation of petal cell expansion during the
opening of a rose flower (Table 2) (Ma et al., 2008). In roses,
changes in miRNA expression in response to ethylene have
been documented, with five miRNAs (miR156, miR164,
miR166, miR139, and rhy-miRC1) demonstrating a strong
link between ethylene and petal growth control (Table 2)
(Pei et al., 2013). Plants use Jasmonic Acid (JA) and
jasmonate molecules as signaling molecules in response to
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stress, such as mechanical or biotic injuries produced by ozone
exposure, dehydration, or pathogen infection (Overmyer et al.,
2000; Berger, 2002; Farmer et al., 2003; Loyola-Vargas et al.,
2012). These, on the other hand, are involved in a variety of
developmental processes, including nitrogen storage, fruit
ripening, senescence, and blooming (Creelman and Mullet,
1995; Creelman and Mullet, 1997). The study of the epigenetic
involvement in the control of JA during blooming has been less
thorough than the study of the genetic role. However,
significant breakthroughs have been made. In Arabidopsis,
for example, HDA6, a HISTONE DEACETYLASE, is
essential for JA response and flowering (Wu et al., 2008).
This deacetylase, in collaboration with MET1, governs
locus-directed heterochromatin silencing, potentially by
recruiting MET1 to certain loci and therefore sets the
groundwork for later non-CG methylation (To et al., 2011).
HDA6 also physically binds with FLD (Yu et al., 2011; Liu
et al., 2012), which contributes in the deacetylation of FLC
chromatin and hence represses gene expression (He et al.,
2003; Wu et al., 2008). This shows that HDA6 is involved in
Arabidopsis’ JA response and blooming (Figure 3).

Epigenetic Regulation in Response to
Biological Virulence
In response to pathogen infection and symbiotic microbe
colonization, plants show genome-wide DNA methylation
alterations (Xiao et al., 2021). The first evidence of epigenetic
regulations in response to biotic factors was reported to control
virulence via posttranscriptional gene silencing (PTGS).
Transcriptional gene silencing (TGS) is another permanent
defense mechanism against DNA viruses via RdDM
(Figure 1). It has been reported that virus infection in
Arabidopsis is controlled via m6A-specific methylation of the
RNA genome in the alfalfa mosaic virus (AMV). ALKBH9B, an
Arabidopsis protein having demethylase activity, removes m6A
from ssRNA molecules and accumulates in the cytoplasm of the
siRNA bodies. This process suggests the role of m6A demethylase
in mRNA silencing (Ramirez-Prado et al., 2018; Martinez-Perez
et al., 2017; Ashapkin et al., 2020) (Table 1). The demethylase
DME is required for nodulation inMedicago truncatula. Several
hundred genomic sites, including a small proportion of nodule-
specific symbiosis genes, are variably methylated during nodule
growth. In cyst nematode–infected soybean and A. thaliana
roots, widespread DNA hypomethylation was detected.
Differential DNA methylation in A. thaliana has been
produced by Pseudomonas syringae pv. tomato str. DC3000
(Pst DC3000) (Dowen et al., 2012; Sahu et al., 2013).
Differentially methylated cytosines have been found in CG
and CHH contexts in gene-rich areas, specifically at the 5′
and 3′ ends of protein-coding genes. Also, Pst
DC3000–responsive DNA methylation correlates negatively
with neighboring gene expression levels across the genome,
indicating that at the gene borders, DNA methylation is
regulated dynamically and may contribute to differential gene
expression in response to pathogens. In cucumber leaves and
pollen grains, DNA methylation is caused by plant pathogenic

ncRNAs promoter areas and transcriptional activation of some
ribosomal RNA (rRNA) genes, leading in an abundance of short
RNAs produced from rRNA. InA. thaliana, external application
with pathogenic resistance phytohormone, i.e., salicylic acid,
resulted in megabase-scale DNA hypomethylation in
pericentromeric areas. DNA methylation has been proved to
be a protective mechanism against unwanted transposition and
a defense system against endonuclease digestion (Yaish, 2013).
After infection with the virus, genomic methylation increases,
and gene methylation related to resistance decreases. An
increase in methylation promotes stability of the genome
when plants are attacked by a virus, but genetic
recombination is caused by a decrease in gene methylation
levels and ultimately new genes produced help in resistance
against pathogens (Engler et al., 1993).

Plant susceptibility to certain infectious pathogens can be
altered by mutations in DNA methylation or demethylation
regulators (Yu et al., 2013; Zhang et al., 2018). Plant tolerance
to the biotrophic fungus Hyaloperonospora arabidopsidis is
similarly increased in DNA hypomethylation mutants like
nrpe1 and diminished in DNA hypermethylation mutants like
ros1 (Sanchez et al., 2016; Zhang et al., 2018). POL V mutations
lower susceptibility to the fungal necrotrophic pathogens Botrytis
cinerea and Plectosphaerella cucumerina, in addition to
enhancing resistance to biotrophic pathogens. An nrpd1 (POL
IV) mutant does not have altered resistance to Pst DC3000 or
fungal infections, unlike POL V mutants, indicating that POL V
can regulate plant immune responses independently of canonical
RdDM (Lopez et al., 2011; Zhang et al., 2018). Plants with the
AGO4 mutant alleles ago4-1 and ago4-2, on the other hand,
showed higher vulnerability to Pst DC3000, suggesting that
AGO4 plays a distinct role in plant disease resistance
compared to the other RdDM components. The DNA
demethylase triple mutant ros1–dml2–dml3 and wild-type A.
thaliana were compared, and it was discovered that DNA
hypermethylation occurred more frequently in the mutant at
regions flanking the gene body, such as upstream promoter
regions and three untranslated regions. In the ros1–dml2–dml3
plants, over 200 genes are repressed, a large number of which
have known or potential involvement in biotic stress response
and are enriched with tiny transposons in their promoters. The
ros1–dml2–dml3mutant is more susceptible to the fungal disease
Fusarium oxysporum, which supports this theory (Zhang et al.,
2018) (Table 1).

Epigenetic Regulation in Plant
Reproduction and Meiosis
Epigenetic modifications display a significant contribution in the
position and rate of crossovers; however, the mechanism of the
molecular crossovers remains to be fully studied (Wibowo et al.,
2016). The highly coordinated gene expression within the germ
cells requires epigenetic reprogramming. Epigenetically induced
molecular pathways play a vital role in essential chemical and
physiological processes during plant meiosis. The transmission of
epi-alleles produced in response to environmental pressures
raises issues about how agronomic treatments and
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environmental circumstances may influence the expression of
critical crop characteristics that are evaluated in particular genetic
improvement techniques. Indeed, from the standpoint of
agricultural genetic improvement, understanding the epigenetic
regulation of plant reproduction and meiosis is of great
importance.

Meiotic siRNAs play an important role in epigenetic control of
meiotic chromosome condensation, with essential implications
for crop genetic improvement. In maize, OUTER CELL LAYER 4
(OCL4) encodes a transcription factor HD-ZIP IV which is
required for the biogenesis of small RNAs and the other 21-nt
phasiRNA (Zhai et al., 2015). This transcription factor also
induces the synthesis of other proteins belonging to
pentatricopeptide repeat (PPR) proteins, NB-LRR, and MYB
families in other species (Howell et al., 2007; Zhu et al., 2012).
It has been established that the presence of the histone variation
H2A.Z is favorably linked to the occurrence of crossovers (Shilo
et al., 2015). Plant crossover hotspots are suppressed by DNA
methylation and H3K9me2 (Yelina et al., 2015). In Arabidopsis,
the loss of DNA methylation has also been demonstrated to
change crossover distribution in a chromatin type–dependent
way (Mirouze et al., 2012).

SPO11-1-oligonucleotides and SPO11 topoisomerase-like
transesterases produce DNA double-strand breaks to generate
a high-resolution method to profile meiotic double-strand break
patterns genome-wide. SPO11-1-oligonucleotides have been
mapped in the Arabidopsis genome, and their role in
regulating chromatin, DNA, and crossover frequency has been
studied (Choi et al., 2018). The identification and mapping of
these short DNA sequences in crop genomes will be important to
discover epigenetic markers associated with key epigenetic
modulators. Another important gene involved in the
epigenetic modulation of plant reproduction is DECREASE IN
DNA METHYLATION 1 (DDM1). DDM1 has ATPase activity
that controls DNA methylation linked to crossover occurrence
(Castiglione et al., 2002; Higo et al., 2012).

Male and Female Gametophyte
Development
In plants, the primary germ cells do not directly enter
spermatogenesis and oogenesis. Instead, the pollen mother
cells (PMCs) in the anthers and the megaspore mother cells
(MMCs) in the ovaries are generated in the floral meristem as
a consequence of two meiotic divisions followed by a series of
mitotic divisions, resulting in haploid male and female
gametophytes, respectively (Manning et al., 2006). The
male and female gametophytes are good models for
investigating cell polarity, morphogenesis, and epigenetic
regulation of cell development and specialization, and
signaling pathways in angiosperms, despite their modest
size and limited number of cells. Microsporogenesis and
microgametogenesis are two phases of pollen formation
that take place in the anthers. The sporogenous layer of the
anther produces diploid microsporocytes, or PMCs. PMCs
produce a tetrad of four haploid cells after two meiotic
divisions. The tetrads then split up into individual

microspores. Following that, two mitotic divisions occur:
the first produces a big vegetative cell and a smaller
generative cell, followed by the generative cell division,
which produces two sperm cells, while the vegetative cell
does not divide (Brownfield et al., 2009).

Epigenetic alterations are critical in the development of both
male and female gametophytes, as well as in fertilization (Ingouff
et al., 2017). It was discovered in Arabidopsis that the methylation
level of PMCs in a normal environment (CG and CHG) was
greater than in an adverse situation (CHH) (Kumar and
Mohapatra, 2021). Symmetric methylation is generally seen in
transposable elements, whereas asymmetric hypermethylation is
mostly found in protein-coding genes. Increased methylation in a
symmetric situation is believed to facilitate TE activity
suppression, which guarantees genome stability before and
throughout meiosis. Inactivation of methylation in an
asymmetric setting, on the other hand, increases the activation
of genes required for sperm cell development and conception. A
substantial remodeling of chromatin occurs during PMC
maturation, in addition to DNA methylation, promoting the
start of meiosis.

The transition from the mitotic to meiotic phase is
accompanied by a decrease in restrictive chromatin
(H3K27me1 and H3K27me3) and an increase in permissive
chromatin (H3K4me3) (Borg et al., 2020). The vegetative cell
becomes roundish during meiosis and asymmetric during mitotic
division of the haploid microspore. It has more methylation in the
CHH areas, but it loses centromere-specific histone H3 (CENH3)
due to decondensation of pericentromeric heterochromatin, local
hypomethylation due to DME/ROS1 demethylases, and
transposable element activation (Calarco et al., 2012).

During mitotic and meiotic cell division, the centromeric
histone H3 (CENH3) variation is critical for the assembly and
function of kinetochores. The inclusion of CENH3 into
centromeric nucleosomes is the first step in kinetochore
formation. The amount of CENH3 deposited on the
centromeres changes depending on the stage of the cell cycle.
CENH3 is also required for vegetative cell division and the
removal of additional DNA (Lermontova et al., 2015).
Hypomethylation of TEs leads in the production of 21–22 nt
siRNAs, which are transferred to sperm cells and used by RdDM
methylation to repress their TEs (Slotkin et al., 2009). During the
whole time of pollen generation and development, whole-genome
cell-specific methylation profiling indicated a high degree of CG
and CHG methylation in the DNA of microspores, sperm, and
vegetative cells.

During the development of a megasporocyte, DNA
methylation level remains unchanged in context to CG, while
it decreases temporarily in the context of CHH (Ingouff et al.,
2017). The MMC, as well as the functional megaspore, are
specified and differentiated through intercellular interactions
mediated by mobile trans activating siRNAs (tasiRNAs), which
are produced in the nucellus’ surrounding cells and transported
to the MMC, where they implement transcriptional and
translational silencing (Baulcombe and Dean, 2014). The
AGO9, RDR6, and SDS3 (a suppressor of genetic silencing 3)
enzymes have been demonstrated to control the generation of
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such siRNAs in Arabidopsis (Olmedo-Movolif et al., 2010). The
onset of mega gametogenesis in Arabidopsis nucellus is hampered
when AGO5 expression is disrupted. Throughout mega
gametogenesis, methylation in the CG and CHH contexts
stays constant. CG methylation inside genes and transposons
of the central cell of the embryo sac was lower than that of sperm
cells, as shown in Arabidopsis (Park et al., 2016). This suggests
that even before fertilization, the potential transcription of male
genes is repressed. Mobile noncoding tasiRNAs regulate
epigenetic control during gametogenesis in the embryo sac,
thus siRNAs from the central cell penetrate the egg cell and
decrease transposable element activity.

Fertilization and Embryogenesis
In both the embryo and endosperm, fertilization eliminates CHH
hypomethylation of the paternal genome (Ibarra et al., 2012).
Remethylation of the paternal DNA is most likely mediated by
maternal siRNAs. One rationale for the epigenetic suppression of
the male genome during early embryogenesis might include
maternal regulation of embryo and endosperm size, as well as
detection of self-pollen, which is important in interspecific
crosses (Creasey et al., 2014). For appropriate embryo
development, proper and consistent methylation of the
dividing egg cell DNA is critical. In comparison to mature
embryos, young embryos and endosperm tissues are

TABLE 3 | Role of epigenetically induced modifications in reproduction of different plant species.

Plant species Plant characteristic/s Epigenetic mechanism References

Arabidopsis thaliana Flowering phenology DNA methylation Borrdorf et al. (2010); Zhang et al. (2013)
Control of flowering time Chromatin modifications He (2009)
Control of flowering time Histone methylation Deal et al. (2007); Tamada et al. (2009)
Control of flowering time Epigenetic repression through

vernalization
Sheldon et al., 2008

Control of flowering and senescence Histone methylation via Jasmonate
signaling

Wu et al. (2008)

Temperature response and flowering time Histone modification He et al. (2011)
Increased stamen and carpel numbers Cytosine methylation Jacobsen and Meyerowitz (1997)
Double-fertilization DNA demethylation Gehring et al. (2009); Hsieh et al. (2009b); Ibarra et al.

(2012)
Seed dormancy DNA demethylation Bouyer et al. (2017); Zhang et al. (2018)
Fertilization of egg cells Transposon silencing via RdDM

pathway
Bouyer et al. (2017); Zhang et al. (2018)

Transcriptional gene silencing DNA methylation via RdDM pathway Xie et al. (2012)
Phenotype with late flowering DNA methylation Ghoshal and Gardiner, (2021)
Transcriptional gene silencing (TGS) DNA methylation Ramirez-Prado et al. (2018), Ashapkin et al. (2020)
Mega-gametogenesis and endosperm
development

Histone modification Shen et al. (2021)

Flowering, signaling of hormones and circadian
clock control

Histone modification Zheng and Gehring (2019); Sanchez et al. (2020)

Brachypodium
distachyon

Control of flowering time miRNA Wu et al. (2013)

Gossypium
barbadense

Flowering time and seed dormancy DNA methylation Song et al. (2017)

Linaria vulgaris Peloric flowers with abnormal actinomorphic
flowers

Cytosine methylation Cubas et al. (1999)

Lycopersicon
esculentum

aberrant flowers and parthenocarpic fruits Histone deacetylation Ampomah-Dwamena et al. (2002)
Fruit ripening DNA methylation Zhong et al. (2013)

Marchantia
polymorpha

Spermatogenesis DNA methylation Kumar and Mohapatra, (2021)

Oryza sativa Flowering time Histone modification Sun et al. (2014)
Flowering and reproduction Histone modification, DNA

methylation
Shi et al. (2015)

Populus Spp. Bud dormancy DNA methylation Rohde et al. (2002)
Prunus mume Bud dormancy DNA methylation Zhong et al. (2013)
Pyrus pyrifolia Bud dormancy DNA methylation Liu et al. (2012)
Rubus idaeus Bud dormancy DNA methylation Mazzitelli et al. (2007)
Sinningia speciosa Flowering time control miRNA Li et al. (2013)

Solanum lycopersicum Fruit ripening DNA methylation Manning et al. (2006)
Solanum lycopersicum Fruit ripening Histone deacetylation Zhao et al. (2014)
Solanum ruiz-lealii Flower abnormalities DNA methylation Marfil et al. (2009)
Spinacia oleracea Artificial induction of flowering DNA methylation Cheng et al. (2019)
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hypomethylated, which represents the high transcriptional
activity of genes in the developing embryo and the preparation
for the embryo’s dormancy (Bouyer et al., 2017; Kawakatsu et al.,
2017).

The levels of DNA methylation are strictly controlled in
distinct tissues and cell types throughout the life cycle of a
plant. In comparison to the embryos, endosperms of Oryza
sativa and A. thaliana show worldwide DNA
hypomethylation. It is caused by DME-dependent active
demethylation in the central cell before fertilization in A.
thaliana (Gehring et al., 2009; Hseih et al., 2009a; Ibarra et al.,
2012). MET1 transcriptional repression also occurs during female
gametogenesis, but it is unable to play a role in demethylation.
Because genome-wide CG hypomethylation was not found in
wild-type endosperm, DNA methylation is recovered in the dme
mutant endosperm (Ibarra et al., 2012; Park et al., 2016). The
vegetative cells experience DME-dependent DNA demethylation,
which is accompanied by significant DDM1 downregulation
(Table 3) (Slotkin et al., 2009; Ibarra et al., 2012). As a result,
demethylated and de-silenced transposons create siRNAs. The
siRNAs reach the vegetative cell after passing through the sperm
cells, fortifying the RdDM pathway. POL V and DRM2 but not
POL IV of A. thaliana was found in egg cells. These are the
requirements for generation of siRNA through the conventional
RdDM pathway. Therefore, transposon siRNAs accumulation in
the sperm cells may enhance transposon silencing following
fertilization of egg cells. During seed development, there is a
rise in global levels of CHH methylation, and during seed
germination, the levels fall due to passive demethylation.

During seed germination, however, the metabolic and, as a
result, transcriptional-genetic activity of the embryonic tissues
increases again, accompanied by a reduction in methylation in
the CHH context, which is linked to the activation of protein-
coding gene expression (Papareddy et al., 2020). The epigenetic
“memory” associated with the histone marks is removed and is
not transferred to the following generations of cells because the
histones inherited from the egg and sperm are not reproduced in
the cells of the embryo but are synthesized afresh (Papareddy
et al., 2020). Thus, embryogenesis comes after the meiosis
checkpoint or clearing box, which eliminates the maternal
sporophyte’s epigenetic markers from the DNA. Endosperm
methylation is substantially lower than that of the embryo,
reflecting its strong transcriptional and metabolic activity.

At the same time, paternal genomes (i.e., genomes transported by
sperm cells into the egg cell and the central cell of the embryo sac) are
more methylated than maternal genomes (Heish et al., 2009a).
Endosperm demethylation appears to be necessary to diminish
transposable element activity via the production of siRNAs, which
are transported into neighboring embryo cells and methylate the
terminal sections of transposons by RNA-directedDNAmethylation,
thus inactivating them (Ingouff et al., 2017).

Fruit Ripening
About 1% of the DNA methylation at cytosine–phosphate–guanine
sites in the fruit pericarp of tomato gets changed during fruit
development (Lang et al., 2017; Zhang et al., 2018). Many fruit-
ripening genes have active DNA demethylation because their

promoter regions contain binding sites for RIPENING-
INHIBITOR (RIN), a prominent ripening transcription factor.
Most known ripening genes whose expressions were adversely
linked with promoter DNA methylation levels had confirmed RIN
binding to target promoters. Premature ripening of tomato fruits was
induced by treatment with a chemical inhibitor of DNAmethylation,
which caused promoter hypomethylation and expression of the gene
encoding COLORLESS NON-RIPENING (CNR), which is a critical
RIN-targeted gene for fruit ripening (Gao et al., 2010; Liu et al., 2015;
Lang et al., 2017). The gradual DNA demethylation that occur during
fruit ripening in Solanum lycopersicum is mediated by DML2. The
expression of DNA demethylase DME-LIKE 2 (DML2) increases
rapidly in ripening fruits. In S. lycopersicum, DML2 targets both
ripening-induced and ripening-repressed genes, implying that active
DNA demethylation is necessary for both ripening-induced gene
activation and ripening-repressed gene suppression (Telias et al.,
2011; El-Sharkaw et al., 2015; Daccord et al., 2017; Zhang et al., 2018)
(Table 3).

Seed Dormancy
In perennial plants, epigenetic modifications regulate seasonal
dormancy cycles. Meristem and bud growth are controlled by
photoperiod, temperature, etc. Transcriptomic studies have
revealed that bud dormancy events in plants such as Populus
spp., Rubus idaeus, Euphorbia esula, Prunus mume, Vitis spp.,
Prunus persica, and many other perennial plant species have been
triggered through changes in their gene expression. These
changes affect regulation of cell cycle, perception of light,
signaling of hormones, and response to stress (Rios et al.,
2014). Characterization and identification of nondormant
mutants of perennial plants, such as evergrowing (evg) mutant
of Prunus persica, contributed toward increasing molecular work
at the level of genes, thereby renewing the field of dormancy.
Deletion in tandemly repeated sequences of MADS-box genes,
i.e., DORMANCY-ASSOCIATED MADS-box gene (DAM1-6)
leads to nondormant phenotype of evg mutant. DAM genes are
expressed in buds and get affected by photoperiod and chilling
temperatures, thereby affecting the developmental stages of
plants (Lloret et al., 2021). The concentration of DAM genes,
i.e., DAM5 and DAM6, was found to be high in dormant buds,
and after chilling treatment, the level fell and released the
dormancy of buds (Yamane et al., 2011). In many other
perennial species, such as Rubus idaeus, Prunus mume, Pyrus
pyrifolia, and Actinidia deliciosa, DAM-like genes have been
found to have dormancy-dependent expressions. In transgenic
plants, the heterologous expression of these genes has regulatory
roles in flowering and dormancy. In Arabidopsis, the expression
of DAM1 and of SVP1 and SVP3 in Actinidia deliciosa led to
delay in the time of flowering (Horvath et al., 2010; Wu et al.,
2012) (Table 3).

CONCLUSION AND FUTURE PROSPECTS

Plants being sessile in nature are invariably affected by changing
environmental conditions. However, they have the ability to
adapt their biological processes according to the changing
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environments. They interact with their environment through
consistent adjustments at the molecular levels. Epigenetic
mechanisms contribute to these adjustments. These changes
within the plant species modify the gene expression and help
different plant species to withstand the extremes of different
biotic or abiotic constrains. Such changes are induced due to
DNA methylation, histone modification, e.g. acetylation/
deacetylation, methylation/demethylation, ubiquitination,
phosphorylation, and sRNA/modifications, which work in
tandem with respect to environmental signals, transposon
silencing, and hormone signaling to control the expression of
genes in plants. These alterations help to maintain the survival of
plants and maximize the chances of sexual reproduction under
stress conditions. The role of DNA methylation in plant
improvement is the preferred mechanism to investigate gene
function andmanipulate plants for creating novel varieties having
capability to survive under stress conditions. Therefore, improved
knowledge of epigenetic mechanisms via thorough study at the
molecular level will be helpful. FLC controls flowering time in
Arabidopsis that involves many genes in FLC expression via
chromatin modifications. Further studies have to be
undertaken to know how these diverse epigenetic
modifications interact with one another to regulate the
expression of FLC. CRISPR-based systems can be useful in
altering the expression of genes for research applications as
well as crop improvement efforts. The generation of

genetically viable agricultural varieties that can endure a
warmer world relies heavily on information generated from
the plants’ epigenomic profiles subjected to environmental
challenges. Understanding the dynamic management of
histone methylation and how histone methylation controls
plant growth would be expanded through biochemical and
genetic studies. Identification of intrinsic histone demethylases
in plants, particularly lysine and/or arginine demethylases, and
elucidation of their functions in regulating plant development
and genome stability would require biochemical and genetic
evidence. The roles of regulation of H3K27me3 in plants are
limited andmore in-depth knowledge will enable new researchers
to enhance productivity of crops under limiting environmental
conditions.
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