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SUMMARY The RAPD markers were used to assess genetic diversity among some members of the 

monocot families viz., Amaryllidaceae, Asphodelaceae, Asparagaceae and Colchicaceae. The DNA 

was isolated from young leaves by CTAB methods with some modifications. Four primers were used 

to assess genetic diversity among the species. A total number of 381 bands were observed.  

Maximum number of 112 bands was observed with primer RPI08 and minimum 87 with RPI06. All 

the species showed 100% polymorphism. UPGMA based dendogram was constructed using PAST 

software and genetic diversity was analyzed.  Dendogram showed 2 major clusters and only 0.07% 

similarity among the species. 

The development of molecular techniques for 

genetic analysis has led to a great increase in our 

knowledge of plants and our understanding of the 

structure and behaviour of plant genomes. These 

molecular techniques, in particular, the use of 

molecular markers, have been used to monitor DNA 

sequence variation among the species. Analysis of 

genetic variation can help us to understand the 

molecular basis of various biological phenomena in 

plants. DNA based marker techniques such as RFLP, 

RAPD, SSR, and AFLP are routinely being used in 

ecological, evolutionary, taxonomical and genetic 

studies of plant science (Agarwal & Shrivastava 

2008). 

INTRODUCTION Randomly Amplified Polymorphic DNA 

(RAPD) markers are excellent tools to study the 

genetic diversity, eliminate duplicates in germ-

plasm, study genetic relationships, gene tagging and 

genome mapping. These markers measure diversity 

at the DNA level in various species which are 

seldom influenced by environmental conditions.  

RAPD analysis is technical simplicity speed and 

reliable and used for diversity analysis in plant 

species (Fu et al. 2003).  

Peruzzi et al. (2009) summarized the present 

status of chromosome diversity and evolution in the 

family Liliaceae. Nayanakantha et al. (2010) studied 

the genetic diversity in Aloe species by RAPD. The 

phylogenetic relationships within Allium have been 



80                                                                                                                    J. CYTOL. GENET. VOL. 26 (NS) 1 & 2 (2025)

     For extraction, purification and amplification of 

DNA, very little amount of plant material is 

required. Young leaves were collected from field 

grown plants. Fresh leaves were stored at –80º C and 

freeze-dried for grinding.

MATERIALS AND METHODS  

      Twentyeight samples of 20 species belonging to 

13 genera under 4 families were collected from 

different localities (Tables 1, 2). The DNA was 

isolated from young leaves by CTAB method. The 

isolated DNA was subsequently analyzed for 

its purity by spectrophotometric analysis and 

qualitative analysis was confirmed by gel electro-

phoresis. Finally, RAPD amplification of all the 

samples were performed to screen the possible 

polymorphism among them. The major steps for 

RAPD analysis are mentioned below.  

Materials for molecular study was collected during 

October to February in  2011 winter season and June 

to September in 2012 rainy season from different 

localities. Identification was done by consulting  

floras such as Flora of Madhya Pradesh, Flora of 

Madhya Pradesh (Western Part), website, https: 

//identify.planmet.org/k-world-flora/families and 

followed APG system IV.

investigated using various molecular markers 

such as RAPDs, RFLPs, and AFLPs by Ricroch et 

al. (2005). The main objective in the present study 

was the molecular characterization of some of the 

monocotyledonous species using molecular marker 

RAPD.

AHIRWAR & VERMA:

Young leaves (300 mg) were used for extracting 

genomic DNA using protocol of Doyle & Doyle 

(1987) with some modifications. Surface sterilized 

leaf tissue was crushed in pre-chilled mortar and 

pestle and immediately transferred to a centrifuge 

tube containing 5 ml modified CTAB extraction 

buffer (100 mM Tris HCl (pH 8.0), 25 mM EDTA, 

1.5 M NaCl, 2.5% CTAB, 0.2% 2 Mercapto-ethanol 

(v/v), and 1% PVP (w/v), added immediately before 

use) and mixed well to form a slurry and incubated at 

70° C for 30 min. The mixture was cooled at room 

temperature and an equal volume of the mixture of 

phenol: chloroform: isoamyl alcohol (25:24:1) was 

added prior to centrifugation at 5500 rpm for 20 min.  

To the aqueous phase, equal volumes of ice-cold 

isopropanol and NaCl was added and incubated at 

–20° C for 30 min followed by centrifugation at 

5500 rpm for 20 min at 4° C. The supernatant was 

decanted carefully and pellet was dried at room 

temperature followed by dissolving in 1 ml of Tris-

EDTA (TE) buffer and 5 ml RNase solution and 

incubated at 37° C. An equal volume of the mixture 

of phenol:chloroform:isoamyl alcohol (25:24:1) 

was added and centrifuged at 5500 rpm for 20 min at 

4° C. To the supernatant, 600 μl of chilled absolute 

ethanol was added and incubated at –20° C for 30 

min followed by centrifugation at 10000 rpm for 10 

min at 4° C. The pellet was washed with 70% 

ethanol twice and dried at room temperature. 

Finally, the DNA pellet was dissolved in 50 ml of 

deionized (RNase, DNase free) water. The yield of 

DNA was measured using a UV-spectrophotometer 

(ND-1000) at 260 nm. The purity of DNA was 



J. CYTOL. GENET. VOL. 26 (NS) 1 & 2 (2025)                                                                                                                       81

 MOLECULAR CHARACTERIZATION IN SOME MONOCOTS USING RAPD MARKERS

Sl. No. Name Location 

1 Allium cepa L. Deshi variety Vegetable market, Ujjain

Vegetable market, Ujjain2 A. cepa L.  Nasik variety

3 A. cepa L.  White variety Vegetable market , Ujjain, Sendhava, Distt,. Barwani

4 A. cepa L. Kashmiri variety Melahura, Kashmir

5 A. sativum L. Deshi variety Vegetable market, Ujjain

6 A. sativum L. Kashmiri variety Melahura, Kashmir

7 A. tuberosum Rottl. Vikram University, Ujjain

8 Crinum asiaticum L. Vikram University, Ujjain

9 C. latifolium L. Vikram University, Ujjain

10

 

Haemanthus multiflorus

 

Martyn

  

Vikram University, Ujjain 

11

 

Aloe barbadensis Mill 

 

Malwa nursery, Ujjain

12

 

A.

 

barbadensis Mill 

  

Central Arid Zone Research Institute, Jodhpur 

13

 

Haworthia limifolia

 

Marloth

  

Malwa nursery, Ujjain 

14

 

Hemerocallis fulva L.

  

Malwa nursery, Ujjain 

15

 

Asparagus racemosus Willd. 

   

Vikram University, Ujjain

16

 

A.

 

denciflorus Meyersii. Malwa nursery, Ujjain 

17

 

A.

 

sprengeri Regel

 

Vikram University, Ujjain 

18

 

Chlorophytum tuberosum Roxb.

   

Bamanvarhi Distt, Dhar 

19

 

C.

  

borivilianum Santapau & R. R. Fern.

  

Bidwal, Distt, Dhar, Raibidpura Distt, Khargone

20

 

C.

 

laxum

 

R. Br.

 

Vikram University, Ujjain, Tinchha fall, Indore

21

 

Drimiopsis kirkii

 

Baker.

 

Vikram University, Ujjain

22

 

Ophiopogon japonicas

 

Kew-Gawl.

   

Vikram University, Ujjain 

23

 

Scilla hyacinthina Roth.

 

Sanavadiya Distt, Indore 

24

 

Urginea indica Roxb.

 

Bamanvarhi Distt, Dhar 

25

 

Gloriosa superba L.

 

Sanavadiya Distt, Indore 

TABLE 1: List of species collected from different localities.
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TABLE 2: Sample details with botanical names, families and codes.

Sl. No. Species Family Sample code

1 Allium cepa (Deshi variety) Amaryllidaceae Alcd

3 A. cepa (White variety) ,, Alcw

5 A. sativum (Deshi variety) ,, Alsd

7 A. tuberosum ,, Alt

8 Crinum asiaticum ,, Cra

10 C. latifolium (Deptt. accession 2) ,, Crl2

12 Aloe barbadensis (Local accession) Asphodelaceaee Albl

2 A. cepa (Nasik variety) ,, Alcn     

4 A. cepa (Kashmiri variety) ,, Alck   

6 A. sativum (Kashmiri variety) ,, Alsk
   

15 Hemerocallis fulva ,, Hef

    

9 C. latifolium (Deptt. accession 1) ,, Crl1   

17 A. denciflorus ,, Asd

11 Haemanthus multiflorus ,, Ham
   

13 A. barbadensis (Jodhpur accession) ,, Albj

  

14 Haworthia limifolia ,, Hal   

20 C. borivilianum  ,, Chb

16 Asparagus racemosus Asparagaceae Asr    

18 A. sprengeri ,, Ass
    

22 C. laxum (Tinchha accession 1) ,, Chlt1

19 Chlorophytum tuberosum   ,, Cht
    

21 C. laxum (Deptt. accession) ,, Chld   

24 Drimiopsis kirkii ,, Drk

23 C. laxum (Tinchha accession 2) ,, Chlt2     

25 Ophiopogon japonicas ,, Opj
  

26 Scilla hyacinthina ,, Sch  

27 Urginea indica ,, Uri

28  Gloriosa superba  Colchicaceae Gls

AHIRWAR & VERMA:
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determined by calculating the ratio of absorbance at 

260 nm to that of 280 nm. DNA concentration and 

purity was also determined by running the samples 

on 0.8% agarose gel, based on the intensities of band 

when compared with the DNA marker (used to 

determine the concentration).

     DNA amplification was performed in a Corbett 

Research gradient automatic thermal cycler using 

RAPD markers. Genomic DNA (50 ng) was 

amplified via the PCR reaction using 50 μl reaction 

volumes under the following conditions: 2x red dye 

PCR mix (25 μl), primer (2 μl) (Bangalore Genei), 

template DNA (1 μl) and sterile nano pure water (22 

μl). After initial denaturation of the DNA at 94° C for 

5 min, thermal cycling was performed with 

following temperature regimes: 08 cycles of 45 sec 

at 94° C, 1 min at 55° C and 1.5 min at 72° C; 30 

cycles of 45 sec at 94° C, 1 min at 58° C and 1 min at 

72° C and final extension at 72° C at 10 min and a 

hold temperature at 4° C. Control reactions without 

template DNA (negative control) and without 

enzyme (positive control) were also run in the 

experiments. All the experiments were repeated 

thrice to ensure reproducibility. Amplified DNA 

fragments were separated by electrophoresis at 60 V 

in 1 X TAE buffer for 3–4 h on 1.2% agarose gels 

stained with ethidium bromide and photographed by 

gel documentation system (Alpha innotech). Raw 

gel images were recorded through  Alphaview 

software. All PCR experiments were done at least 

twice and the best gels of the replicates were used for 

band scoring.

The PCR protocol, as adopted in the study, 

Sl. No.

 

Primer Accn No.

1 RPI-6 AM773771

2 RPI-7 AM773312

3 RPI-8 AM773773

4 RPI-9 AM773315

TABLE 3: Primer accession numbers.

OBSERVATIONS

Molecular investigations have been made in 20 

species, their varieties and accessions of some 

monocots. Twentyeight samples were collected in 

20 species from different locations in which 6 

species belong to Amaryllidaceae, 3 species belong 

resulted in reproducible pattern of amplicons using 

specific combination of accession and primer. Only 

the primers which displayed reproducible, scoreble 

and clear bands were considered for analysis. The 

image profiles of banding patterns were recorded 

and molecular weight of each band was determined 

by Alphaview software. The banding pattern was 

scored based on the presence or absence of clearly 

visible and reproducible bands. The results were 

analyzed based on the principle that a band is 

considered to be 'polymorphic' if it is present in 

some individuals and absent in others, and 

'monomorphic' if present in all the individuals or 

accessions. Similarity index of bands which were 

common between 2 samples were estimated. Using 

dice coefficients, similarity matrix among the 

samples were generated with NTSYS-pc Ver. 2.02 

and PAST. Dendogram was constructed using the 

unweighted pair group method with arithmetical 

averages (UPGMA). 

 MOLECULAR CHARACTERIZATION IN SOME MONOCOTS USING RAPD MARKERS
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The DNA fingerprints obtained with those 

species were scored for present (1) and (0) of the 

restricted bands of various molecular weights 

obtained though PCR amplification reaction. The 

data thus obtained in the form of binary matrix was 

analyzed to obtain Jaccards coefficient among 

different samples. The un-weight pair group method 

with an arithmetic average (UPGMA) algorithm and 

software PAST (Version-1.91) were used for the 

generation of the dendogram. The RAPD profiles of 

different accessions of those species were used 

to generate distances between accessions. The 

amplicons of each primer differed in number and 

intensity. A total number of 343 bands were 

observed in RAPD profile in which 78 in RPI06, 82 

in RPI07, 106 in RPI08 and 87 in RPI09.   

Maximum number 106 bands were observed with 

to Asphodelaceae, 10 species belong to Aspa-

ragaceae and 1 species belongs to  Colchicaceae and 

were analyzed for RAPD profiles and an attempt has 

been made to find out the diversity at molecular 

level. Amplicon profiles obtained at different runs 

by polymerase chain reaction of DNA extracted 

independently. RAPD of the 28 samples of 20 

species were carried out using 4 primers. Four 

primers used for restriction were, RPI-06 (5'-

ATTGGC-3'), RPI-07 (5'-GATCTG3'), RPI-08 

(5'TCAAGT-3') and RPI-09 (5'-CTGATC-3').  The 

restricon produced by these RPI markers were 

analyzed for analysis of genetic diversity among the 

species and their varieties and accessions. The 

amplification products produced by these primers 

are presented in Figures 1 and 2.

UPGMA based dendogram was constructed 

(using PAST software) and analyzed the genetic 

diversity.  Dendogram showed 2 major clusters. 

Among the presently investigated species samples, 

the analysis revealed that there are 2 distinct main 

groups showing only 0.07% similarities. This 

indicates that these groups are genetically different 

from each other. Group I has 2 species namely, Gls   

and Ass showing 0.076%. 

primer RPI08 minimum 78 in RPI06. All the species 

showed 100% polymorphism.

AHIRWAR & VERMA:

Fig. 1: RAPD profile of 28 samples of 20 species and their 

            varieties and accession of the  monocots with primers 

            RPI-06 (upper) and RPI-7 (lower).

Fig. 2: RAPD profile of 28 samples of 20 species and their 
            varieties and accession of the  monocots with primers 
            RPI-08 (upper) and RPI-9 (lower).
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Fig. 3: UPGMA cluster  dendogram (Jaccard coefficient) 
            showing the genetic relations among the some 
            monocots species  on 4 RAPD markers. 

DISCUSSION 

Group II has 26 samples under 18 species and 

their varieties and accessions namely, Asr, Drk, 

Chlt1, Crl1, Alcw, Cra, Hal, Cht, Albl, Crl2, Ham, 

Chb, Alt, Sch, Uri, Opj, Alsd, Alsk, Hef, Alcd, Asd, 

Alcn, Alck, Chld, Chlt2 and Albj.  This group 

consists of 3 major subgroups. In subgroup I, 9 

samples namely, Asr, Drk, Chlt1, Crl-1, Alcw, Cra, 

Hal, Cht and Albd are present.  In this subgroup, Cht 

and Albd showed minimum 0.25% and Cra and Hal 

showed maximum 0.41% similarity.  Subgroup II 

has 2 species namely, Crl2 and Ham showing 0.18% 

similarity.  Subgroup III has 15 samples namely, 

Chb, Alt, Sch, Uri, Opj, Alsd, Alsk, Hef, Alcd, Asd, 

Alcn, Alck, Chld, Chlt2 and Albj, This group shows 

minimum of 0.13% in between Chlt2 and Albj and 

maximum of 0.53% between Alcn and Alck 

similarity.   Overall, very less similarity (0.07%) 

among the species, minimum 0.076% similarity 

between A. sprengeri and G. superba and maximum 

0.53% between 2 varieties (Nasik and Kashmir) of 

A. cepa was found (Fig. 3). 

Molecular methods have become an essential part of 

most of the recent studies on genetic diversity and 

distribution and in the analyses of breeding system, 

bottlenecks and other key features affecting genetic 

diversity patterns (Rao & Hodgkin 2002). RAPD 

markers are excellent tools to study the genetic 

diversity, eliminate duplicates in germplasm, study 

genetic relationships, gene tagging, genome 

mapping. These markers measure diversity at DNA 

level in various species which are seldom influenced 

by environmental conditions.  Several workers have 

In the present study, genetic diversity was 

assessed among the species using RAPD markers to 

provide genetic data for protection of the germplasm 

of important species. Hence, an attempt has been 

made to investigate variation among 20 species by 

using RAPD markers.  A total number of 343 bands 

were observed in RAPD profile in which maximum 

number of 106 bands were observed with primer 

RPI08 and minimum of 82 in RPI06. All the species 

showed 100% polymorphism. Very less similarity of 

done RAPD study in A. cepa (Maniruzzaman et al. 

2010, Mukherjee et al. 2013), Aloe (Nayanakantha 

et al. 2010), A. racemosus (Vijay et al. 2009, Sing et 

al. 2013), C. borivilianum (Dwivedi & Sharma 2011, 

Samantaray et al. 2011) and G. superba (Rajgopal & 

Kandhasamy 2013).

 MOLECULAR CHARACTERIZATION IN SOME MONOCOTS USING RAPD MARKERS
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Declaration   

Genetic diversity is usually thought of as the 

amount of genetic variability among individuals of a 

variety, or population of a species. It results from 

many genetic differences between individuals and 

may be manifested in differences in DNA sequence 

(Brown 1983). Rao & Hodgkin (2002) suggested 

that the variation that underpins genetic diversity 

arises from mutation and recombination which 

determinate natural selection, genetic drift and gene 

flow act on the alleles in different species to cause 

variation in the diversity among the species. The 

present investigation found high genetic/molecular 

diversity among the species. The reason for this is 

the morphological and cytological differences 

among of them.  Another reason may be abiotic and 

biotic factors which are also responsible for creation 

of genetic diversity among the species. RAPD 

method is convenient for a better understanding of 

genetic diversity among the species. Molecular 

characterization of selected species would help to 

identify different variants at the molecular level and 

to use this information in genomics.

The authors declare that this paper is based on the original 

research work of RA having no conflict of interest.  

0.07 to 0.53% were observed among the species. 

Lowest similarity (0.076%) was observed between 

A. sprengeri and G. superba and highest similarity 

(0.53 %) was observed between the Nasik and 

Kashmiri varieties of  A. cepa. 
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SUMMARY Black pepper is the most widely used spice of the world. A hybridization effort was 

made between a wild genotype of black pepper, 'PMM' (female parent), and a high-yielding cv. 

'Karimunda' (male parent), to transfer the high-piperine content-trait of fruits of 'PMM' to cv. 

'Karimunda'. Out of the 9 fruits obtained as a result of the attempted hybridization, 5 germinated, of 

which one odd seedling exhibited retarded growth and the 4 others showed normal growth. The 

seedling which showed   initial retarded growth, established eventually. The fully grown plant of the 

odd seedling showed some morphological traits of the female parent, 'PMM' and exhibited no 

morphological features of the male parent, cv. 'Karimunda', whereas the 4 seedlings which showed 

normal growth were true to type to the female parent, 'PMM'. Mitotic studies on the plants 

propagated using stem cuttings of the 2 morphotypes revealed that the plants obtained from the 

normal seedlings were 2n = 52, whereas the plants propagated from the seedling which showed 

retarded growth initially, were 2n = 26, and this confirmed the haploid genome constitution of the 

latter. Hence, we inferred that the plants with 2n = 26 genome constitution are dihaploids, originated 

via parthenogenesis from an egg cell of 'PMM', which is having allotetraploid genome constitution.  

This only reported haploid black pepper genotype has been named 'PAJ', and its discovery is highly 

significant as regards to the genetics and breeding of black pepper. 

DISCOVERY OF HAPLOID PIPER NIGRUM L. 'PAJ':  A GAME 
CHANGER FOR BLACK PEPPER GENETICS AND BREEDING 

1
Plant Genetic Resource Division, Kerala State Council for Science, Technology and Environment - Jawaharlal 

Nehru Tropical Botanic Garden and Research Institute (KSCSTE-JNTBGRI), Palode, Thiruvananthapuram 

695 562, India

(Received 30 October 2025, accepted 10 November 2025)

Keywords: Piper nigrum, dihaploid, DH technology, hybrid vigour.

†Deceased 

Mathew et al. (2016) discovered the first haploid 

genotype of P. nigrum, among the progenies of the 

lemon scented genotype of black pepper (P. nigrum 

'PMM'), which was produced in an attempted 

Haploids possess only half the number of 

chromosomes of the species in their somatic cells, 

and they are unusual among the angiosperms. 

INTRODUCTION
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MATHEW ET AL.: 

hybridization between the 2 genotypes of the 

species, 'PMM' (female) and the popular cv. 

'Karimunda' (male). 

In the realm of crop improvement of black 

pepper, achievements have been limited to the 

release of a few high yielding lines, and there was 

only very limited success in the development and 

release of disease resistant cultivars (Krishna-

murthy et al. 2024). Black pepper, which is blessed 

with the twin advantage of viable sexual 

reproduction and vegetative propagation, offers 

much scope for exploitation of hybrid vigour. But, 

the advantage of heterosis is hampered in the crop 

due to lack of homozygous lines (Ravindran et al. 

2000). Development of many generations of inbred 

lines is needed for attaining homozygosity in a 

highly heterozygous crop like black pepper. The 

problem is more acute, since P. nigrum is perennial 

in habit and its seedlings take at least 6–7 y for 

attaining reproductive maturity. However, if 

doubled haploids (DH) are produced, completely 

homozygous lines can be obtained in one or two 

generations (Nei 1963), which can lead to 

exploitation of hybrid vigour as well as doubled 

haploid technology (DH) for crop improvement in 

black pepper. 

MATERIALS AND METHODS

One 3 y old, well-established plant of each of the 2 

genotypes of black pepper - lemon scented genotype 

'PMM' (Fig.1) (Rameshkumar et al. 2008) and 

the cv. 'Karimunda' (Fig.2) maintained in the 

Field Gene Bank of Medicinal and Aromatic 

Seven months after the pollination, the bags 

were removed and 9 ripened fruits developed in 

total, in all the pollinated  spikes collected.  In the 

laboratory, the pericarp of the 9 fruits were removed 

and the seeds were washed using distilled water and 

shade dried for 2 subsequent days. After shade 

drying, on the next day, the 9 seeds were sowed in 2 

clay pots, which were potted with river sand as the 

potting medium. The pots containing the seeds were 

kept in nursery and watered as and when needed. 

Out of the 9 seeds, 5 seeds germinated, of which one 

showed retarded growth, whereas the other 4 

seedlings showed normal growth. All the 5 seedlings 

were transplanted to pots containing 1:1:1 mixture 

     Ten young spikes of each of the parent plants 

were selected based on random sampling and the 

spikes were bagged using transparent polythene 

covers. Given the majority of flowers on the selected 

spikes of the cv. 'Karimunda' getting opened, the 

bags covering the selected spikes were removed and 

washed it with drops of distilled water, using a camel 

hair brush. The wash, a suspension of pollen grains 

of cv. 'Karimunda', was collected and applied on the 

flowers of the selected spikes of the female parent 

using the brush. Ten randomly selected spikes of the 

female parent, 'PMM' were applied with pollen 

suspension using the brush and they were bagged 

and labelled showing date and time of the 

experimental pollination.

plants at JNTBGRI were selected as the female and 

male parents respectively for the hybridization 

programme.
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1

2

3

of top soil, cow dung and river sand. The plants, 

on establishment, were transplanted to the 

conservatory house of the Field Gene Bank at 

JNTBGRI. The seedlings, on attaining maturity, 

were propagated using stem cuttings.

Morphological observations on the plants propa-

gated using the stem cuttings, which were obtained 

from the fully grown odd seedling as well as the 

plants propagated using stem cuttings of the fully 

grown plants of the 4 healthy seedlings revealed that 

the former showed considerable morphological 

similarity as well as differences with its female 

progenitor, 'PMM'. They exhibited no morpho-

logical similarity with the male parent, cv. 

'Karimunda'. While the plants obtained from the 

normal seedlings were true to type to the female 

parent, 'PMM'.  Mitotic studies using root tips of the 

stem cuttings of the plants propagated from the 

odd seedling revealed that they possess only 26 

chromosomes in their somatic cells, whereas plants 

produced using the stem cuttings of the plants raised 

from the normal seedlings showed 2n = 52. This 

haploid black pepper genotype having only 26 

chromosomes in their somatic cells has been named 

'PAJ' (Fig. 3) in honour of the late Sri. P. A. Jacob, 

Karyakulathu Paravanparampil, Pathamuttom, 

Kottayam District, Kerala State, India, who was the 

source of inspiration and guidance to the senior 

author, throughout his research career in plant 

science.

OBSERVATIONS

Figs 1–3: Twigs of P. nigrum genotypes. 1. 'PMM'. 2. cv. 

                'Karimunda'. 3. 'PAJ'.
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Following the pioneering studies on cytogenetics of 

the genus Piper by Mathew (1958) and the first 

report on the correct chromosome number of P. 

nigrum, many workers had reported 2n = 52 in the 

wild genotypes and cultivars of the species. The 2 

genotypes selected for crossing - the lemon scented 

wild genotype, 'PMM” (Davis et al. 2013), cv. 

'Karimunda' (Mathew 1997) and the plants raised 

from the progenies which showed normal growth 

are having the somatic chromosome constitution of 

2n = 52. Mitotic studies on the plants propagated 

from the odd seedling ('PAJ') showed 2n = 26 

(Mathew et al. 2016, Parthasarathy et al. 2024). 

Mathew (1958) reported allotetraploid (2n = 4x = 

52) genome constitution (AABB) of P. nigrum, 

based on the basic chromosome number of the genus 

Piper (x = 13), and subsequently, many workers 

have confirmed his finding (Mathew & Mathew 

1982, Jose & Sharma 1984). 'PAJ' having 2n = 26, 

constitutes a dihaploid (2n = 2x = 26) genotype 

(with genome constitution AB) of P. nigrum, which 

is an allotetraploid with genome constitution 

AABB. The ploidy status of 'PMM' and 'PAJ' were 

confirmed using flow cytometric analysis by the 

senior author and co-workers (unpubl.).  

Hybridization, both intraspecific and inter-

specific, involved in producing haploids has been 

known to occur in many crop species. As a 

consequence of hybridization, parthenogenesis 

happens and haploids were generated from diploids, 

and diploids from tetraploids. Parthenogenesis 

occurs either spontaneously or can be induced by 

DISCUSSION modified pollination methods in vivo or in vitro 

culture of immature male or female gametophyte 

(Dunwell 2010). Induction of haploidy has also been 

attained through delayed pollination (Rotarenco & 

Mihailov 2007). Stimulus of pollination may be the 

causative factor of parthenogenetic origin of the 

haploid black pepper genotype 'PAJ' (Fig. 3) from 

'PMM' (Fig. 1). Usually parthenogenesis occurs at 

low frequency, and such rare haploid seedlings 

among the many diploids are difficult to detect and 

distinguish (Kendall 1934). The considerable 

degree of morphological similarity as well as 

differences between 'PAJ' and its female parent, 

'PMM', and its total dissimilarity in morphological 

features with cv.'Karimunda' (Fig. 2) along with the 

haploid count in this genotype supports the 

parthenogenetic origin of the haploid black pepper 

'PAJ' from the female parent 'PMM'. The plants 

propagated vegetatively from all the 4 sister 

seedlings (2n = 52) of 'PAJ' were true to type to 

'PMM' in their morphological traits, and this 

indicates their apomictic origin from sporophytic 

cells of their maternal progenitor, 'PMM'. Apomictic 

development of fruits was reported earlier in 

cultivars of P. nigrum (Gentry 1955, Ravindran et al. 

2000).

     In depth studies on genetics of black pepper have 

not been initiated hitherto, especially investigations 

on the genetics of resistance against the devastating 

pathogens like Phytophthora and Fusarium 

(Ravindran et al. 2000). Non-availability of genes 

characterised for desirable traits such as yield and 

quality, disease, pest and drought resistance is a 
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limiting factor for pyramiding the genes in a single 

cultivar of the crop (Parthasarathy et al. 2008). 

Haploids have been exploited in a wide range of 

theoretical and applied aspects of plant biology such 

as in cytogenetic analysis, development of linkage 

maps, genome sequencing, mutant isolation and 

transformation, horticulture and plant breeding 

(Dunwell 2010). Hence, the discovery of haploid 

black pepper is a revolutionary step for exploring 

the genetics of the crop.

In the realm of crop improvement of black 

pepper, achievements have been limited to the 

release of a very few high yielding lines (Ravindran 

et al. 2000). Black pepper, which is blessed with the 

twin advantage of viable sexual reproduction and 

vegetative propagation, offers much scope for 

exploitation of hybrid vigour. However, it is 

hampered in the crop due to lack of homozygous 

lines (Ravindran et al. 2000). Development of many 

generations of inbred lines are needed for attaining 

homozygosity in a highly heterozygous crop like 

black pepper, which is imperative for exploiting 

hybrid vigour. This problem of heterozygosity of 

black pepper is more acute, since the F  seedlings 1

will take a minimum of 5–6 y for attaining 

reproductive maturity. However, if homozygous 

diploids or doubled haploids (DH) are produced, 

completely homozygous lines of the crop can be 

produced in one or two generations (Nei 1963). 

Production of polyploid lines from diploids has 

already been achieved in black pepper, employing 

colchicine treatment (Nair & Ravindran 1992). 

Given the highly heterozygous genetic constitution 
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ABIOTIC AND BIOTIC STRESS-RESPONSIVE EXPRESSION AND 
REGULATORY FEATURES OF ARABIDOPSIS GAMETOPHYTE-

**SPECIFIC GENES

SUMMARY A comprehensive bioinformatic analysis was carried out to investigate the regulation 

of gametophyte-specific (GS) genes in Arabidopsis thaliana. A curated list of 20 GS genes was 

made, and their transcription factor binding site (TFBS) data were collected for analysis. The 

frequencies and distribution of these TFBSs were assessed. Expression data of these genes under 

various biotic, abiotic and developmental conditions were studied to check the relationship between 

the putative TFBSs and the gene activity. This study revealed an overall inverse correlation between 

the number of putative TFBSs and expression levels of GS genes. This observation was opposite to 

that of stress-responsive genes. The study provides insights into the transcriptional regulation of GS 

genes of A. thaliana.
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INTRODUCTION

Transcription is the first stage of gene expression in 

which mRNA is synthesized from the DNA, on 

which post-transcriptional processes like RNA 

splicing are carried out and later translated into 

proteins. Not all genes are expressed in all the 

tissues. Transcription factors (TFs) are proteins that 

regulate gene expression by binding to the promoter 

region of a gene and thereby promoting or inhibiting 

transcription. Transcriptional regulation by TFs can 

be considered as the primary level of regulation of 

genes (Wray et al. 2003). The specific DNA 

sequences where the TFs bind in a sequence-specific 

manner, as revealed by structural studies of protein-

DNA complexes, are known as transcription factor 

binding sites (TFBS) (Paillard & Lavery 2004, Rohs 

et al. 2010). They are short, conserved sequences 

within gene regulatory regions, usually spanning a 

few to around 20 base pairs, and a single TF often 

recognizes similar sequences across different target 

genes. Several computational methods are followed 

to predict the binding sites for TFs on the DNA 

** Paper presented at the XV All India Conference on Cytology and Genetics held on 11th and 12th September 2025.
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sequence (Wang et al. 2021).

Genes that are expressed more highly in a tissue 

than in -other tissues are known as tissue specific 

genes (Whitehead & Crawford 2005), and those 

predominantly expressed in male and/or female 

gametophytes are known as  gametophyte-specific 

(GS) genes. Analysis of the promoter of a tissue-

specific gene will provide insights into the factors 

that provide specificity to that gene. Study of GS 

genes in plants and their regulatory factor has its 

importance in the field of plant genetic engineering 

and crop improvement. The study brings compu-

tational approaches to explore the regulation of GS 

genes in Arabidopsis thaliana. Bioinformatics tools 

were employed to explore TFBS and expression 

profiles of GS genes.

METHODS

Promoter sequences (spanning from-2000 bp 

upstream to +500 bp downstream) of the 20 

Arabidopsis GS genes were retrieved from the 

Eukaryotic Promoter Database (EPD). Putative 

TFBSs within the retrieved promoter sequences 

were predicted using the PlantRegMap tool in the 

Plant TFDB database for A. thaliana (http:// 

planttfdb.cbi.pku.edu.cn/). Binding site data was 

processed in Microsoft Excel, where sorting and 

filtering tools were used to organize the entries. The 

number of TFBSs for each gene was grouped by TF 

families, and parameters such as count (total number 

of genes showing the sites), frequency (total number 

of sites divided by total number of genes), and 

diversity (total number of TF family types) were 

calculated.

DANA & JASMINE: 

Twenty GS genes (Table 1) were selected for the 

study. The putative binding sites for 43 TF families 

(Table 2) were counted on the promoters of these 

genes (Fig. 1). Counting of the total number of genes 

with respective sites, and their frequencies showed 

that not all gene promoters had all 43 TFBSs (Fig. 

2). Putative binding sites for 15 TFs such as ERF, 

NAC, MYB_related, MYB, MIKC_MADS, LBD, 

GRAS, GATA, G2-like, ERF, Dof, C2H2, bZIP, 

bHLH, B3, and AP2 were present on all promoters 

as their total count (20) was highest  (Fig. 2). As the 

number of sites on each promoter varied, their 

frequencies were calculated (Fig. 2). While ERF had 

highest frequency of 264.15, a lowest of 0.25 was 

Expression profiling of the selected genes was 

carried out using the Electronic Fluorescent 

Pictograph (eFP) Browser (http://bar.utoronto. 

ca/efp/cgi-bin/efpWeb.cgi) for A. thaliana by 

submitting gene IDs individually to examine 

expression patterns across various tissues, 

developmental stages, and under different biotic and 

abiotic stress conditions. Promoter sequences of GS 

genes and stress-responsive genes retrieved were 

analysed for stress-responsive TFBSs. Expression 

values under various biotic and abiotic stresses were 

compiled for each gene. Genes were ranked by the 

sum of expression level values, and high and low 

expressing groups were defined to compare TFBS 

frequencies. The frequency of 29 stress-responsive 

TF families was calculated for each group, and fold-

change values between high and low expressing 

groups were calculated. 

OBSERVATIONS
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TABLE 1: Gametophyte-specific genes in Arabidopsis thaliana.   

SI. No. Gene ID  Accession No. Function Reference 

1 AGL11 AT4G09960 Development of ovule, determination of 
ovule identity. 

Nain et al. 2008 

2 AGP6 AT5G14380 Pollen development, pollen tube growth 
and stamen function, pollen viability, 
nexine formation. 

Coimbra et al. 2010, Jia et al. 2015, 
Levitin et al. 2008, Moreira et al. 
2022 

3 AGP11 At3g01700 Pollen development, pollen tube growth 
and stamen function, pollen viability. 

Coimbra et al. 2010, Levitin et al. 
2008, Moreira et al. 2022 

4 AGP23 AT3G57690 Pollen development. Moreira et al. 2022, Nguema-Ona et 
al. 2012 

5 AGP40 AT3G20865 Pollen development. Moreira et al. 2022, Nguema-Ona et 
al. 2012

 

6
 

ATAGP24
 

AT5G40730
 

Pollen-pistil interaction.
 

Moreira et al. 2022
 

7
 

AtFLA3
 

At2g24450
 

Microspore development and affecting
 

cellulose deposition.
 

Li et
 

al. 2010
 

8
 

AtPTEN1
 

AT5G39400
 

Pollen development and maturation.
 

Gupta et al. 2002
 

9
 

AtSTP6
  

AT3G05960
 

H+/monosaccharide transporter during the 
late stages of pollen development.

 Scholz-Starke
 

et al. 2003
 

10
 

AtVEX1
 

At5g62580
 

Mediates pollen galactose sensitivity via 
GALK that is required for efficient 
galactose uptake in pollen during pollen 
germination.

 

Engel et al. 2005, Wang et al. 2022
 

11
 

BCP1
 

AT1G24520
 

Pollen development.
 

Xu et al. 1993,
 

Xu et al. 1995
 

12
 

DUO3
 

AT1G64570
 

Cell cycle progression and sperm cell 
specification.

 Brownfield et al. 2009
 

13
 

HAP2
 

AT4G11720
 

Pollen tube guidance and fertilization.
 

von Besser et al. 2006
 

14
 

MSP1
 

At4g20090
 

Controls early
 

sporogenic
 

development.
 

Honys
 

et al. 2006, Nonomura et al. 
2003

 

15

 

MSP2

 

At5g46795

 

Role in pollen development during the 
early bicellular stage.

 Honys et al. 2006

 

16

 

PIRL6

 

AT2G19330

 

Male and female gametogenesis.

 

Forsthoefel et al. 2018, Hossain et 
al. 2022

 

17

 

RPG1

 

At5g40260

 

Exine pattern formation and cell integrity 
of microspores.

 Guan et al. 2008, Kim et al. 2013

 

18

 

TAG1

 

AT2G19450

 

Proper development of stamens and carpels 
and the prevention of indeterminate growth 
of the floral meristem.

 
Galli et al. 2003, Pnueli et al. 1994

 

19

 

TAPNAC

 

At1g61110

 

Tapetal development.

 

Alvarado et al.2011

 

20

 

TUA1

 

AT1G64740

 

Pollen development and pollen tube growth.
 

Carpenter et al. 1992
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TABLE 2: Functions of TF families. 

TF family Function Reference 

1 ERF Growth and development, response to various biotic and abiotic 
stresses. 

Nakano et al. 2006 

2 NAC Regulating senescence, cell division, and wood formation, 
mediates auxin signalling to promote lateral root development, 
response to biotic and abiotic stresses. 

Fang et al. 2008 

3 Dof The regulation of gene expression in processes like seed storage, 
protein synthesis in developing endosperm, light regulation of 
genes involved in carbohydrate metabolism, plant defence 

mechanisms, seed
 

germination, gibberellin response in post 
germinating aleurone, auxin

 
response and stomata guard cell-

specific gene regulation.
 

Lijavetzky et al. 2003 

4
 

MYB
 

Development, metabolism, response to biotic and abiotic stress.
 

Dubos et al. 2010
 

5
 

C2H2
 

Growth and development, response to environmental stresses.
 

Han et al. 2020
 

6
 

LBD
 

Plant growth and development, respond to environmental stress.
 

Rong et al. 2024
 

7
 

GATA
 

Light-responsive transcription.
 

Teakle et al. 2002
 

8
 

MIKC_MADS
 

Formation of floral organs and reproductive development in plants,
 

biotic and abiotic stress response.
 Dai et al. 2023 

 

9
 

bZIP
 

Growth and development, abiotic and biotic stress response.
 

Wang et al. 2018
 

10
 

bHLH
 

Secondary metabolite synthesis, growth and development.
 

Wang & Liu 2020
 

11
 

B3
 

Growth and development.
 

Xia et al. 2019
 

12
 

AP2
 

Regulation of developmental processes.
 

Nakano et al. 2006
 

13

 

MYB_related

 

Plant development and responses to various environmental 
stressors.

 Yang et al. 2021

 

14

 

G2-like

 

Regulate chloroplast development.

 

Fitter et al. 2002

 

15

 

GRAS

 

Plant development, including root development, axillary shoot 
development and maintenance of the shoot apical meristem and 
phytochrome signalling.

 
Hirsch et al. 2009

 

16

 

WRKY

 

Plant growth and development and biotic and abiotic stress 
response.

 Chen et al. 2017

 

17

 

BBR-BPC

 

Homeotic gene regulation and developmental processes, hormone 

 

signaling, stress, circadian oscillation, and sex determination 
processes.

 
Sahu et al. 2023

 

18

 

TCP

 

Plant development.

 

Martín-Trillo & Cubas 2010

 

19

 

Trihelix

 

Light and abiotic stress response.

 

Xu et al. 2018

 

20

 

HD-ZIP

 

Meristem maintenance or organ and vascular develoment.

 

Ariel et al. 2007

 

21

 

ARF

 

Regulate auxin mediated transcriptional activation/repression.

 

Okushima et al. 2005

 

22

 

Nin-like

 

Regulate nitrate-response genes, plant root development.

 

Hsin et al. 2021

 

23

 

C3H

 

Embryogenesis, apical domain of the embryo.

 

Li & Thomas

 

1998

 

    

SI. No. 

(Contd)
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TABLE 2:
 

(Concluded).
 

 

24 HSF Plant heat stress (hs) response. Kotak et al. 2004

25

 

CPP

 

Development of reproductive tissue and control of cell division in 
plants.

 
Yang et al. 2008

 

26

 

NF-YB

 

Plant growth and development and biotic and abiotic stress 
response.

 

Bhattacharjee  & Hallan 
2023

 

27

 

RAV

 

Ethylene response and brassinosteroid response.

 

Nakano et al. 2006

 

28

 

E2F/DP

 

Regulation of cell cycle and cell proliferation.

 

Van Den Heuvel & Dyson  

 

   
 

 

2008

29 WOX Key developmental processes in plants, such as embryonic 
patterning, stem-cell maintenance and organ formation. These 
functions can be related to either promotion of cell division activity 
and/or prevention of premature cell differentiation.

 
van der Graaff et al. 2009

 

31 Cytokinin hormone pathway regulation.  

32 Flower development.  

33 Plant growth and development and BR-regulated gene expression.

34  Regulating CBF2 expression.  

35 Regulate expression of the GCC-box-binding transcription factors, 
ethylene-response factors.  

36 Regulators of plant  organ growth and development, abiotic stress 
response.

 

37
 

Nutrient sensing, root and shoot development, circadian clock
 

oscillation maintenance, hormonal transport and signalling.
 

38
 

Specify abaxial identity in lateral organs produced by the apical 
and flower meristems in Arabidopsis.

 

39 Light signalling.
 

40 Cell expansion in leaf and cotyledon tissues.
 

41
 

Represses the rps1 promoter preferentially in roots and in etiolated 
plants.

 

42 Switch from vegetative to reproductive development in 
dicotyledonous plant species.

 

43 Participate in

 

flowering and biotic and abiotic stress signalling 
pathways.

 

    

 GeBP  

 SBP  

 BES1  

 CAMTA

 EIL  

 SRS  

 
ARR-B

 
YABBY

 
FAR1

 

 
GRF

 

 
S1Fa-like

 

LFY
 

 

VOZ

 

 

Chevalier et al. 2008  

Guo et al. 2008  

 Yin et al. 2005  

Finkler et  al. 2007  

Yamasaki et al. 2005  

Lu et al. 2023  

Safi et al. 2017
 

Siegfried et al. 1999
 

Lin et al. 2007
 

Kim et al. 2003
 

Zhou et al. 1995

 

William et al. 2004

 

Uluisik et al. 2023

 

PEPCase gene.
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  Fig. 1: Number of putative TF binding sites in the gametophyte-specific genes.
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3

Figs 2 & 3: 2. Frequency and count of TF binding sites in Arabidopsis gametophyte-specific genes. 3. Graphs comparing the 
                   diversity (blue) and count (red) of putative binding sites of TF families among the gametophyte-specific genes.

2
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TABLE 3: Fold change in frequencies of putative binding sites of stress-responsive TFs on GS
 
gene promoters

. 

TF family  
Frequency of  TFBSs on least 

expressed genes (A)
Frequency of  TFBSs on most 

expressed genes (B)
Fold change (A/B) 

19.0 

4.5 

17.3 

10.8 

42.5 

3.0 

4.0 

58.2 

319.3 

14.8 

8.8 

10.0 

10.2 

38.0 

33.8 

54.2 

11.7 

101.3 

1.5 

4.7 

4.7 

1.0 

24.2 

17.3 

0.7 

3.0 

44.2 

0.7 

2.2 

17.3 

5.3 

19.0 

21.0 

46.3 

1.3 

3.5 

52.8 

391.8 

33.0 

10.3 

10.8 

4.5 

33.0 

24.3 

50.8 

18.0 

16.5 

1.3 

3.5 

2.3 

1.0 

17.5 

13.0 

0.0 

2.0 

17.5 

1.3 

3.3 

1.10 

0.86 

0.91 

0.52 

0.92 

2.40 

1.14 

1.10 

0.82 

0.45 

0.86 

0.93 

2.26 

1.15 

1.40 

1.07 

0.65 

6.14 

1.20 

1.33 

2.07 

1.00 

1.38 

1.33 

4.00 

1.50 

2.52 

0.53 

0.67 

Shaded boxes indicate <1 fold change. 

 

AP2  

ARF 

bHLH  

bZIP  

C2H2 

CAMTA  

CPP 

Dof  

ERF 

GATA  

GRAS  

HD-ZIP  

HSF 

LBD  

MIKC_MADS  

MYB 

MYB_related  

NAC  

NF-YB 

Nin-like 

RAV  

SRS 

TCP 

Trihelix  

VOZ 

WOX  

WRKY  

YABBY 

ZF-HD 

 

 

 

 



104                                                                                                                    J. CYTOL. GENET. VOL. 26 (NS) 1 & 2 (2025) 

DANA & JASMINE: 

TABLE 4: Stress-responsive genes in plants. 

Accession No.
 

Function
 

Reference
 

1  AT4G18280  Defence against drought, salinity, and heat stresses. Tawab et al. 2020 

2  AT3G19930  Resistance to environmental stress.  Truernit et al. 1996 

3  AT5G38710  Proline homeostasis. Rizzi et al. 2017 

4
 

AT1G64660
 

Methionine catabolism as stress responses and seed 
development.

 
Akinson et al. 2013

 

5
 

AT2G40170
 

Stress response and late embryogenesis.
 

Manfre et al. 2006
 

6
 

AT3G49110
 

Defense mechanism against pathogens.
 

Daudi et al. 2012
 

7
 

AT5G66400
 

Cold acclimatization.
 

Lång & Palva 1992
 

8
 

AT5G52310
 

Abiotic stress response.
 

Msanne et al. 2011
 

9
 

AT5G52300
 

Abiotic stress response.
 

Msanne et al. 2011
 

10
 

AT1G20440
  

Cold tolerance.
 

Ganguly et al. 2025
 

11
 

AT1G74710
 

SA synthesis, immune defense.
 

Gawroński et al. 2013
 

12
 

AT4G39030
 

Defense against viral pathogens.
 

Ishihara et al. 2008
 

13

 

AT2G37040

 

Defense against pathogens.

 

Kavil et al. 2021

 

14

 

AT1G64280

 

Controls systemic acquired resistance

 

(SAR).

 

Cao et al. 1997

 

15

 

AT1G02450

 

Modulate the plant's defense response.

 

Weigel et al. 2005

 

16

 

AT5G48485

 

Long-distance

 

signaling of systemic acquired resistance.

 

Champigny et al. 2013

 

17

 

AT2G14610

 

Provide resistance against biotic and abiotic stresses.

 

Han et al. 2023

 

18

 

AT3G57260

 

Plant Defense Signaling.

 

Oide et al. 2013

 

19

 

AT1G76680

 

Jasmonic Acid (JA) biosynthesis.

 

You et al. 2025

 

20

 

AT3G25760

 

Ethylene biosynthesis.

 

Poulaki et al 2020

 

 

GRPL1

 

STP4

 

ProDH2

 

AtMGL

 

GEA6

 

PRX33

 

RAB18

 

RD29A 

 

RD29B 

 

AtCOR47

 

ICS1

 

EDS5

 

PAL1

 

NPRI

 

NIMIN1

 

DIR1

 

PR1

 

PR2

 

OPR1

 

AOC1

 

SI. No. 

for VOZ. Putative binding sites for ERF were 4.5 

times more than NAC, the second most frequent 

family. Among the 20 Arabidopsis GS genes, while 

promoter of AGP11 had the highest number of 1926 

putative binding sites, AtVEX1 had highest diversity 

of 40 TF families (Fig. 3). The diversity of former 

being 36, and number of latter being 1094. Thus, 

highest number was not a representation of high 

diversity of sites.

Developmental/tissue-specific expression 

levels of the 20 GS genes were compared (Fig. 4). As 

majority of 29 out of 43 TF families had stress-

Gene ID
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AP2 

ARF 

bHLH 

bZIP
 

C2H2
 

CAMTA
 

CPP
 

Dof
 

ERF
 

GATA
 

GRAS
 

HD-ZIP
 

HSF

 

LBD

 

 

MYB

 

MYB_related

 

NAC

 

NF-YB

 

Nin-like

 

RAV

 

SRS

 

TCP

 

Trihelix

 

VOZ

 

WOX

 

WRKY

 

YABBY

 

ZF-HD

 

 

10.8 

4.8 

23.4 

37.4
 

26.4
 

3.4
 

5
 

35.2
 

152.8
 

15.8
 

4
 

9.4
 

5.6

 

12.6

 

19.2

 

39.8

 

11.4

 

49.6

 

1.2

 

2.4

 

0.6

 

1.6

 

14.4

 

9.6

 

0.4

 

0.8

 

32.2

 

0.8

 

4

 

13.6 

6.6 

27 

26
 

39.6
 

3
 

5.8
 

67.4
 

181.8
 

14.6
 

6
 

12.6
 

4.4

 

16.4

 

19.8

 

52.8

 

11.4

 

84.4

 

1

 

3.4

 

2.4

 

0.8

 

23.2

 

8.4

 

0.8

 

1.4

 

15.6

 

0.4

 

4.4

 

0.79 

0.73 

0.87 

1.44
 

0.67
 

1.13
 

0.86
 

0.52
 

0.84
 

1.08
 

0.67
 

0.75
 

1.27

 

0.77

 

0.97

 

0.75

 

1.00

 

0.59

 

1.20

 

0.71

 

0.25

 

2.00

 

0.62

 

1.14

 

0.50

 

0.57

 

2.06

 

2.00

 

0.91

 

Shaded boxes indicate <1 fold change.

TABLE 5: Fold change in frequencies of putative binding sites of stress-responsive TFs on stress-responsive genes 

TF family 
Frequency of  TFBSs on least 

expressed genes (A) 
Frequency of  TFBSs on most 

expressed genes (B) Fold change (A/B) 
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Figs 5 & 6: Frequency of putative TF binding sites of TF families with stress-responsive function in least expressed and most

                     expressed 5. gametophyte-specific genes 6. stress-responsive genes

6
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Since the GS gene promoters carried numerous 

putative stress-responsive TFBSs and also showed 

high expression under biotic/abiotic stresses, it 

could be possible that there was some correlation 

between TF site density and transcription levels. To 

check this hypothesis, the frequencies of putative 

binding sites of 29 stress-responsive TFs were 

compared based on the expression levels of the GS 

genes under biotic/abiotic stresses. For this, the GS 

genes were grouped into 2, least and most 

expressing under biotic and abiotic stresses. Then, 

the putative binding sites of stress-responsive TFs 

on these were compared (Table 4). Ratio of these 

sites from the least and most expressing groups were 

then calculated and compared. Ratios with >1 value 

indicate that these TFs have more putative sites on 

least expressing genes. This calculation indicated 

that a majority 18 of 29 sites were present more on 

least expressing genes (Fig. 5), suggesting an 

responsive functions, the expression levels under 

various biotic and abiotic stress conditions were also 

considered for the study (Fig. 4). It was observed 

that most genes expressed more in the male 

gametophyte category under developmental/

tissue-specific function. Five genes, ATAGP24, 

AGP23, AtVEX1, TAG1 and TUA1 had more 

expression under biotic and abiotic stress 

conditions, especially abiotic. While ATAGP24 and 

AtVEX1 showed expression in roots, AGP23 

expression was more in the shoot under abiotic 

stress. TAPNAC was exceptional because, though 

being a GS gene, it had the highest expression under 

biotic stress (virulent P.s). 

DISCUSSION

inverse correlation between the gene expression 

under biotic and abiotic stresses and the number of 

putative binding sites of biotic and abiotic stress-

responsive TFs.

To see if this was the situation with other stress-

responsive genes, similar analysis was conducted on 

the previously known 20 stress-responsive genes 

(Table 4). Expression levels of the genes were 

retrieved and sorted on the basis of their sum. 

Frequency of putative TFBSs in the most and least 

expressed genes from the stress-responsive genes 

group were compared and fold changes calculated 

(Table 3). The ratios here revealed that only 10 of 29 

sites were present more on least expressing genes 

(Fig. 6). Hence, unlike the GS genes, a direct 

correlation between the gene expression under 

biotic/abiotic stresses and the number of putative 

binding sites of biotic/abiotic stress-responsive 

TFs was seen in other stress-responsive genes. This 

comparison of GS genes with other stress-

responsive genes reveals an opposite pattern 

between the 2 groups.

ERF and NAC TF families were the most frequently 

found putative TFBSs in the GS genes of A. 

thaliana, with ERF having 4.5-fold greater numbers 

than NAC. ERF TFs play crucial roles in regulating 

plant responses to both biotic and abiotic stresses. 

Overexpression of genes such as Pti4, ERF1, 

OPBP1 and TSRF1 which come under ERF family, 

has been reported to significantly enhance resistance 

against fungal and bacterial pathogens, highlighting 

their importance in improving plant defense 

REGULATION OF GAMETOPHYTE-SPECIFIC GENES IN ARABIDOPSIS
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mechanisms (Berrocal-Lobo et al. 2002, Gu et al. 

2002, Guo et al. 2004, Oñate-Sánchez & Singh.  

2002, Zhang et al. 2004). Similarly, members of the 

NAC TF family are involved in abiotic stress 

tolerance. Genes such as, OsNAC2/6, OsNAC10 and 

SNAC1 have been shown to improve drought and 

salt-stress-tolerance in plants, while ANAC092 

is known to regulate complex gene networks 

associated with salt-induced senescence (Hu et al. 

2006, Nakashima et al. 2009, Jeong et al. 2010, 

Balazadeh et al. 2010). While AGP11 had the  

highest number of putative TFBSs, these were most 

diverse in AtVEX1. ATVEX1, also referred to as 

AtSWEET5, encodes a Nodulin MtN3 family 

protein belonging to the SWEET family of sugar 

transporters. These transporters play vital roles in 

carbohydrate transport and overall plant develop-

ment (Engel et al. 2005). When the functions of TF 

families were studied, 29 TFs among 43 were stress-

responsive. For checking the correlation between 

putative TF binding sites and expression in 

Arabidopsis, expression level values under 3 sets of 

conditions were studied. It showed that 5 of 20 genes 

had more expression in biotic and abiotic stress 

conditions (ATAGP24, TAG1, TUA1, AGP23 and 

AtVEX1). AtAGP24 exhibited enhanced expression 

in the roots of A. thaliana following infection by the 

necrotrophic fungal pathogen, Plectosphaerella 

cucumerina. Localization of the AtAGP24-GFP 

fusion protein near the plasma membrane and 

increase in pathogen susceptibility by its over-

expression suggest that AtAGP24 functions as a 

disease susceptibility factor during host–pathogen 

interactions (Dobon et al. 2015). Similarly, TAG1 

which is involved in triacylglycerol biosynthesis, 

was reported to play an important role in abiotic 

stress responses. Mutants deficient in TAG1 

exhibited increased sensitivity to abscisic acid, 

sugars, and osmotic stresses during germination and 

early seedling development, (Lu & Hills 2002). 

AtVEX1 also contributes to stress responses, 

particularly under biotic stress. Several AtSWEET 

genes, including AtSWEET5 were induced upon P. 

syringae infection, facilitating sugar efflux and 

pathogen nutrition (Chen et al. 2010). AGP23 

encodes an arabinogalactan protein and plays a 

crucial role in many plant processes, including 

growth, development and stress response, by 

influencing the structure and integrity of the 

cell wall (Pereira ). In contrast, TUA1 et al. 2014

encoding alpha-tubulin 1, is predominantly 

expressed in pollen and does not show major 

involvement in stress responses (Carpenter et al. 

1992). But there was no valid pattern in their 

putative TFs. Similarly, the frequencies of TFBSs 

for genes that had higher expression in different 

conditions were also studied, but no valid data were 

obtained. We hypothesized that the genes with 

higher expression would have more TFBSs. When 

20 GS genes were compared between those showing 

the most and least expression, it was found to have 

more TFBSs for genes that showed lesser 

expression. To check the condition in stress-

responsive genes, we did the same with a new set of 

stress-responsive genes. But an opposite relation 

was seen, where the genes with more expression 
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SUMMARY In the plant genome, DNA methylation is an epigenetic modification that involves 

transferring a methyl group to the fifth position of the cytosine, resulting in the formation of 5-

methylcytosine. DNA methylation can regulate gene expression by recruiting proteins that activate 

gene transcription or by inhibiting the binding of transcription factors, leading to gene silencing. 

During plant development or in response to biotic and abiotic stress conditions, the DNA 

methylation pattern in the genome changes due to either de novo DNA methylation or 

demethylation. These changes in DNA methylation enable the plant to respond to and survive 

changing external or internal conditions, ultimately developing a stable, unique DNA methylation 

pattern that regulates specific gene transcription. In this paper, we review the processes of DNA 

methylation and demethylation in plants, describe the machinery involved in these processes, and 

discuss the role of DNA methylation in response to biotic and abiotic stress conditions. Furthermore, 

these epigenetic changes, which regulate gene expression patterns and plant growth, are heritable. 

Threfore, the plant's epigenetic response is significant; epigenetic editing can improve plant genome 

efficiency by targeting and editing genome-specific loci. Here, we summarize the development of 

epigenome editing and its future prospects, including precision breeding, climate-resilient 

agriculture, and the integration of methylation data into predictive models for sustainable crop 

improvement. We look forward to the future development of this system.    
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INTRODUCTION

The epigenetic study deals with changes in gene 

expression due to non-genetic influences that do not 

alter the DNA sequence. Plants undergo various 

epigenetic modifications that alter gene expression 

during normal development or in response to 

environmental influences, which sometimes are 

transmissible to subsequent generations as well. 

these modifications can activate or repress genes in 

response to environmental stimuli. This aids the 

** Paper presented at the XV All India Conference on Cytology and Genetics held on 11th and 12th September 2025.
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     Epigenetics is broadly divided into 2 categories: 

(1) Regulation of selective gene transcription, 

which includes DNA methylation, histone 

modification, and chromatin remodeling, and (2) 

post-transcriptional gene regulation, which includes 

regulation by non-coding RNAs, RNA modifi-

cation, and nucleosome positioning (Willbanks

et al. 2016). So far, the DNA methylation/ 

demethylation is a major epigenetic modification. 

Moreover, the epigenetic regulation by DNA 

methylation is well known for its heritable capacity 

in eukaryotes. The DNA methylation improves plant 

growth and development. During unfavorable 

conditions, DNA methylation in plants helps them 

cope with the situation, but it also renders the plants 

more susceptible. The DNA methylation process 

reversible and sensitive to each environmental 

stimulus and also the same stressor can induce 

different epigenetic changes in individuals or 

populations. Furthermore, the DNA methylation 

and other epigenetic modifications cross-talk with 

other signaling pathways, such as hormonal 

responses, like abscisic acid during water stress, and 

such interactions synchronize the stress response 

and improve plant survival in unfavorable 

plants in adapting to the conditions and managing 

biotic and abiotic stressors such as, pathogen attack, 

drought, heat, or salinity (Kinoshita & Seki 2014). 

These stressors can bring numerous changes to 

plants, resulting the gene regulation (upregulation/ 

downregulation) of specific genes and alters the cell 

function by epigenetic mechanisms (Doddavarapu 

et al. 2024).

DNA methylation and demethylation: Cytosine 

methylation of DNA is a common epigenetic mark. 

conditions (Lucibelli et al. 2022). Additionally, 

these types of modifications can install a type of 

"memory" within the plant. For example, when a 

plant is exposed to a stressor, specific epigenetic 

modifications happen on the DNA that can change 

the expression of genes responsive to stress. The 

next generation can inherit these epigenetic 

modifications in their genome, providing an 

advantage for adaptation. Moreover, it allows the 

plants to respond and adapt to future events of the 

same stress conditions (Hemenway & Gehrig 2023).  

Epigenetics and gene regulation are now 

emerging as a potential technology. The trans-

generational memory of DNA methylation can 

contribute to the development of biotic and abiotic 

stress tolerance in crops, making it a potential 

technology for creating biotic and abiotic stress-

resilient crops. It can be utilized for the targeted 

epigenomic changes (Doddavarapu et al. 2024). 

Moreover, the development of epigenetic genome 

editing technology provides technical support for 

epigenetic genetic improvement of biotic and 

abiotic stress resistance. Therefore, in this review 

we have summarized the DNA methylation and 

demethylation mechanisms which include the 

RdDm pathway and DNA methylation maintenance 

across the genome and to the next generations and 

discussed the emerging epigenome editing 

technology that are being developed to find the 

potential epigenome candidates across the genome 

in order to produce stress-resilient plants.  

MEHARBAN & JASMINE: 



J. CYTOL. GENET. VOL. 26 (NS) 1 & 2 (2025)                                                                                                                       117

The extent of DNA methylation regulates plant gene 

expression on a broad scale. DNA methylation 

reforms the chromatin structure, suppressing gene 

transcription by preventing certain transcriptional 

factors from binding to DNA. However, some 

specific group of transcription factors shows an 

enhanced binding affinity for methylated motifs, so 

that promoter hypermethylation in those cases can 

stimulate transcription (Willbanks et al. 2016, 

Hagmann et al. 2015). The DNA methyltransferases 

(MTases) and DNA demethylases control 

methylation and demethylation, which keep the 

DNA methylation system in balance (Agius et al. 

2023). The methylation in plants occurs at CG, 

CHG, and CHH regions, where H can be any 

nucleotide except G. The simultaneous presence of 

CG and non-CG methylation usually occurs in 

transposable elements (TEs) and other sequences 

derived from or related to repeats (Hemenway & 

Gehring 2023, Stroud et al. 2014). In plants, 

cytosine-specific DNA MTases are responsible for 

methylation, which adds a methyl group to the fifth 

carbon of cytosine, There are 2 classes of DNA 

methyltransferases: 1) The de novo class or 

enzymes that create new methylation marks on the 

DNA (DRM 1/ DRM 2) A maintenance class that 

recognizes the methylation marks on the parental 

strand of DNA and transfers new methylation to the 

daughter strands after DNA replication (MET 

1/CMT 2/ CMT 3) (Cao & Jacobsen 2002). 

Furthermore, in plants, the TEs and repetitive 

sequences undergo significant cytosine methylation 

across all three contexts, and they are abundant in 

heterochromatic regions (Agius et al. 2023, 

Ashapkin et al. 2020). Cytosine methylation causes 

transcriptional silencing of TEs. The spread of 

cytosine methylation from gene-adjacent TEs to 

the gene can methylate cytosine residues in 

transcription factor binding motifs, which makes the 

TFs less likely to bind. Additionally, epigenetic 

changes resulting from DNA methylation enhance 

heterosis in genetically identical chromosomes 

across generations in Oryza sativa (Hagmann et al. 

2015,  Ashapkin et al. 2020).

RdDm pathway: The RNA-directed DNA methy-

lation pathway (RdDm) is the only pathway that can 

add a methyl group to cytosine regardless of any 

sequence context and the other context-specific 

pathways can only maintain existing DNA methy-

lation patterns in the genome (Matzke & Mosher, 

2014). In Arabidopsis, RNA-directed DNA methy-

lation could occur through canonical and non-

canonical pathways. In this process, DNA-

dependent RNA Polymerase IV (Pol IV) interacts 

with the Chromatin remodeler classy 1 (CLSY1) 

and its partner Sawadee homeodomain homolog 1 

(SHH1). This complex binds to heterochromatin, 

where RNA Pol IV generates short single-strand 

RNAs (ssRNAs) of about 30–45 nucleotides. These 

ssRNAs are then converted into double-stranded 

(dsRNAs) by RNA-dependent RNA polymerase 2 

(RDR2) and RNA Pol IV (Erdmann & Picard 2020). 

The endoribonuclease Dicer-like 3 (DCL3) 

processes the dsRNAs into 24-nucleotide small 

RNAs (siRNAs). The siRNAs are then methylated 

on their 3' ends by HEN1. The Argonaute proteins 
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The non-canonical pathway encompasses 

various modifications of the canonical pathway, 

typically leading to de novo DNA methylation, such 

as the methylation of TEs. In this pathway, the 

production of siRNAs is not solely reliant on Pol IV, 

RDR2, and DCL3; instead, siRNAs can also be 

(AGO4, AGO6) guide the single strands of these 

siRNAs to their complementary RNAs transcribed 

by the plant-specific RNA Polymerase V, which 

recruits the methyltransferase Domain rearranged 

methyltransferases (DRM 1) to methylate the 

adjacent DNA. Pol V probably produces non-coding 

transcripts from siRNA-targeting regions or 

intergenic areas adjacent to these regions, with the 

help of other established RdDm components, such 

as Defective in RNA-directed DNA methylation 1 

(DRD1) and Defective in meristem silencing 3 

(DMS3) (Willmann et al. 2011, Agius et al. 2023, 

Chan et al. 2004) (Fig. 1). 

Figs 1 & 2: 1. Canonical RdDm pathway. 2. Non-canonical RdDm pathway.

1

generated through other mechanisms, including 

transcription by RNA Pol II, and the transcripts of 

RNA Pol II can be amplified by RNA-dependent 

RNA polymerase 6 (RDR6). The endoribonuclease 

DICER-LIKE 2 (DLC2) processes the siRNA into 

21-22-nucleotide siRNAs. These siRNAs induce 

DNA methylation via DNA-dependent RNA Pol V 

and DNA methyltransferases Domain rearranged 

methyltransferases 2 (DRM2) (Cuerda-Gil & 

Slotkin 2016, Wendte & Pikaard 2017, Chan et al. 

2004) (Fig. 2). 

DNA methylation maintenance: The enzymes 

involved in the DNA methylation, which all 

establish methylation, recognize and remove 

methylation are categorized into 3 classes writers, 

erasers and readers: writers are the enzymes which 

catalyze and add methyl groups to the cytosine 

residues, erasers are responsible for modification 

and removal of methyl groups and readers identify 
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De novo DNA methylation is controlled by 

siRNAs. Methylation is primarily established by 

domains rearranged methyltransferase 1 and 2 

(DRM1 and DRM2), and is guided by siRNAs. The 

methylation is maintained and managed by 

methyltransferase 1 (MET1), which works in 

connection with variant in methylation (VIM) 

family proteins (VIM1-VIM3) that specifically 

preserve CG site methylation. MET1 identifies 

hemi-methylated CG dinucleotides after DNA 

replication and methylates the cytosine on the 

daughter strand. The chromomethylase 2 (CMT2) is 

associated with the asymmetric CHH methyl-

ation of constitutive heterochromatin, and the 

chromomethylase 3 (CMT3) is more involved with 

the CHG methylation (Cuerda-Gil & Slotkin 2016, 

Agius et al. 2023) (Fig. 3).

and bind to methyl groups to influence the gene 

expression (Moore et al. 2012). 

DNA demethylation: In plants, demethylation can 

occur passively, through the loss of the methylation 

signal during DNA replication, or actively, through 

specific enzymes that facilitate the process via DNA 

base excision repair (BER). Certain plant DNA 

glycosylases identify methylated cytosine in 

various sequence contexts and cleave the bond with 

the deoxyribose sugar, creating an abasic site 

(Fig. 4) that is subsequently repaired by DNA 

polymerase and ligase. The repressor of silencing 1 

(ROS1), demeter (DME), and demeter-like protein 

2 and 3 (DML2 and DML3) are the 4 DNA 

demethylases (DNA glycosylases/DNA glyco-

lyases) found in Arabidopsis (Parrilla-Doblas et al. 

2019, Niederhuth et al. 2014, Erdmann & Picard 

2020). Active demethylation was found to be a key 

regulatory mechanism for plant disease resistance 

and adaptation (Halter et al. 2021). In the previous 

studies, an improved susceptibility to Hyalopero-

nospora arabidopsidis and Pt0 DC3000 was 

reported in ros1 mutants, as well as disease 

susceptibility to Fusarium oxysporum was found in 

the Arabidopsis ros1 dml2 dml3 (rdd) mutant (Yu et 

al. 2013, López Sánchez et al. 2016, Le et al. 2014, 

Schumann et al. 2019). Moreover, this evidence 

indicates that the demethylase promotes resistance 

against pathogens. 

Fig. 3: The enzymes that maintain the methylation during replication in all three contexts of plant DNA methylation
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Role of DNA methylation in stress response: DNA 

methylation plays a vital role in helping plants 

respond to different stress contexts by regulating the 

expression of specific genes. DNA methylation 

suppresses potentially harmful genomic elements, 

including repeat sequences and transposable 

elements (TEs), while the significant molecular 

result is regulating gene expression at the transcrip-

tional level (Lei et al. 2015). 

DNA methylation changes can activate or 

silence drought-responsive genes in response to 

drought. During times of water scarcity, methylation 

can suppress the activation of genes that are not 

needed and enhance the activation of genes that help 

plants survive in dry conditions.  The methylation 

levels correlate with changes in the expression 

profiles of several drought stress-responsive 

genes in Populus trichocarpa subjected to drought 

conditions (Liang et al. 2014).  RD29A and RD20 

Fig. 4: The removal of methylated cytosine by the DNA repair mechanism

are essential genes in the drought stress response; 

they exhibit high expression levels when the plant 

experiences drought conditions, enabling it to 

activate specific pathways that enhance its capacity 

to manage water scarcity. Modifications in DNA 

methylation can trigger the activation of RD29A and 

RD20, allowing the plant to initiate protective 

responses against dehydration. By regulating 

the expression of RD29A and RD20 by DNA 

methylation, the plants can successfully adapt to 

water-deficient conditions. Moreover, these protein-

encoding genes will participate in the production of 

osmo-protectants that help preserve cellular 

function and integrity during low water availability 

periods (Ashapkin et al. 2020, Liang et al. 2014).

In the context of salinity stress, plants encounter 

difficulties due to high salt concentrations in the 

environment, which affect the expression of genes 

essential for ion transport and the maintenance of 

osmotic balance within plant cells. The variations in 
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the methylation status of specific genes allow plants 

to withstand high salinity (Kinoshita & Seki 2014). 

Studies on salt-tolerant and salt-sensitive rice 

varieties have revealed the links between global 

DNA methylation levels and salt stress response. 

The variations in DNA methylation play a crucial 

role in regulating gene expression. Under high 

salinity stress, promoter and gene body methylation 

levels are critical in regulating gene expression in a 

genotype- and organ-specific manner. Additionally, 

the plants responded to salinity by reducing DNA 

methylation levels, which is associated with the 

upregulation of the DNA demethylase (DRM2) 

gene. The upregulation of DRM2 was only observed 

in salt-sensitive cultivars. This indicates that salt-

sensitive plants may rely on changes in DNA 

demethylation to manage stress, while salt-tolerant 

plants do not exhibit the same response (Ferreira et 

al. 2015). Salt overly sensitive 1 (SOS1) is an 

essential gene for salt tolerance because it encodes a 

sodium/proton exchanger. The DNA methylation 

regulates the expression of the SOS1 gene and 

allows the plant to adjust its ion transport process 

and increase its survival capacity in response to 

salinity stress (Ashapkin et al. 2020). 

When plants get exposed to extreme tempe-

rature conditions, whether high or low, their 

physiological processes and health can be affected. 

Changes in the DNA methylation can be induced, 

which in turn regulate the expression of heat shock 

proteins and cold-responsive genes. These 

epigenetic modifications enable the plant to adapt to 

temperature fluctuations, adapting to changing 

thermal conditions and retaining cellular function 

(Kinoshita & Seki 2014). The Heat shock protein 70 

(HSP70) gene plays a crucial role in supporting 

proper protein folding and defending the plant 

against heat stress. Its expression is affected by 

changes in DNA methylation that occur when the 

plant is exposed to high temperatures, upregulating 

its ability to cope with stress and preventing 

potential damage to proteins that could disrupt 

cellular function. The COR15A gene plays a crucial 

role in cold adaptation, enabling the plant to 

acclimate to low temperatures. The COR15A gene 

expression is regulated by DNA methylation during 

cold stress, and allows the plant to respond 

effectively to cold conditions and improve its 

chances of survival in cold environments (Ashapkin 

et al. 2020).

During a pathogen attack (such as bacteria, 

fungi, or viruses), the plants can raise a more 

effective defense by regulating gene expression 

through DNA methylation. They can enhance the 

activation of the defense-related genes, allowing the 

plant to identify and respond to pathogens more 

rapidly (Alonso et al. 2018). The PR1 gene is one of 

the significant genes in the plant's defense system. 

The changes influence the regulation of the PR1 

gene in DNA methylation. When DNA methylation 

change happens in response to pathogen presence, 

they can enhance the transcription of the PR1 gene 

and increase the production of PR1 protein, which is 

crucial for the plant's immune response, helping to 

protect against infections. By elevating PR1 levels, 

the plant improves its ability to resist pathogens, 
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When plants experience a nutrient deficiency in 

their environment, it also leads to stress in the plant 

and can result in alterations in the DNA methylation 

patterns. It also affects the expression of subsequent 

genes important for nutrient uptake and metabolism. 

The plant's response to nutrient stress involves 

modifying how genes are turned on or off to adapt to 

the deficiency and optimize nutrient absorption 

and use (Kinoshita & Seki 2014). The Nitrate 

transporter 1.1(NRT1.1) gene has a role in the 

nitrate uptake from the soil. In response to nitrogen 

deficiency, DNA methylation can regulate the 

expression of the NRT1.1 gene by methylation 

changes, which can help the plant's absorption and 

utilization of nitrate, thereby helping it cope with the 

shortage of nitrogen (Ashapkin et al. 2020). 

Furthermore, under normal circumstances, epi-

genetic repression mechanisms such as DNA 

methylation keep transposons in check, preventing 

their unwanted activation and movement. When 

these repression systems fail, transposons can 

become derepressed (turned on) and mobilize, 

leading to potential genomic instability and disease. 

They also have a crucial role in losing various 

repression systems, commonly the transposon 

derepression system. (Bošković & Rando 2018).

thereby reducing the severity of the infection and 

aiding in recovery (Ashapkin et al. 2020).

Common phenotypes associated with DNA 

methylation/demethylation-related genes: In A. 

thaliana, the genome-wide DNA methylation 

exhibits high levels of methylation in hetero-

chromatin, which is rich in TEs (transposons) and 

Methylation can occur on different regions of 

the same chromosome, and the effect also varies 

depending on the region and the methylation level. 

Typically, base modifications occurring in the 

promoter, nearby regions, or within the gene body 

might affect gene expression. Generally, DNA 

methylation represses gene transcription. On rarer 

occasions, DNA methylation can also activate gene 

transcription, but in some instances, DNA 

methylation or a certain level of demethylation may 

also promote gene transcription (Kumar & 

other repetitive DNA sequences. Interspersed 

transposon-associated DNA methylation also exists 

in euchromatic chromosome arms (Zhang et al. 

2006). The change in DNA methylation patterns, 

specifically at CG and CHH islands, was linked to 

the reduced RNA levels and more biomass and seed 

yield heterosis (Kinoshita et al. 2004). In specific 

genes, the RNA-directed DNA methylation is 

responsible for DNA methylation, promoting 

growth vigor in hybrid Arabidopsis (Begum et al. 

2022). The demethylase DME is essential for 

establishing epigenetic influence in gametophytes, 

which is advantageously expressed in central cells 

of female gametophytes, where it induces maternal 

allele-specific DNA demethylation of imprinted 

genes such as Medea (MEA) and Flowering 

Wageningen (FWA) and also in vegetative cells of 

pollen (Choi et al. 2002). The DNA methylation 

suppresses the genes that cause delayed flowering. 

Also, DNA methylation influences controlling 

leaf morphology, where it represses the genes 

responsible for shaping and sizing of leaves, and 

forming smaller leaves (Lee et al. 2023). 
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Mohapatra 2021). Cytosine methylation in the 

ROS1 promoter enhances its transcription in 

Arabidopsis (Williams et al. 2015). Moreover, gene 

expression regulation results from the interplay of 

various epigenetic mechanisms that affect each 

other, such as DNA methylation and histone 

modifications. Generally, regions with low DNA 

methylation levels also exhibit other modifications 

that promote transcription, such as histone 

acetylation. In some cases, hypermethylated and 

actively transcribed regions can show less histone 

acetylation, indicating that loss of DNA methylation 

alone is a mechanism that promotes activation of 

transcription. In addition to the DNA methylation in 

the promoter, methylation can also occur in the full-

length coding region. Methylation in the coding 

regions suppresses transcript elongation. Unlike 

promoter methylation, methylation in the coding 

region hinders transcript elongation. As a result, 

transcription proceeds from the start site to the 

methylation site, leading to the production of a 

shorter, potentially inactive transcript (Gehrin & 

Henikoff 2007).

DNA methylation of transposons: As evidenced by 

previous studies, transposons are now considered an 

integral part of the genome, comprising repetitive 

DNA sequences. In most eukaryotic genomes, the 

transposons are distributed across the genome. They 

are unstable within the genome and interfere with 

the typical genome sequence. Moreover, in plant 

stress conditions, they can significantly contribute 

to adaptation. The activity of transposons and DNA 

methylation are inter-connected. In plants, the 

Crop plants with larger genomes tend to have more 

TEs, and most of these TEs are located near genes, 

thereby influencing their gene expression. 

Consequently, DNA modification has a more 

pronounced impact on gene expression in these 

crops than in Arabidopsis. Additionally, DRM2 

specifically targets TEs located on the promoters to 

regulate genes involved in stress responses (Le et al. 

2014, Lucibelli et al. 2022). In Arabidopsis, about 

one-third of the genes have methylation in their gene 

bodies. Generally, TEs and repetitive regions are 

heavily methylated in all cytosine contexts, while 

gene body methylation is relatively rare in non-CG 

contexts (Zhang et al. 2006). Some introns within a 

gene can contain TEs or repeat sequences that are 

hypermethylated across all cytosine contexts and 

play a role in regulating mRNA processing. For 

instance, the loss of DNA methylation from a 

retrotransposon located in an intron of a develop-

mental regulatory gene has been reported to lead to 

alternative splicing and premature transcript 

termination (Zhang et al. 2018). 

Inheritance of DNA methylation: A key finding in 

epigenetics is the concept of epigenetic memory, 

which suggests that plants can retain the epigenetic 

imprints of past experiences and utilize them for 

future stress responses. Plants do not develop stress 

memory during an initial exposure to stress, but 

struggle to survive subsequent stress events. Plants 

that acquire short-term memory from the stress 

transposon methylation, specifically at the CHG and 

CHH context, can suppress the activation (Ritter & 

Niederhuth 2021, Nuthikattu et al. 2013).

DNA METHYLATION AND INHERITANCE IN PLANTS



124                                                                                                                    J. CYTOL. GENET. VOL. 26 (NS) 1 & 2 (2025)

event can improve their resistance to a second stress, 

but this memory lasts only temporarily. Future 

generations cannot inherit it. In contrast, plants that 

exhibit intergenerational memory display stress 

memory in the first generation of offspring that are 

free from stress. This can be observed in at least 2 

successive generations for plants capable of 

transgenerational memory. It is inherited across 

generations and potentially influences the 

phenotype of the progeny (Sun et al. 2022). The 

dynamics and stability of transgenerational 

epigenetic effects are crucial for developing 

strategies for crop improvement. This transgene-

rational memory enables plants to better adapt to 

continuous stress conditions and provides a 

mechanism for rapidly adapting crops to changing 

environments. An actively regulated balance 

between methylation and demethylation activities is 

necessary to ensure the long-term stable inheritance 

of epigenetic information (Hemenway& Gehring 

2023). 

Cytosine methylation is an important base 

modification that can be passed down through 

mitotic and meiotic cell divisions in plant genomes. 

Heritable cytosine methylation mainly occurs 

within the symmetric CpG dinucleotide context. 

During replication, this results in 2 daughter 

genomes, each with a hemimethylated CpG. This 

hemimethylated CpG serves as a target for 

methyltransferases (Met1 in Arabidopsis) to 

preserve the methylation pattern (Williams & 

Gehring 2017, Bošković & Rando 2018, Hagmann 

et al. 2015). MET 1 exhibits a catalytic preference 

for hemimethylated DNA substrates, making it 

well-suited for the efficient maintenance of CG 

methylation following DNA replication and 

throughout cell division. Most non-CG methylation 

is redundantly maintained by DRM2 and the plant-

specific protein chromomethylase 2 (CMT2) and 

chromomethylase 3 (CMT3) (Henderson & 

Jacobsen 2007, Hagmann et al. 2015, Law & 

Jacobsen 2010). 

Imprinting of genes: In Arabidopsis, parent-of-

origin-specific gene expression, also known as 

genomic imprinting, mainly occurs in the 

endosperm. This means specific genes are expressed 

differently depending on whether they come from 

the mother or the father. 'Imprinting' refers to 

heritable epigenetic methylation marks in the 

germline. An epigenetic allele, or epiallele, is an 

allele that exhibits a heritable change in expression 

due to epigenetic modifications rather than 

alterations in the DNA sequence. During 

gametogenesis, the alleles of imprinted genes are 

epigenetically silenced either by the mother or the 

father. This epigenetic memory of the parental 

origin continues after fertilization, leading to 

varying transcriptional activity between maternal 

and paternal alleles in the developing endosperm. 

Because the endosperm is a terminal tissue, the 

imprinting characteristics of specific genes cannot 

be passed on to the next generation and, therefore, 

are not reset. Cytosine methylation patterns are 

predominantly preserved in the egg and sperm 

nuclei, which likely explains the stability of their 

cytosine methylation epialleles. (Iwasaki & 
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A key role of methylation-based epigenetic 

imprinting is establishing a cell's transcriptional 

state and offering a mechanism for regulating the 

activation or deactivation of regulatory genes during 

development and differentiation (Sontag et al. 

2006). Interestingly, while cytosine methylation 

dynamics in plant germ cells are relatively stable, 

the companion cells of gametes show distinct 

methylation patterns. For example, global 

demethylation occurs in the central cell of ovules, 

which develops into the placenta-like endosperm, 

leading to the expression of imprinted genes 

specifically in this tissue. In seed-bearing plants, 

changes in cytosine methylation in the embryo are 

relatively minor. CHH methylation, which is 

missing in pollen, is reestablished in the paternal 

genome. Additionally, any loss of methylation in the 

egg cell is quickly restored (Bošković & Rando 

2018, Calarco et al. 2012). Cytosine demethylation 

in the central cell of female gametophytes leads to a 

genome in the endosperm that is globally under-

methylated, which in turn supports imprinted gene 

Paszkowski. 2014, Sontag et al. 2006). The somatic 

cytosine methylation patterns are primarily, but not 

entirely, preserved in plant germ cells. In 

Arabidopsis, CG and CHG methylation patterns are 

retained in the sperm nuclei, while CHH-context 

RNA-dependent DNA methylation at retrotrans-

posons is largely erased. This minimal reprogram-

ming of cytosine methylation during gametogenesis 

contributes to the unusual stability of epialleles in 

various plant species (Bošković & Rando 2018, 

Henderson & Jacobsen 2007). 

expression in this tissue (Bošković & Rando 2018, 

Kawashima & Berger 2014). The DNA demethylase 

demeter (DME), which exhibits DNA glycosylase 

activity targeting methylated cytosines, is found in 

the central cell where it removes methylated 

cytosines from maternally expressed genes (MEGs) 

such as MEA, FIS2, and FWA. This process results in 

the transcriptional activation of their maternal 

alleles (Choi et al. 2002, Gehring et al. 2006, Schoft 

et al. 2011). Additionally, the DNA methyl-

transferase MET1 is involved in regulating 

maternally imprinted genes. While MET1 maintains 

DNA methylation in somatic tissues, its expression 

is suppressed in the central cell during female 

gametogenesis, which likely contributes to the 

hypomethylation of MEGs. For instance, imprinted 

genes like FWA, MEA, FIS2, and PHERES1 are 

expressed only from the maternal copy of the 

genome in the endosperm, while the corresponding 

paternal copies of these genes are silenced. This 

selective expression ensures that only the maternal 

alleles are active in regulating certain aspects of 

seed development (Choi et al. 2002, Gehring et al. 

2006, Iwasaki & Paszkowski 2014).

     In Arabidopsis, (Molinier et al. 2006) research 

has found that UV-C radiation or the addition of the 

bacterial component flagellin (a component from 

bacteria which boosts the frequency of somatic 

homologous recombination) increases the rate of 

somatic homologous recombination. The offspring 

inherits this change as a dominant trait. A systemic 

signal induced by tobacco mosaic virus (TMV) 

enhances somatic recombination rates. The 
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Epigenetic marks affect the following 

generations by inheritance of epigenetic variants 

and sometimes by reprogramming events. Some 

epigenetic variants can be stably inherited and 

influence subsequent generations' traits. These 

inherited epigenetic changes can affect the 

expression of specific genes and may contribute to 

traits or predispositions in the offspring. However, 

because most epigenetic marks are reset, only a 

subset of the epigenetic information is typically 

passed on. After fertilization, the epigenetic marks 

in the early embryo are significantly reprogrammed. 

This reprogramming process is crucial for resetting 

the epigenetic landscape to a state appropriate for 

development and differentiation into various 

offspring of plants infected with TMV also exhibited 

a higher frequency of recombination. Additional 

research indicated that systemic acquired resistance 

(SAR) can be passed on to the next generation in 

tomato and Arabidopsis (Boyko et al. 2007). 

Furthermore, there are stable epialleles which occur 

naturally. Different flower shapes range from 

bilaterally symmetrical to radial forms, in toadflax 

(Linaria vulgaris). This phenotypic variability is 

caused by the methylation of the promoter of the 

CYCLOIDE gene (Cubas et al. 1999). A natural 

epiallele was revealed from examining genetic 

incompatibility in different Arabidopsis accessions. 

The incompatibility stemmed from the epigenetic 

traits of duplicated AtFOLT genes. In this case, a 

specific change in one AtFOLT gene led to DNA 

methylation of the other copy through RdDM 

(Durand et al. 2012). 

Epigenome editing: The sequencing and genome 

editing technology has evolved rapidly until now. 

Whole-genome sequencing, has now been done in 

several crops. As research progresses, epigenome 

editing can enhance the genetic efficiency of plants 

in responding to and adapting to various 

environmental conditions, and at the genome level, 

can elucidate the relationship between epigenetic 

modifications and gene expression. The epigenomic 

alteration can design chosen qualities and activate 

genes to perform new functions during plant 

development and stress. Epigenome editing targets 

alteration at specific genome loci, and the invention 

tissues. As a result, many of the epigenetic marks 

present in the germline cells are erased or modified 

during this reprogramming phase. While some 

epigenetic information is inherited, a substantial 

amount of the original epigenetic marks is not 

maintained in the subsequent generation's germline. 

Instead of inheritance or reprogramming of 

epigenetic marks, sometimes they are not copied 

and maintained in the subsequent germline. The 

resetting process ensures that each generation starts 

with a relatively clean slate regarding epigenetic 

marks. This allows for the proper development 

of the embryo and ensures that epigenetic 

modifications from one generation do not directly 

dictate the epigenetic state of the next generation's 

germline. This resetting is important for normal 

development and helps prevent the accumulation of 

potentially harmful or maladaptive epigenetic 

changes across generations (Bošković & Rando 

2018, Iwasaki & Paszkowski 2014).
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of DNA nucleases, which recognize specific 

sequences, allows targeted genes at a particular site 

within the genome to be targeted for modification. 

The DNA nucleases, such as Zinc finger (ZF), 

Transcription activator-like effector (TALE), and 

CRISPR/Cas9 complex, are used for epigenome 

editing (Kungulovski & Jeltsch 2016). Fusing the 

DNA nucleases with the methylation-modifying 

enzymes can directly regulate the expression of the 

targeted gene by the epigenetic modification of the 

specific loci (Qi et al. 2023).

The successful DNA methylation epigenome 

editing was done by the fusion of ZF and SUVH9 at 

an FWA gene to the epiallele fwa-4 in Arabidopsis, 

which led to the gene silencing, and the 

corresponding phenotype was early flowering. 

These modifications were transferred to the next 

generation (Johnson et al. 2014). The demethylation 

of FWA gene promoter in Arabidopsis by the fusion 

of the catalytic domain of ten-eleven translocation 1 

(TET1cd) demethylase with an artificial ZF, 

upregulated gene expression with late flowering 

phenotype. Moreover, the targeted editing based on 

the CRISPR/Cas9 system, which combines the 

TET1cd and an improved sun-tag system, can also 

demethylate and activate the FWA gene. Both 

systems achieved targeted demethylation, which 

was heritable (Gallego-Bartolomé, 2018).  Based on 

the CRISPR/Cas9 Sun-tag system, utilizing the 

transcriptional activator VP64 drives robust 

expression with the catalytic domain of the 

Nicotiana tabacum DRM methyltransferase, which 

efficiently targets DNA methylation to specific loci, 

resulting in the FWA promoter methylation 

modification and early flowering phenotype 

(Papikian et al. 2019).  Epigenome editing, as it does 

not alter the DNA sequences, is an ethically 

favorable technique for crop improvement. 

However, the epigenome editing mainly targets the 

promoter regions. However, the promoter region 

sequences are not always unique, making it difficult 

to design a gene-specific epigenome editing 

construct. Furthermore, the epigenome editing 

technique needs more development to bring a 

beneficial transformation in crop improvement 

(Doddavarapu et al. 2024).

Epigenetic profiling can help conserve 

Future prospects: The study of DNA methylation 

as an epigenetic mechanism in plants is rapidly 

evolving and offering transformative potential 

across agriculture, biotechnology, and genetics. 

Recent technological developments, such as the use 

of CRISPR/dCas9-based systems combined with 

methyltransferases or demethylases, will enable 

precise control over gene expression, aiming to shift 

plant improvement strategies towards targeting and 

modulating specific epigenetic marks without 

altering the underlying DNA sequence. This 

provides non-GMO crop approaches where stress-

resilient traits can be induced epigenetically, 

allowing for the selective activation or silencing of 

genes. Future tools may enable tissue-specific or 

inducible epigenetic editing, thereby enhancing 

resilience to biotic and abiotic stresses, such as 

drought, heat, salinity, or pathogens. 
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Furthermore, emerging technologies such as 

single-cell epigenomics and multi-omics platforms 

will enable high-resolution mapping of methylation 

patterns. This will uncover complex gene regulatory 

networks and their interactions with histone 

modifications and non-coding RNAs. Additionally, 

the future development of machine learning models 

trained on epigenomic data can predict plant 

responses to stress and guide breeding decisions. 

Integration of methylation data into AI-driven 

prediction could revolutionize precision agriculture. 

endangered species by identifying stress-adaptive 

epialleles. In restoration projects, epigenetically 

primed plants can be used to rehabilitate degraded 

ecosystems, especially in extreme environments. 

Additionally, the transgenerational inheritance of 

DNA methylation provides a means to precondition 

crops for future stress events, potentially reducing 

yield losses. Epigenetic markers can be used to 

screen and select climate-resilient genotypes, 

thereby accelerating breeding programs. Harnes-

sing this mechanism can help develop crops that 

thrive in the face of climate change-induced 

stressors. These markers reflect environmentally 

induced traits, allowing breeders to select for stress 

tolerance, flowering time, and biomass production 

with greater precision.

The future of the plant DNA methylation 

research is rich with possibilities–from enhancing 

crop resilience and productivity to unlocking new 

layers of biological regulation. As tools become 

more precise and datasets more comprehensive, 

epigenetics will become a cornerstone of next-
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SUMMARY  The meiotic study was conducted on the fern Leptochilus lanceolatus, a member of 

the family Polypodiaceae. The analysis revealed the presence of 36 bivalents in each spore mother 

cell. Meiosis is normal. However, occasionally, laggards and sticky chromosomes were observed 

both in meiosis I and II. This is the first chromosome count reported for this species. 

(Received 22 September 2025, revised accepted 20 November 2025)

A perusal of literature reveals that there is no 

report of the chromosome count for L. lanceolatus so 

far, hence, the present study.

The material was collected from the Dhankal 

forest area of Chandoli National Park, Satara district, 

Maharashtra (Fig. 1). The collection site is situated 

at an altitude of 870 m (latitude 17°22′25″N, 

Leptochilus (Polypodiaceae), is distributed 

throughout tropical and subtropical regions. In 

India, the genus is represented by 12 species, 2 

subspecies, and 1 hybrid (Fraser-Jenkins et al. 

2020), of which 6 species and 2 subspecies occur in 

the Western Ghats (Benniamin & Sundari 2020). 

Leptochilus lanceolatus is distributed in Karnataka, 

Kerala, Maharashtra, Odisha, Tamil Nadu, and 

across parts of tropical Asia and Australasia, 

including Malaysia, Sri Lanka, Thailand, and New 

Guinea. 

Meiotic analysis revealed 36 bivalents in each 

spore mother cell at diakinesis (Fig. 2). Both first 

and second meiosis are normal (Figs 3, 4). 

Occasionally, however, some abnormalities such as 

laggards and stickiness of chromosomes have been 

longitude 73°40′60″E). For chromosome analysis, 

fertile fronds bearing young sporangia were 

collected during the early morning hours between 

6:00 a. m. and 8:00 a. m. and fixed in Carnoy's fluid 

(ethanol:chloroform:acetic acid in 6:3:1 ratio). 

Young sporangia were squashed in 1% aceto-

carmine following the standard protocol outlined by 

Manton (1950). Photomicrographs of the meiotic 

stages were taken using an Olympus CX41 research 

microscope equipped with a digital imaging system. 

The Voucher specimen (BSI 202583) has been 

deposited in the Herbarium of the Botanical Survey 

of India, Western Regional Centre, Pune.

Short communication: 
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SAMPADA & BENNIAMIN: 

Figs 1–8: 1. Plant habit. 2. Spore mother cell (SMC) at diakinesis showing 36 bivalents. 3. SMC at anaphase I showing a laggard. 

4. SMC at telophase I showing a laggard. 5. SMC showing a dyad. 6. Abnormality at anaphase II. 7. SMC at anaphase II 

showing laggards. 8. SMC showing a tetrad.
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observed at both first and second meiosis (Figs 5–8).
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emphasizes the rarity of the species in the region 
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