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Abstract

Fruits from fig tree (Ficus carica L.) are economically important worldwide, and rank among the
top 20 fruits exported by Brazil. However, due to particular features in its floral structure, classic-
al plant breeding procedures that involve hybridization are not possible. Thus, genetic improve-
ment of figs by using mutagens is an important line of research. In this study, five fig selections
based on their interesting agronomic features were used. Genetic modifications associated with
mutations were not detected by molecular markers. Therefore, it was suggested that certain phe-
notypes could have resulted from epigenetic modifications. The best characterized epigenetic
modification is DNA methylation, which can switch genes on or off by acting as a signal. After epi-
genetic polymorphisms were identified by methylation sensitive amplified polymorphism (MSAP)
molecular markers, we quantified the level of DNA methylation in fig selections irradiated with
gamma rays and compared it to levels in the commercial cultivar “Roxo-de-Valinhos.” This was
achieved by analyzing the global methylation using an Imprint Methylated DNA Quantification Kit.
The results showed that there were significant differences in global methylation following differ-
ent treatments, indicating that irradiation was an abiotic factor that could alter the epigenome of
plants. Since the material used as a control was also found to be methylated, demethylation of the
polymorphic genomic material might account for the phenotypic variations observed among dif-
ferent treatment groups. These results suggest that irradiation is an external factor that is capable
of altering epigenetic patterns.
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1. Introduction

Epigenetic changes involve DNA methylation, and modification of histones and small regulatory RNAs [1]. In
plants, epigenetic regulation is involved in the development, differentiation, plant responses to the environment,
such as biotic and abiotic stress [2]-[4], and DNA methylation, which is an epigenetic marker involved in si-
lencing of transposable elements and genomic imprinting [5]-[10].

Epigenetic modifications affect chromatin dynamics, and determine whether they are in an active euchromatin
or an inactive or silenced heterochromatin state. Changes in chromosome density influence the access of pro-
teins to binding sites on the DNA, including RNA transcriptases and various transcription factors, subsequently
modulating gene expression [2] [11], thus allowing or preventing gene transcription through the modification of
epigenetic markers.

These epigenetic modifications consist of changes at key sites in the molecules that form the chromatin, par-
ticularly in the loose amino acid chains found in histones, and in the DNA bases themselves. This commonly
involves methylation of position five on the pyrimidine ring in cytosine. Chromatin remodeling and nuclear re-
organization have also been shown to be involved in plant responses to stress [12], and stress can affect chroma-
tin spatial disposition [13], thus interfering directly with the individual plasticity of an organisms’ phenotype.

Programs aiming to improve fig trees using conventional procedures to obtain new cultivars are rare in many
countries, such as Brazil. This is especially due to the low genetic variability and difficulties in obtaining plants
from gamete fusion, as the wasp Blastophaga psenes that is responsible for natural pollination is not found in
Brazil [14]. Thus, mutagenic genetic improvement is an important field of research in crop science; and obtain-
ing information about this species, especially regarding its genetic variability is necessary so that appropriate
propagation and management projects can be developed.

Low dose radiation can stimulate various biological processes and has been applied in different fields to pro-
duce mutant plants that can be used to improve crops [15]. From fig cuttings of the cultivar “Roxo-de-Valinhos”
irradiated with gamma rays at a dose of 30 Gy [16], it was possible to select plants based on their unique and
divergent morphological characteristics, and agronomic interest [17]. However, no polymorphisms were ob-
served in irradiated figs subjected to molecular analysis, including random amplified polymorphic DNA (RAPD)
and amplified fragment length polymorphism (AFLP) techniques, indicating that no genetic modifications had
occurred. This suggested that epigenetic changes were responsible for the different characteristic observed be-
tween treatments following gamma radiation [18]. Following irradiation, changes in global DNA methylation
were detected using methylation-sensitive amplification polymorphism (MSAP) molecular markers [19]. This
study evaluated global DNA methylation and chromatin in irradiated fig selections and compared it with that
observed in the commercial cultivar “Roxo-de-Valinhos”.

2. Materials and Methods

The experiment was conducted at the Epigenetics and Reproduction Laboratory of Medicine School of Ribeirdo
Preto (Sdo Paulo, Brazil), using leaves of five selected irradiated plants based on their unique morphological
characteristics [17]. The specimens consisted of cuttings irradiated with gamma rays, at the dose of 30 Gy, with
238 Gy-hour ! dose rate, at the Energy Nuclear Center in Agriculture (Piracicaba, Brazil). The treatments are
listed below:

1) Roxo-de-Valinhos cultivar—control.

2) Irradiated Plant Selection—440 (1P-440).

3) Irradiated Plant Selection—433 (IP-433).

4) Irradiated Plant Selection—189 (IP-189).

5) Irradiated Plant Selection—214 (IP-214).

6) Irradiated Plant Selection—301 (IP-301).

2.1. Interest Agronomic Characteristics of Treatments

The fruits of the Roxo-de-Valinhos variety present rind with purple-violet dark color, reaching up to 7.5 cm in
length and 60 to 90 grams of weight [20]. They are oval in shape, short and thick neck, almost without separa-
tion boundary with the receptacle body. They present lightly grooved surfasse and large and open ostiole, even
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Being unique and different compared to the Roxo-de-Valinhos control, irradiated treatments showed the fol-
lowing characteristics of agronomic interest: treatment 2 presented elongated fruits, i.e., the length, at least,
twice longer than the diameter.

Treatment 3 presented low brix content and long stems, or simply the presence of stems, once the control has
not. The presence of stem facilitates harvest and increases the shelf life of fruits, essential for exportation.

The treatment 4, presented as characteristics of agronomic interest, high levels of brix and large fruit, weigh-
ing more than the fruits control, with small and closed ostiole. This fact reduces the incidence of pests and
avoids the depreciation of the fruits with possible cracks in the rind.

Treatment 5 presented large fruit, i.e., weighing more than the fruits control, along with the fruits of treatment
6, which in addition to large fruits, had elongated format and high brix content.

2.2. Relative Quantification of Global DNA Methylation

Young leaves without spots or perforations were collected and washed under running water, and their veins were
removed. Total genomic DNA was extracted from plant tissues using a modified cetyltrimethylammonium bro-
mide technique [21].

Global DNA methylation was quantified using the Imprint DNA Methylation Quantification kit (Sigma), fol-
lowing the manufacturer’s instructions. This kit functions similarly to an ELISA plate assay, and uses strips of
wells that have been pre-treated to allow binding of methylated DNA. The methylated DNA is then detected us-
ing Anti-5-Methylcytosine monoclonal antibod and reagents with high specificity to 5 mC. The performance of
the assay was determined colorimetrically and the absorbance was recorded using a microplate reader at 450 nm
(Biotek Power Wave XS). The percentage of DNA methylation can then be calculated relative to an internal
standard of methylated control DNA that is supplied in the kit, wherein the higher absorbance at 450 nm means
higher DNA methylation.

The following steps were followed: 1) the A450 replicates for the blank, samples and methylated control
DNA were averaged and 2) the formula ((A450 av sample-A450 av blank)/(A450 av methylated control DNA-
A450 av blank)) x 100 was used to calculate the percentage methylation of samples compared to that of the me-
thylated control DNA.

Differences in DNA methylation between treatment groups were evaluated using one-way Analysis of Va-
riance (ANOVA). Prior to the analysis, the percentage of methylated DNA was log transformed to validate the
assumptions of ANOVA. Post-hoc analysis was performed with Tukey’s test for a 95% level of confidence (P <
0.05).

3. Results and Discussion

To determine whether the plasticity of DNA methylation is related to stress induced by irradiation, we investi-
gated global DNA methylation in response to radiation treatment, using Imprint™ Methylated DNA Quantifica-
tion technology (Sigma-Aldrich), which assesses the spatial distribution of 5-methylcytosine sites and thus de-
tects methylated cytosine residues.

According to the analysis of variance, an F-test for a 95% level of confidence, there was a statistically signif-
icant difference in the percentage of methylated DNA between the treatment groups. A post-hoc analysis of the
average percentages showed that treatment three (IP 433-long stalk) leads to lower levels of global methylation,
than any other medium, is not, however, statistically different, of the treatment non-irradiated control “Roxo-de-
Valinhos” (Table 1).

The irradiated control had a lower level of global methylation compared with that observed following other
treatments, suggesting that radiation is an external stressor that is capable of altering methylation patterns in
plants.

The use of an ELISA assay to quantify global DNA methylation is a relatively new method in plants, which
so far, has only been used to quantify DNA methylation in the cork oak genome [22]. In the present study,
changes in global DNA methylation were detected after irradiation imposition. Hypo- and hypermethylated
DNA modulates gene transcription in plants and occurs under conditions of environmental stress induced by
cold, heat and/or salinity [23] [24].

Differences in the level of global DNA methylation were found between rice varieties in response to salt
stress using an ELISA assay. Mutations in epigenetic regulators affected specific phenotypic parameters related
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Table 1. Results of ELISA assays read at 450 nm and the corresponding analysis of variance. Numbers 1 - 6 refer to the fol-
lowing phenotypes: 1—“Roxo-de Valinhos”; 2—IP 440; 3—IP 433; 4—IP 189; 5—IP 214; and 6—IP 301.

Treatments Absor'bance at 4}30 nm Absorbance at 45_0 nm Relative quantification of
first analysis second analysis methylated DNA (%)
1 0.615 0.661 16.62 ab
2 0.637 0.811 18.75a
3 0.370 0.479 10.99b
4 0.714 0.886 20.74 a
5 0.670 0.900 20.29a
6 0.835 1.115 2521a
Methylated DNA control 3.586 4.109 -
CV% - - 5.61

Means followed by the same letter do not differ by Tukey’s test at a 95% level of confidence.

to salinity tolerance, such as the root length and biomass, reinforcing the need for a better understanding of the
association between epigenetic networks and plant responses to environmental stresses [25].

Physical (different types of radiation) and chemical mutagens can be used in vivo or in vitro during plant
breeding to increase genetic variability and allow genotypes of interest to be obtained [26]. In figs, dormant buds
were irradiated with gamma-rays and the LD50 (dose causing 50% lethality) was determined as 25 Gy; however,
a preliminary test should be performed for each genotype before the start of any study [27]. Cuttings of axillary
buds were treated with gamma rays (50 - 100 Gy) and small, earliness mutants were obtained. These were tested
for use in production, and one of them (Bol) was subsequently released to producers [28].

Using different doses of gamma radiation in Arabidopsis thaliana, a decrease in DNA methylation was ob-
served with an increasing radiation dose. These results showed that radiation at a dose of 200 Gy was associated
with a substantial reduction in the transcriptional silencing of genes, probably due to induction of genomic hy-
pomethylation [29].

Analysis of global DNA methylation in irradiated figs showed that the effects of radiation do not affect the
genomes of different selections in a homogeneous manner. However, demethylation of parts of the genome is
likely, since the most polymorphic bands were observed in this condition [19].

DNA methylation in Arabidopsis thaliana as a repressive mark is often associated with the expression of
transcriptionally inactive repetitions, such as repetitive sequences, transposons, and heterochromatic [30] [31].
Methylated DNA loci are often followed by small interfering RNAs (RNAI) [32] [33], which regulates hete-
rochromatin function and plays an important role in DNA methylation, such as the control of silencing [34] [35]
[1].

In the present study, treatment three showed that radiation affects the silencing system. This breaks the equi-
librium certainly caused an increase in expression of these satellite sequences, forcing the RNAI system to an
expression control. Recruitment of the silencing system to a great extent the genome may have caused an im-
balance in the silencing coding and/or promoters regions of genes, namely a strong demethylation of these se-
quences.

DNA methylation can be established and maintained in plants and animals. When methylation pathways are
inactivated, the effects of DNA methylation are diluted following cellular replication leading to passive DNA
demethylation. In other cases, however, DNA methylation is removed by active DNA demethylation. Active or
passive DNA demethylation simultaneously reduces the level of DNA methylation at specific developmental
stages [30].

The genome of superior plants contains many transposable elements that potentially disturb the stability of the
genome. In plants, DNA methylation usually occurs in these transposable elements. Loss of DNA methylation in
mutant genes responsible for it leads to the disruption of transcriptional silencing of transposable elements and
other repetitive DNA sequences, thus generating different phenotypes [35].

4. Conclusion

Variation in the level of DNA methylation in different selections of fig irradiated with gamma rays is observed,
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indicating that this abiotic factor can affect the epigenome of plants, leading to the generation of different phe-
notypes, and being a pioneer of new data in fig crops.
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