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Abstract: Experimental alteration of DNA methylation is a suitable tool to infer the relationship
between phenotypic and epigenetic variation in plants. A detailed analysis of the genome-wide
effect of demethylating agents, such as 5-azacytidine (5azaC), and zebularine is only available for
the model species Arabidopsis thaliana, which suggests that 5azaC may have a slightly larger effect.
In this study, global methylation estimates obtained by high-performance liquid chromatography
(HPLC) analyses were conducted to investigate the impact of 5azaC treatment on leaf and root tissue
in Erodium cicutarium (Geraniaceae), which is an annual herb native to Mediterranean Europe that is
currently naturalized in all continents, sometimes becoming invasive. We used seeds collected from
two natural populations in SE Spain. Root tissue of the second generation (F2) greenhouse-grown
seedlings had a significantly lower global cytosine methylation content than leaf tissue (13.0 vs. 17.7%
of all cytosines). Leaf tissue consistently decreased methylation after treatment, but the response of
root tissue varied according to seed provenance, suggesting that genetic background can mediate the
response to experimental demethylation. We also found that both leaf number and leaf length were
reduced in treated seedlings supporting a consistent phenotypic effect of the treatment regardless
of seedling provenance. These findings suggest that, although the consequences of experimental
demethylation may be tissue- and background-specific, this method is effective in altering early
seedling development, and can thus be useful in ecological epigenetic studies that are aiming to
investigate the links between epigenetic and phenotypic variation in non-model plant species.

Keywords: DNA methylation; ecological epigenetics; Geraniaceae; HPLC; root; seed priming;
5-azacytidine

1. Introduction

Changes in DNA methylation, histone modification, and small RNAs impact on chromatin
structure, modulate the expression of genes and transposable elements (TE), and determine the
changes in phenotypic expression independent of genetic changes. These epigenetic changes are
highly dynamic, are often under environmental or developmental influence, and their phenotypic
consequences can be analyzed at cell, tissue, and organism levels [1–4]. In plants, epigenetic regulation
has been related to individual and population responses to environmental stress and there is a
growing interest in understanding how epigenetic regulation can contribute to transgenerational
stress memories [5–9]. Cytosine DNA methylation is a key epigenetic process that is suitable for
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transgenerational transmission in flowering plants because, in contrast to animals, methylation marks
are not extensively erased at gametogenesis [1,10]. At the molecular level, changes in the methylation
status of cytosines after experimental stress are loci specific and its global sign and magnitude can
vary across and within species (see [11] for a literature review). Thus, experimental studies in plants
with different genomic and ecological features should contribute to a better understanding of the
specificities of epigenetic responses to stress in terms of molecular and phenotypic changes that could
be transmitted to progeny [12].

Experimental inhibition of the activity of DNA methyltransferases (DNMTs) is a powerful strategy
to modulate DNA methylation that has been broadly assayed in medicine but to a much lower
extent in plant science [13]. In plants, DNMT inhibitors (DNMTi hereafter), mainly 5-azacytidine,
5-aza-2′-deoxycytidine, and zebularine, have proven useful to obtain epimutants with characteristic
phenotypes that, at least in some cases, remained stable across multiple generations (e.g., [14–18]).
Zebularine is chemically more stable, forms a reversible complex with DNMTs, and exhibits a weaker
inhibition activity and cytotoxicity than azacytosine analogs [13]. A comprehensive analysis of
the molecular response to treatment with these DNMTi in plants is only available for the model
Arabidopsis thaliana [19,20]. In this model species, seed exposure to either 5-azacytidine (5azaC) or
zebularine imposes a dose-dependent loss of DNA methylation at the seedling stage, which, at higher
concentrations (>50 µM), was larger for 5azaC [20]. Interestingly, demethylation induced by the two
compounds occurred in all sequence contexts and altered both gene and TE expression [19,20].

The application of DNMTi is also a suitable tool to experimentally dissect the epigenetic contribution
to phenotypic and functional responses to controlled stressful conditions. Nevertheless, different
investigations have used different compounds and protocols (see e.g., [21–24]), and, occasionally,
variations in the magnitude of the observed response are reported when different genetic lines or source
populations are used (e.g., [21–23]). In addition to such a genotype-specific response, we should note
that the magnitude of methylation changes in response to DNMTi treatment and/or experimental
stress is usually analyzed in a single tissue, yet global methylation is known to differ between tissues
and developmental stages [1], and changes in DNA methylation in response to stress can differ between
tissues of treated individuals (see e.g., [3,25–28]). Above and below-ground plant organs are highly
differentiated, and experience distinctive environments, thus, exploring variation in methylation
between them might be particularly useful when trying to interpret plant responses to certain soil
stress factors such as drought or salinity (see e.g., [25,26]).

In this study, we focused in Erodium cicutarium (L.) L’Hér. (Geraniaceae), a diploid annual herb
native to Mediterranean Europe, north Africa, and western Asia, which is actually found globally in
temperate areas with hot summers of both hemispheres [29,30]. A fast growing cycle, which allows
early flowering and fruiting before seasonal summer drought, and autonomous seed-pollination have
together contributed to its naturalization in diverse habitats from all of the continents, where it can
displace native species [31–34]. These features make the species interesting for epigenetic analyses.
We investigate the impact of 5azaC treatment at seed germination in early seedling size and DNA
methylation level in leaves and roots. To gain generality, we used seeds that were collected from
two natural populations located in Cazorla mountains (SE Spain) distant in straight-line ca. 10 km,
with different inclination and soil depth. Application of DNMTi at seed germination is particularly
appealing for basic and applied purposes because (i) demethylation at early developmental stages
is expected to be amplified during subsequent cell divisions, and thus affect a high proportion of
cells in the fully grown organism [2]; (ii) it resembles some seed priming protocols used to improve
germination of stored seeds [35]; and, (iii) the transition from seed to seedling is key for individual
establishment and plant population dynamics, and its success can be directly influenced by initial
root development and early individual growth [36]. Our specific questions were (i) does 5azaC
treatment affect early seedling size? (ii) Does 5azaC treatment affect global DNA cytosine methylation
in seedlings’ leaf and root tissue and, if it does, is the effect similar in both tissues?, and (iii) are the
effects consistent in seeds obtained from different provenance? Our results confirmed that addition
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of 5azaC at seed germination reduced early seedling size and global cytosine methylation in leaves.
However, the response of root tissue varied according to seed provenance supporting the interest of
analyzing above and below-ground tissues in trying to understand epigenetic regulation in plants.

2. Results

There was a significant 5azaC treatment effect on seedling phenotype (Supplementary Materials,
Figure S1): treated seedlings produced fewer leaves than control ones (4.9 ± 0.4 vs. 7.7 ± 0.4;
F1,36 = 11.6; p = 0.0016; Figure 1A) and their leaves were also shorter (3.0 ± 0.3 mm and 4.34 ± 0.3 mm,
respectively; F1,36 = 22.7; p < 0.0001; Figure 1B). Seedlings from the two provenances did not differ
in phenotype (F1,36 = 1.29; p = 0.26 for leaf number; F1,36 = 0.38; p = 0.54 for maximum leaf length),
and responded similarly to the treatment (F1,36 = 0.02; p = 0.90; F1,36 = 0.34; p = 0.56 for the treatment
* provenance interaction in leaf number and maximum leaf length, respectively).
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Figure 1. Phenotypic consequences of the demethylation treatment at seed germination. Boxplots showing
that seedlings treated with 5-azacytidine (5azaC) produced (A) fewer leaves than control seedlings and
(B) their leaves were also shorter. Data from the two provenances combined.

Leaf DNA was consistently more methylated than root DNA across samples (Figure 2).
On average, 17.68% (±0.17) of all cytosines were methylated in leaf DNA, in comparison to only
13.02% (±0.17) in roots. When all of the samples were combined, a global effect of the demethylation
treatment was found, although it has only marginal significance (Table 1). Note however that
a significant 3-way treatment * tissue * provenance interaction in the analysis of global cytosine
methylation suggests some complex effects of the experimental treatment (Table 1). In leaves,
5azaC treatment decreased methylation consistently in individuals from the two populations
(Figure 3; F1,36 = 7.69, p = 0.009 and F1,36 = 0.67, p = 0.79 for the treatment and interaction effects,
respectively). However, in roots, a significant interaction between treatment and provenance was
found (F1,36 = 9.73, p = 0.036), which arose because the 5azaC treatment decreased methylation in root
DNA only in individuals from Nava de las Correhuelas (CH) site whereas in tended to increase in
those obtained from Puerto del Tejo (PT) site (Figure 3).
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Figure 2. Density histogram showing the range of variation in percent of global cytosine methylated
recorded in leaves (black) and roots (grey) of Erodium cicutarium seedlings. Each dot represents the
average value of the two replicates processed (N = 40 individuals).

Table 1. Summary of the ANOVA results of the full factorial design conducted to analyze the variation
in global cytosine methylation percentage of Erodium cicutarium seedlings. Two replicate measurements
per plant were taken and plants were included in the model as a random effect.

Factor χ2 p

Treatment (TR) 3.57 0.059
Tissue (TI) 620.59 <0.0001

Provenance (PR) 2.30 0.129
TR * TI 2.45 0.117
TR * PR 7.94 0.0048
TI * PR 23.82 <0.0001

TR * TI * PR 15.59 <0.0001
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Figure 3. Interaction plot for the effects of provenance and treatment in percent of global
cytosine methylated in leaves and roots of Erodium cicutarium seedlings. The two provenances are
Nava de las Correhuelas [CH] and Puerto del Tejo [PT] natural populations in SE Spain. Dots and
dashed lines represent leas-squeared means and their 95% confidence level, respectively.
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3. Discussion

Analyses of natural and induced epimutants have improved our understanding of epigenetics
in ecological adaptation and evolutionary change [37–40]. In particular, experimental demethylation
with DNMTi has contributed to reveal the broad range of plant traits and developmental processes
that are regulated through DNA cytosine methylation, because such experiments have been able to,
among others, alter sex expression [15], modify growth, leaf traits, flowering time or fruit ripening
(e.g., [17,18,21,41–44]), and induce dwarfism at maturity [14,17]. The phenotypic consequences of
the cell reprogramming associated to genome-wide demethylation, however, are not necessarily
the same across species, genetic backgrounds, and cell lines [13]. For instance, the application of
5azaC induced metastable early flowering lines in flax [41], delayed flowering in some but not all
of A. thaliana genetic lines assayed [21] and both early and late flowering lines in strawberry [42].
In this study, we documented a reduction in leaf size and leaf production during early seedling
development in E. cicutarium that was treated with 5azaC. Reduced size at early development stages
has usually a negative impact for seedling survival in wild plant populations, particularly in seasonal
environments with summer drought (e.g., [45]), suggesting that altering DNA methylation could affect
E. cicutarium establishment. We further revealed tissue and provenance-specific molecular responses
to this treatment.

Some early epigenetic studies reported differences in global cytosine methylation among
specific tissues/organs, as well as along tissue maturation stages (e.g., [1,46–49] and references
therein). More recently, Whole Genome Bisulfite Sequencing in three Brassicaceae species found
lower methylation levels in roots than shoots, with changes between the two tissues being more
frequent at repetitive sites and transposons, although across-species variation in cytosine methylation
patterns was larger [3]. Here, we found that, in E. cicutarium, methylation was also lower in roots than
in above ground leaves (see [47,50] for similar results in chicory and cotton, respectively). Scarcity of
studies, disparity of the analytical methods that were used to quantify cytosine methylation, and some
contrasting results between the few species analyzed in more detail (see e.g., [51]) precludes us to
ascertain whether, apart from a reduced methylation level in endosperm, methylation varies among
plant tissues in some definite way [52]. The high-performance liquid chromatography (HPLC) method
applied here could help to provide precise and genome reference-free global measure of DNA cytosine
methylation, useful as a molecular phenotype for tissue-specific comparisons among and within
species (see e.g., [47,50]) that could improve our current understanding of epigenetic regulation during
plant development in a broader range of plant species.

In the present study on E. cicutarium, imbibition during 48 h of scarified seeds in 0.5 mM 5azaC
reduced global DNA cytosine methylation in seedling leaves, difference being similar in individuals
from the two study provenances (average difference 0.92% and 0.76%, for CH and PT site, respectively).
The effect of treatment on roots, however, varied greatly depending on seed provenance: demethylation
was larger than in leaves in seedlings from CH site (average difference 1.8%), whereas the roots of
seedlings from PT site treated with 5azaC exhibited a higher global methylation than control siblings
(average difference 1.42%). The methylation increase after the DNMTi treatment was unexpected.
We are not aware of any previous study reporting similar findings but a differential response
between leaves and roots after experimental stress has been previously documented for rice [28]
and barley [53]. In particular, leaf and root barley DNA were methylated at similar level but under
water-deficiency treatment more demethylation events were observed in leaf DNA, whereas novel
methylations dominated in root DNA [53]. Further, methylation changes in response to salt stress
were variable between leaves and roots in rice, but genotype-specific methylation changes were
also highly relevant [28]. Actually, the relative relevance of genotype and tissue/organ-specific
cytosine methylation patterns is not yet fully understood [51]. We can only speculate that increased
methylation in E. cicutarium roots of PT after 5azaC treatment could have arisen as a consequence of the
up-and-down variation in methylation level during early growth in roots [47], if the two provenances
exhibited slightly different developmental stages that were not evident at collection date; as different
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sensitivity to other side cytotoxic effects associated to deeper cell reprogramming in root cells of plants
from PT site; or due to demethylation-induced expression of a root-specific DNA methyltransferase
operating in PT plants. A better understanding of specific functional effects of DNMTi could be gained
by recording the phenotypic consequences and methylation levels at both above and below ground
organs at different developmental stages. Altogether, current evidence highlights the added-value of
including several tissues/organs and provenances/genotypes in experimental designs which include
DNMTi. Its application together with other stress factors should help to better weigh the epigenetic
component behind the functional phenotypic responses experienced by stressed individuals and its
transgenerational transmission (see e.g., [22–24]).

In addition to simultaneously considering the demethylating impact of DNMTi on different
plant parts, future studies should make efforts to converge on more similar experimental protocols.
To date, broad variation across investigations in DNMTi application modes limits the reproducibility
of the molecular results, precluding, thus, sound interpretation of species and genotype-specific
phenotypic responses observed and even the assessment of the long-term biological impact of
the effects of different compounds [20]. A non-exhaustive literature search illustrates the range
of dosage (concentration and time of exposure) used for experimental inhibition of DNMT with
different compounds at seed germination (Table 2). In A. thaliana, seed exposure to either 5azaC
or zebularine imposes a dose-dependent loss of DNA methylation that tended to be higher for
5azaC at concentrations >50 µM [19,20]. Application of 50 µM 5azaC to seeds up to germination
(336 h) increased mortality of germinated seedlings, delayed flowering, and reduced individual
size and fruit production, although the magnitude of the response varied among genotypes [21].
Furthermore, zebularine in concentration up to 80 µM causes global DNA demethylation in A. thaliana
and a delayed seedling growth, although both molecular and phenotypic effects can be overcome
at adult stage by treatment release and subsequent growth in the absence of the drug [19]. In flax,
a short duration treatment with a high 5azaC concentration (1.5 mM) generated more stable early
flowering epimutants [16,41,54]. In strawberry [42], an increased phenotypic variance was obtained at
intermediate concentrations (20–50 mM), whereas the highest one (100 mM) was entirely detrimental.
Altogether, current evidence suggests that 5azaC may have a slightly larger and more stable effect
in DNA although the most practical concentration to induce phenotypic variance without reducing
survival can vary among species. More research is still required to fully understand the stability and
transgeneration transmission of the epigenetic marks altered by DNMTi even for model species [20].

To sum up, experimental demethylation with DNMTi solutions is effective in altering early
seedling development and young plant phenotypes and, thus, could help to investigate the links
between epigenetic and phenotypic variation at intraspecific level. However, the magnitude and
stability of decrease in global DNA methylation is compound-, tissue-, and genotype-specific,
and we still have limited information about the relative relevance of such variations on different
plant species. Methodological improvements by convergence of experimental protocols towards,
as suggested by Fieldes and Amyot [16], a short duration with a high concentration DNMTi treatment,
and complementary analyses of phenotype and DNA methylation in different tissues/organs, should
contribute to better understand epigenetic regulation in plants and its role in their responses to
environmental factors. The genome reference-free HPLC method here applied could contribute to
this aim.
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Table 2. Experimental conditions used for the application of different DNA methyltransferases
inhibitors (DNMTi), namely 5-azacytidine (5azaC), 5-aza-2′-deoxycytidine (5azadC) and zebularine
(Zebu), at seed germination stage and methods used to measure demethylation: bidimensional
thin-layer chromatography (2D-TLC); High-Performance Liquid Chromatography (HPLC);
Methyl-Sensitive Amplified Fragment Length Polymorphism (MSAP) and Next Generation Sequencing
(NGS). In all cases DNA from either a single above ground vegetative organ or full seedlings
was analyzed.

Compound Concentration (mM) Time (h) Species Analysis Reference

5azadC 0.3 16–72 Oryza sativa 1 2D-TLC [14]
5azaC 0.3 16 Zea mays 1 2D-TLC [55]
5azaC 0.3 16–72 Oryza sativa 1 2D-TLC [14]
5azaC 0.5–1.5 24–72 Linum usitatissimum HPLC [41]
5azaC 0.01–1.5 72 Brassica rapa 2 MSAP [42]
5azaC 0.025–1.0 192 Arabidopsis thaliana NGS [20]
5azaC 1.0–100 144 Fragaria vesca 1,4 MSAP [42]
zebu 0.02–0.08 336–504 Arabidopsis thaliana 2 HPLC [19]
zebu 0.04 168 Medicago sativa HPLC [19]
zebu 0.01–0.1 336 Taraxacum officinale 3 - [22]
zebu 0.045 144 Polygonum persicaria - [23]

1 Treatment applied to seeds previoulsy embedded in water; 2 additional analyses conducted for methylation
assessment; 3 Many plants died before adult stage at 0.05 and 0.1 mM; 4 Seeds exposed to concentrations above
50 mM did not survive.

4. Materials and Methods

4.1. Experimental Design

To assess the effects of DNMTi on global methylation levels of leaves and roots, the experiment
was conducted with seedlings grown in the greenhouse for two generations aiming to minimize the
effects of heterogeneous natural growing conditions of maternal plants in their offspring phenotype
and DNA methylation [54]. In spring 2015, open pollinated fruits were collected from individual plants
growing at two E. cicutarium natural populations located in Cazorla mountains (Jaén province, Spain):
Puerto del Tejo (PT, 1590 m asl) and Nava de las Correhuelas (CH, 1625 m asl) distant in straight-line
ca. 10 km. Puerto del Tejo site has higher inclination and more rocky substrate. Some phenotypic
differences could be observed between the two populations: individuals at PT site tended to produce
less leaves than those at CH site (28.2 ± 4.0 vs. 35.0 ± 2.6; F1,47 = 3.0, p = 0.09), although they
were larger in average rosette diameter (11.04 cm ± 1.0 vs. 8.66 cm ± 0.6; F1,47 = 6.02, p = 0.018).
Further, leaves of flowering plants at PT site have higher global methylation percentage than those
at CH site (18.10 ± 0.38% vs. 17.21 ± 0.25%; F1,49 = 5.322, p = 0.025). Roots were not studied in
natural populations. Collected fruits were stored in darkness at room temperature for 4–5 months.
In autumn 2015, the seeds were removed from fruits, scarified, and germinated in universal substrate
(COMPO SANA®, Münster, Germany) mixed in 3:1 with perlite (substrate hereafter). These first
generation (F1) seedlings were subsequently transferred to 1 L pots with the same substrate, regularly
watered and monitored until the end of reproduction (ca. six months). Autonomously-pollinated fruits
were collected in paper bags, and stored at room temperature for six months.

For the second generation, four seeds of five of these F1 maternal family lines from each field
site were haphazardly selected. The seed coat of every seed, was slightly scarified with sandpaper,
and was subsequently stored in labeled microplates at 4 ◦C until the beginning of our experiment.
For the demethylation treatment, a stock solution of 5-Azacytidine (Sigma, St. Louis, MO, USA) in
Dimethyl Sulfoxide (DMSO; Sigma) 100 mM was prepared, stored at −20 ◦C, and diluted in water
to 0.5 mM just before treatment (5azaC Treatment). As a control a mock solution of DMSO in water
(3:97; v:v) was used (Control). On October 2016, the 40 seeds were soaked in 150 µL of either Control
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or 5azaC solutions and stored at 4 ◦C during 48 h. Imbibition of scarified seeds was fast, 27.5% of seeds
had a visible radicle (at least twice as long as the seed coat) when they were transferred from vials to
substrate (frequency was similar in control and treated seeds χ2

1 = 0.50, p = 0.48). After this period
of 48 h of treatment, seeds were individually sown 2–5 mm deep in cells of seedling plug trays [31],
that were placed in water vessels under greenhouse conditions (16 h light; 25–20 ◦C) until the end of
the experiment.

For every seedling, leaf number was counted and the length of the longest leaf was measured
(to the nearest mm) 11 and 17 d after sowing, respectively. Leaf and root material from all of the
individuals were collected 39 d after sowing. For leaf collection, a sample of 2–3 fully grown leaves
without signs of damage or senescence of each F2 seedling was placed in labeled paper bags and dried
at ambient temperature in sealed containers with abundant silica gel. Roots were taken out of the soil,
carefully washed in water, excess water was wiped away using absorbent paper, and a sample of fine
roots (avoiding the primary thickest one) was collected. Each root sample was placed in labeled paper
bags and dried at ambient temperature in sealed containers with abundant silica gel.

4.2. Laboratory Methods

Dried samples were homogenized to a fine powder using a Retsch MM 200 mill. Total genomic
DNA was extracted using Bioline ISOLATE II Plant DNA Kit. A 100 ng aliquot of DNA extract was
digested with 3 U of DNA Degradase PlusTM (Zymo Research, Irvine, CA, USA), a nuclease mix that
degrades DNA to its individual nucleoside components. Digestion was carried out in a 40 µL volume
at 37 ◦C for 3 h, and terminated by heat inactivation at 70 ◦C for 20 min. Two independent replicates
of digested DNA per sample were processed to estimate global cytosine methylation more precisely.
Selective derivatization of cytosine moieties with 2-bromoacetophenone under anhydrous conditions
and subsequent reverse phase HPLC with spectrofluorimetric detection, were conducted. The 160 vials
(40 seedlings × 2 tissues × 2 replicates) were processed in randomized order; two replicates failed to
produce any signal and were discarded (N = 158). The percentage of total cytosine methylation on
each replicate was estimated as 100 × 5mdC/(5mdC + dC), where 5mdC and dC are the integrated
areas under the peaks for 5-methyl-2′-deoxycytidine and 2′-deoxycytidine, respectively (see [11,57]
for details).

4.3. Statistical Analyses

All of the statistical analyses were carried out using the R environment [58]. Data were
visually inspected and the absence of obvious outliers was confirmed. Linear models were used
to analyze heterogeneity of the response variables studied [59]. The lm function was used to analyze
the effect of treatment (Control vs. 5azaC), provenance (PT vs. CH) and its interaction, on leaf
number and maximum leaf length. For the replicated cytosine methylation percentage data, the lme
function from the nlme package [60] was used to fit mixed-effect models with Restricted Maximum
Likelihood (REML) estimation, including plant as a random effect [59]. The full model included
tissue (leaf vs. root), treatment (Control vs. 5azaC treated), provenance (PT vs. CH), and all of
their interactions as fixed effects. Partial models were subsequently applied to leaf and root tissue
independently to better interpret the sign of interactions. Inspection of residuals was conducted to
assess goodness-of-fit. Normal distribution of residuals was not rejected in any of the fitted models
presented. Significance of fixed effects and interactions were obtained by applying to fitted models
the ANOVA function from the car package [61]. Model-adjusted marginal averages for the fixed main
effects were obtained with the lsmeans function from the lsmeans package [62].

Supplementary Materials: The following are available online at www.mdpi.com/2075-4655/1/3/16/s1.
Figure S1: Differences between Control (left) and 5azaC-treated sibling seedlings were evident at the time
of tissue collection for global methylation analyses.
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