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A B S T R A C T

DNA methylation carried out by different methyltransferase classes is a relevant epigenetic modification of DNA
which plays a relevant role in the development of eukaryotic organisms. Accordingly, in Arabidopsis thaliana loss
of DNA methylation due to combined mutations in genes encoding for DNA methyltransferases causes several
developmental abnormalities.
The present study describes novel growth disorders in the drm1 drm2 cmt3 triple mutant of Arabidopsis

thaliana, defective both in maintenance and de novo DNA methylation, and highlights the correlation between
DNA methylation and the auxin hormone pathway. By using an auxin responsive reporter gene, we discovered
that auxin accumulation and distribution were affected in the mutant compared to the wild type, from embryo to
adult plant stage. In addition, we demonstrated that the defective methylation status also affected the expression
of genes that regulate auxin hormone pathways from synthesis to transport and signalling and a direct re-
lationship between differentially expressed auxin-related genes and altered auxin accumulation and distribution
in embryo, leaf and root was observed. Finally, we provided evidence of the direct and organ-specific modulation
of auxin-related genes through the DNA methylation process.

1. Introduction

DNA methylation, consisting of the covalent addition of a methyl
group to a cytosine residue, is one of the heritable and non-heritable
genome modifications which occur beyond nucleotide sequence
changes, referred as epigenome [1]. Together with other epigenetic
modifications, DNA methylation contribute to chromatin remodelling
processes and gene expression regulation, thus playing a relevant role
in plant diversity and development [2–6].
In plants, cytosine residue methylation occurs mostly in a CG, and

less frequently in a CHG and CHH sequence context (H=A, C or T)
[7–9]. The DNA methylation pattern can be maintained during meiosis
thus resulting in trans-generational epigenetic inheritance [2,5,10]. The
establishment and maintenance of the DNA methylation pattern both in
plants and animals is assured by different enzymatic families and sub-
families of DNA methyltransferases whose members act on different

sequence context and processes (i.e. maintenance vs de novo methyla-
tion). In particular, in plants, the maintenance of DNA methylation in
CpG dinucleotides is assured by the METHYLTRANSFERASE1 (MET1),
a homolog of the mammalian DNA METHYLTRANSFERASE 1
(DNMT1), while the maintenance methylation of CHG is carried out by
CHROMOMETHYLASE 2 and 3 (CMT2 and CMT3), which are plant
specific [11–18]. Asymmetric CHH methylation is assured by de novo
methylation performed by the CMT3 and the DOMAINS REARRANGED
METHYLTRANSFERASEs (DRMs), orthologs of the mammalian
Dnmt3a/b methyltransferases [19,20]. Moreover, DNA methylation can
be actively removed by DNA demethylating enzymes (DMLs), thus
contributing to methylome dynamics [21,22].
Until the last decade, most of the knowledge on cytosine methyla-

tion in plants derived from studies in the model plant Arabidopsis
thaliana [7,23]. More recently, genome-wide sequencing technologies
allowed to gain insights into DNA methylation pattern in other species,
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including important cereal crops such as rice and maize and vegetables
such as tomato [24–26]. In plants, DNA methylation occurs primarily
on transposon repeat sequences, in all contexts, thus preventing their
expression and transposition and assuring genome integrity and tran-
scriptional homeostasis [27]. When a methylated transposon is close to
or within a gene, gene expression can be affected, resulting in most
cases into gene silencing [28]. In addition, DNA methylation occurs also
within the coding regions of actively expressed genes and at the pro-
moter region of some differentially regulated genes [29–31]. So far,
several functions have been proposed for gene body methylation in
plants but its precise functionality has not yet been defined [32–34].
Conversely, cytosine methylation at the gene promoter region, pre-
venting the binding of transcription factors to their target sequences,
represents the most clear and direct mechanism by which gene ex-
pression can be regulated by this epigenetic mechanism in both mam-
mals and plant [35–40]. Increasing or reducing methylation at pro-
moters results in gene silencing or activation, respectively. Therefore,
proper regulation of DNA methylation pattern is crucial for plant de-
velopment as well as for conferring growth plasticity to plants in re-
sponse to environmental stimuli. Indeed, methylome modifications re-
present important and early regulatory mechanisms of plant growth,
from embryogenesis to organ development, flowering and fruit ri-
pening, as well as of plant response to different stresses [41–53].
Nevertheless, the impact of the methylome dynamics on the modulation
of genetic networks and metabolic pathways underlying plant devel-
opment needs to be further explored.
In this context, methylation-related mutants of Arabidopsis thaliana

represent a powerful and unique tool for exploring molecular and cel-
lular mechanisms that operate in and are modulated by DNA methy-
lation. Among these mutants, the most widely investigated is the met1;
loss-of-function met1 mutants and antisense-MET1 transgenic plants
exhibit a reduction in global cytosine methylation levels, particularly at
CG sites [11,54]. In antisense-MET1 plants reduced DNA methylation is
associated with developmental abnormalities such as reduced height,
smaller rounded leaves, leaves with curled margins, decreased fertility,
reduced apical dominance and shorter roots [11]. The drms and cmts
single mutants as well as drm1 drm2 double homozygotes do not show
any apparent alteration in phenotype, even after five generations of
inbreeding [17,55]. However, identical pleiotropic defects are ob-
servable in the drm1 drm2 cmt3.7 and drm1 drm2 cmt3.11 (in this study
we refer as ddc) triple mutants, previously characterized and re-
presentative of multiple independent lines in Landsberg erecta (Ler)
and Columbia (Col-0) background, respectively [17,55,56]. In parti-
cular, both these mutants, which only differ in the cmt3 allele, show a
twisted leaf shape, shorter height and partial sterility, suggesting a key
role of the DNA methylation status in controlling plant growth [56]. At
the moment, other mutant alleles are not available for the ddc mutant
both in Ler and Col-0 background. Furthermore, pleiotropic effects
were reversed when drm1 drm2 cmt3 (Ler) plants were transformed
with DRM2 or CMT3, by Agrobacterium [56] confirming a compensa-
tory mechanism between the different methyltransferases [55]. On this
basis, to reveal possible biological functions of the DNA methylation at
both CHG and CHH context, we focused on the ddc triple Col-0 mutant
which combines defects in both maintenance and de novo DNA me-
thylation. To this aim, we explored the developmental phenotypes and
the molecular pathways affected by hypomethylation at CHG and CHH
context. In particular, we focused on the auxin pathways since there are
increasing evidences that link multiple epigenetic factors to hormone
and, more specifically, to auxin action [57–61]. Accordingly, in the
abnormal embryo of the met1 mutant both auxin distribution and the
expression of the PIN1 gene, which encodes an auxin efflux carrier very
important at the early stage of embryo development, were found to be
impaired [57]. However, no direct impact of MET1 at the PIN1 gene
locus was observed, highlighting the complexity of interaction between
epigenetic regulation and hormone action and the need for further in-
vestigation [57]. In the present study, we demonstrated that from

embryogenesis to post-embryonic development auxin-related pathways
are targets of the combined action of DRM1, DRM2 and CMT3 which
work in an organ-specific manner.

2. Materials and methods

2.1. Plant lines

Wild type line of Arabidopsis thaliana (L.) Heynh. ecotype Columbia
(Col-0), as control, and the drm1 drm2 cmt3.11 (ddc) triple DNA me-
thylation mutant of A. thaliana in Col-0 background were used. A.
thaliana ddc mutant combines drm1 (SALK_021316) with T-DNA inser-
tion in the sixth exon, drm2 (SALK_150863) with T-DNA insertion in the
last exon, and cmt3.11 (SALK_148381) with T-DNA insertion in the
eighth intron [62]. Seeds of the ddc mutant were purchased from the
Nottingham Arabidopsis Stock Centre (NASC).
Homozygous individuals were identified through PCR genotyping

by using right [RP] and left primers [LP] complementary to the region
flanking the T-DNA insertions site in each gene and a primer (LBb1.3)
complementary to the T-DNA sequence (Supplemental Fig. 1,
Supplemental Tab. 1). For DRM1 and DRM2 genes a single PCR product
was obtained only by the amplification with RP and LBb1.3 primers
confirming the presence of the T-DNA insertion in the sixth and tenth
exon, respectively (Supplemental Fig. 1). In cmt3 two single PCR frag-
ments were detected by using both pairs of primers combinations: LP
with LBb1.3 and RP with LBb1.3 (Supplemental Fig. 1). This result,
beside confirming T-DNA insertion in the eighth intron, is likely due to
the presence of an inverted repeat of the T-DNA generated by the re-
plication machinery during the integration process.

2.2. Growth condition

Seeds of both Col-0 and ddc lines were surface sterilized and grown
as reported in Bruno et al [63]. Briefly, the seeds were incubated in
absolute ethanol for 2min, then in 1.75% hypochlorite solution
(NaClO) for 12min. After thorough washing with sterile distilled water
(5 x 5min), the seeds were sown on either Petri dishes or square plates
containing half-strength MS medium [64], 1% sucrose and stratified at
4⁰C for 48 h. The plated seeds were then exposed at 21⁰C under long
day condition (i.e. 16 h white light 100 μmol m−2 s-1 and 8 h dark) and
60% relative humidity to induce germination and allow seedling
growth. An additional lot of seeds was germinated on soil in pots at the
same growth conditions. For the analysis of root growth plated seeds
were instead exposed to continuous light condition and 60% relative
humidity according to Karampelias et al. [65].

2.3. Phenotype characterization

For root analysis, seedlings of both Col-0 and ddc lines were grown
in square plates in vertical position at the conditions above described.
Primary root length was monitored up to 12 days after germination by
using Image J 1.45 software. Secondary root density (= number of
secondary roots x cm of primary root length) was evaluated at 12 days
after germination under a stereomicroscope. For meristem size analysis,
12 day-old seedlings were processed as described in Bruno et al. [66]
and the distance and the number of cortex cells in a row extending from
the QC to the first elongated cortex cell were measured [67]. Three
independent replicates (n= 15 seedlings x each sample x each re-
plicate) were performed; statistical analysis of the mean, standard de-
viation and Student’s t-test were applied.
Analysis of root gravitropic growth was performed on 6 day-old

seedlings and the following parameters were measured as described in
Grabov et al. [68]: root deviation angle (β), horizontal growth index
(HGI), vertical growth index (VGI) and straightness. Three independent
biological replicates (n= 50 roots x each sample x each replicate) were
performed; Student’s t-test was applied for statistical analysis. In
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addition, Lugol staining was applied to visualize starch accumulation in
the amyloplast present in the columella cells of the root cap. To this aim
seedling roots were incubated in Lugol solution for 5min, washed in
water and mounted onto microscopic slides using clearing buffer
(chloral hydrate: glycerol: water in 8:3:1 ratio) as the mounting
medium. The seedlings roots were imaged using a DIC optic on a Leica
inverted TCS SP8 (Leica Microsystems, Heidelberg, Germany) confocal
scanning laser microscope with a 40x oil immersion objective. At least
15 roots were analysed for each sample.
Rosette area and leaf series analyses were performed on 21 days

seedlings grown on Petri dishes at the conditions previously described.
Leaves were dissected under a stereomicroscope, placed in square
plates on 1% plant tissue agar, and then photographed. Rosette and
single leaf area were measured by ImageJ 1.45 program. Three in-
dependent biological replicates (n=15 seedlings x each sample x each
replicate) were performed; statistical analysis of the mean, standard
deviation and Student’s t-test were applied.
Leaf differentiation pattern was also taken into account by analysing

epidermal cell features and xylem vein pattern. Epidermal cell analysis
was performed on the rosette 4th leaf of 21 day-old seedlings of both
Col-0 and ddc lines, grown on Petri dishes as previously described.
Excised leaves were clarified with 100% ethanol overnight at room
temperature, then fixed in 90% lactic acid and mounted on a micro-
scope slide. The epidermal pavement cells and stomata of the leaf
adaxial side were drawn with a “Leica DMLB microscope” equipped
with a drawing tube and differential interference contrast objectives
(Supplemental Fig. 2). The cell area was measured with Image J 1.45
software. Number of pavement cells per leaf, epidermal cell density (=
pavement cell number x mm2), stomatal density (= stomata number x
mm2), stomatal index (= stomatal density/stomatal density+
epidermal pavement cell density) were calculated [69]. Three in-
dependent biological replicates (n=15 seedlings x each sample x each
replicate) were performed; Student’s t-test was applied for statistical
analysis.
To visualize xylem patterns, 3rd and 4th leaves were cleared as above

described and viewed under darkfield illumination with a stereo-
microscope (Leica IC80 HD). Images were captured with a digital
camera. At least 20 leaves were analysed for each biological replicate
(n=3) for both ddc and Col-0 lines.
For embryo analysis immature and mature seeds from siliques of

ddc mutant and Col-0 were cleared in chloral hydrate solution (4 g
chloral hydrate, 1 ml glycerol, and 2ml water) and the embryos were
observed using a DIC optic on a Leica inverted TCS SP8 confocal
scanning laser microscope with a 40x oil immersion objective. At least
10 siliques at different developmental stage were used for each biolo-
gical replicate (n= 3) for both ddc and Col-0 lines.

2.4. Auxin perception and PIN localization analysis

To analyse the auxin maxima, the proDR5::GFP auxin inducible re-
porter gene, which provides indication of auxin perception, was in-
trogressed in ddc through crosses with proDR5::GFP Col-0 line, kindly
provided by Robert L. Fisher. Third-generation seeds from two in-
dependent homozygous mutant lines, which exhibited the same phe-
notype of the parental ddc, were used. Homozygous lines were selected
by polymerase chain reaction (PCR) using T-DNA- and gene-specific
primer sets as described above. For embryo analysis, seeds of ddc X
proDR5::GFP and proDR5::GFP Col-0 were excised from green siliques at
different time points after fertilization from soil-grown plants. Six and
12 day-old seedlings and rosette 4th leaves, excised from 12 day-old
seedlings grown on Petri dishes as previously described, were also
sampled.
To analyse PIN distribution pPIN1::PIN1-GFP [70] and pPIN7::PIN7-

GFP [71] reporter genes were introgressed in ddc through crosses with
pPIN7::PIN7-GFP and pPIN1::PIN1-GFP Col-0 lines respectively. Third-
generation seeds from two independent homozygous mutant lines,

which exhibited the same phenotype of the parental ddc, were used. For
primary root analysis, seeds of ddc X pPIN1::PIN1-GFP, pPIN1::PIN1-
GFP Col-0, ddc X pPIN7::PIN7:GFP and pPIN7::PIN7:GFP Col-0 were
used. 8 day-old seedlings were analyzed.
Samples were fixed in paraformaldehyde 4% for 5min and then

transferred onto microscope slides and covered with PBS 1x buffer
(NaCl 137mM, KCl2, 7 mM, Na2HPO4 10mM, KH2PO4 1.8mM, pH 7,4)
and glycerol 1:1. Samples were imaged using a Leica inverted TCS SP8
confocal scanning laser microscope with a 40x oil immersion objective.
The detection of Green Fluorescence Protein (excitation peak centered
at about 488 nm, emission peak wavelength of 509 nm) was performed
by combining the settings indicated in the sequential scanning facility
of the microscope. Three independent replicates were performed and at
least 30 seedlings and 60 embryos were analysed.

2.5. Auxin quantification

Auxin quantification was performed on rosette 4th leaves of 13 day-
old seedlings of both Col-0 and ddc lines, grown on Petri dishes as
previously described. Excised leaves were pooled, deep-frozen in liquid
nitrogen, and powdered. For each replicate, 0.1 g (± 0.002 g) was used
and extraction and derivatization were carried out as described by
Villas-Bôas et al. [72], with some modification.
Each sample was transferred in a 2ml centrifuge tube and 200 μl of

NaOH (1% w/v), 147 μl of MeOH and 34 μl of pyridine were added and
the samples were vortexed for 50 s. The extracted samples added with
20 μl of methyl chloroformate were newly vortexed for 30 s × 2 times.
Subsequently, 400 μl of chloroform were added and samples were
shaken for 20 s. Finally, 400 μl of a NaHCO3 solution (50mM) were
added, samples were shaken for 20 s and immediately centrifuged
(14.000 rpm) for 1min at room temperature.
The organic fraction was collected, dispensed in new 2ml centrifuge

tubes and the aqueous residues were eliminated using anhydrous
Na2SO4. One hundred μl of the solution were used for the Gas chro-
matography-mass spectrometry (GC–MS) analysis. Indole acetic acid
(IAA) relative quantification was carried out using indole propionic
acid [20 μl (20mg/ml) for each sample] as internal standard added at
the beginning of sample extraction.
GC–MS analysis was carried out as previously described by

Rawlinson et al. [73] using a gas chromatograph apparatus (Trace
1310, Thermo Fisher Scientific, Waltham, MA-USA) equipped with a
single quadrupole mass spectrometer (ISQ LT). The capillary column
was a TG-5MS 30m×0.25mm×0.25 μm and the gas carrier was
helium with a flow rate of 1ml/min. Injector and transfer line were
settled at 250 °C and 270 °C, respectively. Three microliters of sample
were injected with a 35 psi pressure pulse, which was held for 1min.
The following temperature was programmed: isocratic for 1min at
40 °C, from 40 °C to 320 °C with a rate of 20 °C×min, then isocratic for
2min at 320 °C. The ion source was settled at 200 °C and the solvent
delay was 4.5 min. Mass spectra were recorded in electronic impact (EI)
mode at 70 eV, scanning at 50–400m/z range for selection of appro-
priate EI mass fragments for each sample. Then the MS was run in se-
lected ion monitoring (SIM) using 1 quantifier ion (m/z) and two
qualifier (m/z) for each molecule. In particular, 3-Indole acetic acid Me
ester was identified using the 189, 103 and 77 ions. Compound iden-
tification was carried out comparing the relative retention time and
mass spectra of molecules with pure standards derivatized as previously
described and with the help of commercial libraries (NIST 2005, Wiley
7.0 etc.). Data were then expressed as percentage compared to control.

2.6. RT-qPCR analysis

Analysis of DRM1, DRM2, CMT3 expression in wild type plants was
carried out separately on the different organs collected as detailed in
the description of results. Analysis of DRM1, DRM2, CMT3 expression in
ddc mutant was carried out on 12 day-old whole seedlings. Analysis of
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the expression of auxin-related genes was separately performed on
leaves (3rd and 4th) of 13 day-old seedlings and on roots of 6 and 13
day-old seedlings of both ddc and Col-0 lines, grown in vitro and on soil
as previously described. RNA was isolated from 100mg of plant tissue
with the RNeasy Plant Kit (Qiagen, Hilden, Germany) with on-column
DNase digestion. The manufacturer’s protocol was modified by two
additional washes of RNeasy spin columns with the RPE buffer. RNA
quality was checked by agarose gel electrophoresis and quantified by
spectrophotometry (NanoDrop technologies). Total RNA (2,5 μg) was
used for cDNA synthesis with SuperScript III First-strand synthesis kit
(Life-Invitrogen, CAT. 18,080,051). The reaction mixes were prepared
in three technical replicates by JANUS Automated Workstation (Perkin
Elmer) in 384-well plates with 2.5 μl Power SYBR® Green PCR Master
Mix (Roche), 0.5 μl of cDNA and 1 μl each primer (0.5 μM final con-
centration). The LightCycler 480 Real-Time PCR System was used for
amplification (95 °C for 10min, 40 cycles of 95 °C/10 s, 60 °C/15 s,
72 °C/30 s, followed by melting curve analysis). The expression levels
were normalized using SAND (At2g28390) and GAPDH (At1g13440) as
the reference genes. The sequences of primers used are reported in
Table S2-S4. The results of three independent biological replicates and
three technical replicates, were analysed using the qBase PLUS software
[74] and represent the mean value (± standard deviation). Asterisks
indicate significant pairwise differences using Student’s t-test (*P <
0.05).

2.7. MeDIP-qPCR analysis

Methylated DNA Immunoprecipitation (MeDIP-qPCR) was per-
formed following the optimized protocol of [75] Weber and Schubeler
(2007). Leaves (3rd and 4th) of 13 day-old seedlings of both ddc and Col-
0 lines, grown in soil as previously described, were excised, pooled,
frozen in liquid nitrogen and ground by using mortar and pestle. About
100mg of tissue powder were suspended in lysis buffer, lysed in 55 °C
and used for a phenol-chloroform (2:1) extraction, DNA was pre-
cipitated with ethanol, pelleted and resuspended in buffer supple-
mented with RNaseA (20 μg/ml). The isolated DNA was sonicated in
SONICS Vibra-cell sonicator with four 15 s pulses at 20% amplitude.
Sonicated DNA was precipitated with ethanol and 4 μg was used for
further steps. The 5% of the volume was taken as the input sample and
the rest was divided into two equal samples of mock and im-
munoprecipitation sample to be incubated with anti-5methylcytosine
antibody (#BI-MECY 1000 Eurogentec, Seraing, Belgium, 1mg/ml).
Optimal antibody concentration to be used was defined by performing a
preliminary assay on HEI10 gene (Fig. 10A), which was also used in
MeDIP analysis as positive control of methylation decrease in ddc mu-
tant. Based on the results of this preliminary test, all the subsequent
immunoprecipitation samples were incubated with 2 μl of anti-5me-
thylcytosine antibody (#BI-MECY 1000 Eurogentec) at the final con-
centration of 4 μg/ml. Dynabeads (M-280 Sheep anti-mouse IgG - Dynal

Fig. 1. (A–C) Relative expression levels of (A) DRM1, (B) DRM2 and (C) CMT3 genes in the different organs of Arabidopsis thaliana wild type (Col-0) plants. (D–F)
Relative transcript levels of (D) DRM1, (E) DRM2 and (F) CMT3 genes upstream (P1) and downstream (P2) of the T-DNA insertion site in wild type (Col-0) plants and
ddc mutant. For ddc mutant, two independent lines were analysed. The RT-qPCR data were normalized using SAND and GAPDH as housekeeping genes and analyzed
by qBasePLUS software. The results represent the mean value (± standard deviation) of three independent biological replicates. Asterisks indicate significant
pairwise differences using Student’s t-test (p≤ 0.05).
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Biotech #112.01) were used to collect immunoprecipitated DNA. After
the proteinase K digestion, a phenol-chloroform purification and an
ethanol precipitation, the concentration of each MeDIP sample was
measured by Qubit® 2.0 Fluorometer Invitrogen. Mock samples were
also used to check any unspecific binding of DNA to the beads. Half μl
of each sample were analysed by real-time PCR (Roche LC480, Man-
nheim, Germany) with primers in the promoter and coding regions of
the analysed genes to compare the amount of immunoprecipitated DNA
fragments (methylated) in ddc vs Col-0 samples after normalization
versus input (Table S4). To account for differences in DNA concentra-
tion all the samples were normalized to ACTIN7 reference gene. The
results of three independent biological replicates and three technical
replicates, were analysed using the qBase PLUS software [74] and re-
present the mean value (± standard deviation). Asterisks indicate
significant pairwise differences using Student’s t-test (*P < 0.05).

3. Results

3.1. DRM1, DRM2 and CMT3 gene expression in wild type and ddc mutant
lines

To obtain insight into the role of DRM1, DRM2 and CMT3 in plant
development, their expression was analysed in the different organs of
Arabidopsis thaliana wild type plants (Col-0) by RT-qPCR. In particular,

gene expression was evaluated in cotyledons and shoot apical meristem
(SAM/Cotyledons) from one week-old seedlings, first and second leaves
and primary roots from two week-old seedlings, mature leaves from
three week-old seedlings and opened flowers from adult plants
(Fig. 1A–C). Data analysis revealed that transcript levels of DRM1
(Fig. 1A) and CMT3 (Fig. 1C) were very high in flower, much lower in
root, SAM, young leaves and extremely low in expanded leaves. By
contrast, DRM2 expression was constitutive in the different organs and
stages in plant development (Fig. 1B).
Next, we analysed the DRM1, DRM2 and CMT3 expression in three

week-old seedlings of the A. thaliana ddc mutant line, by RT-qPCR,
using two pairs of primers for each gene complementary to regions
located upstream and downstream of the T-DNA insertion
(Supplemental Fig. 1, Supplemental Tab. 2). No signal of partial tran-
scripts downstream of the T-DNA insertion were detected for DRM1,
DRM2 and CMT3 indicating that in the ddc mutant, the DRM1, DRM2
and CMT3 genes are knocked-out (Fig. 1D–F).

3.2. Auxin-defective phenotypes in the ddc mutant

Subsequently, morphological phenotypes and growth parameters
were accurately analysed in the ddc mutant. The primary root length,
monitored in seedlings grown in vertical position from 4 to 12 days
after germination, was reduced in ddc as compared to Col-0 plants

Fig. 2. Root analysis in 12 day-old seedlings of wild type (Col-0) and ddc mutant grown on Petri dishes in vertical position. (A) Primary root length at different days
after germination; (B) number of cells along the cortex row extending from the quiescent centre to the first elongated cell and (C) length; (B) secondary roots density
(= secondary root number x cm). For ddc mutant, two independent lines were analysed. The results represent the mean value ± standard deviation. Asterisks
indicate significant pairwise differences using Student’s t-test (p≤0.05).
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(Fig. 2A). However, the primary root meristem size, measured as the
length (Fig. 2C) and the number of cortex cells (Fig. 2B) in a row ex-
tending from the quiescent centre to the first elongated cell [76], was
not significantly affected in the ddc mutant as observed in 12 day-old
seedlings. Also, lateral root density, defined as the number of lateral
roots per primary root length unit (cm), was comparable between the
ddc mutant vs Col-0 (Fig. 2D).
A very intriguing feature of the ddc primary root was the occurrence

of an agravitropic growth behaviour (Fig. 3A and B) which, according
to Grabov et al. [68], was quantified as an increased root deviation

angle and horizontal growth index (HGI) and a reduced straightness
and vertical growth index (VGI) (Fig. 3C–F). Interestingly, the agravi-
tropic growth of ddcmutant primary root was associated with a reduced
presence of statoliths (i.e. dense amyloplasts) which usually differ-
entiate within columella cells of root calyptra and are involved in
gravity perception [77]. Indeed, following Lugol’s staining which al-
lows to highlight the presence in the cell of such starch-filled orga-
nelles, a reduced staining was observed in the root calyptra of ddc
mutant (Fig. 3H) compared to Col-0 (Fig. 3G).
The reduced growth capacity of the ddc mutant was also apparent

Fig. 3. Agravitropic root phenotype of ddc seedlings. (A) Primary root growth in 6 day-old seedlings of wild type (Col-0) plants and ddcmutant grown on Petri dishes
in vertical position. Scale bar= 2 cm. (B) Scheme illustrating gravitropic growth; bars indicate the percentages of roots at specific orientations in wild type (Col-0)
and ddcmutant; g is the gravity vector. (C) Root angle deviation, (D) Horizontal growth index, (E) Vertical growth index, (F) Straightness in wild type (Col-0) and ddc
mutant; (G–H) Lugol’s staining showing the presence of starch-filled amyloplasts in the root cap (arrow) of wild type (Col-0) and ddcmutant. Scale bars 25μM. For ddc
mutant, two independent lines were analysed. The results in D–F represent the mean value (± standard deviation) of three independent biological replicates.
Asterisks indicate significant pairwise differences using Student’s t-test (p≤0.05).

Fig. 4. Rosette size and leaf phenotype in 21 day-old seedlings of wild type (Col-0) and ddcmutant grown on Petri dishes. (A) Rosette area; (B) picture and (C) area of
leaf series; (D) epidermal cell area, (E) cell number x leaf, (F) cell density (cell number x mm2); (G) stomatal density (stomatal number x mm2); (H) stomatal index
(stomatal density/stomata number+ epidermal cell density) estimated on 4th leaf adaxial epidermis; (I) Venation pattern analysed in 4th leaf in Col-0 and ddc
mutant. Scale bar 0.1 cm; (L) Phenotype of 4th leaf in Col-0 and ddc mutant. Scale bar 3mm. For ddc mutant, two independent lines were analysed. The results in A,
C–H represent the mean value (± standard deviation) Asterisks indicate significant pairwise differences using Student’s t-test (p≤ 0.05).
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Fig. 5. Abnormalities of embryo development in ddcmutant compared to Col-0. (A) Col-0 and (B) ddc embryo at globular stage; (C) Col-0 and (D) ddc embryo at early
hearth stage; (E) Col-0 and (F) ddc seed including embryo at globular stage; (G) higher magnification of ddc embryo showed in F. Images were acquired through
confocal microscopy with DIC optical. Scale bars (A–B)= 15 μm; (C–D)= 25 μm; (E–F)= 50 μm; (G)=20 μm. For mutant, two independent lines were analysed.
EM= embryo; E= endosperm; S= suspensor.

Fig. 6. Auxin inducible proDR5:GFP reporter gene activity in wild type (Col-0) and ddc mutant. (A–B) Embryo at globular stage. Arrowheads indicate hypophysis
devoid of signal in ddc mutant. Scale bars 10 μm; (C–D) Embryo at heart stage. Arrowheads indicate an ectopic auxin signal at the basal adaxial region of developing
cotyledons in ddc mutant. Scale bars 15 μm; (E–F) Primary root apical meristem of 12 day-old seedlings grown on Petri dishes in vertical position. Scale bars 35 μm;
(G–H) Higher magnification of E and F, respectively. Scale bars 20 μm; (I,I’,L,L’). Paradermal view of 4th leaf of 12 day-old seedlings grown on Petri dishes: I,L
confocal laser images; I’,L’ confocal and transmission merged images. Scale bars 400 μm.; For mutant, two ddc X proDR5::GFP independent lines were analysed.
co= columella; Cot= cotyledon; h = Hypophysis; QC= quiescent centre; rp= root poles; s= suspensor; st= stele.
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when analysing the development of aerial organs. Indeed, 21 day-old
seedlings of ddc mutant grown in vitro exhibited a smaller rosette area
compared to Col-0 (Fig. 4A), related to a reduced area of every leaf,
with the exception of leaf 8 (Fig. 4B and C). The major differences in
leaf size between mutant and wild type were observed for the 3rd and
the 4th leaf and the latter was then selected for analysing some para-
meters related to leaf differentiation pattern such as: epidermal pave-
ment cell area and number, stomatal density (SD) and index (SI), xylem
vein pattern (Fig. 4D–I). Morphometric measurements performed on
the adaxial leaf surface showed that epidermal pavement cell area was
strongly reduced in the ddc mutant compared to Col-0 (Fig. 4D, Sup-
plemental Fig. 2), while the number of cells per leaf was not sig-
nificantly lower (Fig. 4E). Therefore, the smaller size of the ddc leaf was
only due to a reduction of cell area (Fig. 4F). In addition, the stomatal
density (SD) which is a function of both the number of stomata plus the
size of the epidermal pavement cells, was significantly higher in the leaf
of ddc mutant compared to Col-0 (Fig. 4G) and likely accounts for the
quite comparable epidermis cell density in the ddc mutant and Col-0
leaf (Fig. 4F, Supplemental Fig. 2). As a consequence, also the stomatal
index, which normalizes for the effects of cell expansion, was higher in
the ddc mutant than Col-0 (Fig. 4H). Concerning xylem pattern, a dis-
connection in some of the secondary and tertiary veins was very fre-
quently (about 60 ± 6%) observed in the leaf of the ddc mutant
compared to the well-connected pattern observable in the wild type leaf
(Fig. 4I). Finally, curled and involute leaves (i.e. curly phenotype)
(Fig. 4L) were observed in adult ddc plants grown in soil which globally
exhibited a shorter stature than wild type plants (Supplemental Fig. 3).
Flowering time and flower morphology were not affected in the ddc

mutant. However, in the ddc mutants, a precocious growth stop of the
primary inflorescence and an overgrowth of the secondary branches,
relative to the primary inflorescence was observed, clearly highlighting
a reduction of apical dominance (Supplemental Fig. 3). In addition,
silique length and seed production were significantly reduced with
7%±1.5 and 6%±1.0, respectively, in the mutant compared to Col-0,

which correlated with the high expression of the three methyl-
transferase genes in flowers (Fig. 1A–C). Seed viability was tested
through germination assay and in both the ddc mutant and Col-0 the
maximum germination percentage was achieved at the second day after
sowing and was about 80% and 100%, respectively. Accordingly, and
more interestingly, examination of cleared seeds revealed a variety of
defects in the ddc mutant during embryo development (Fig. 5). In
particular, at the globular stage, ddc embryo exhibited a reduced
number of the suspensor’s cells as compared to Col-0 (Fig. 5A and B).
Later on, at early hearth stage, suspensor in ddc mutant was longer and
formed by a higher number of cells in ddcmutant than Col-0, suggesting
that in the former the arrest of cell proliferation related to the func-
tional regression of such organ is delayed (Fig. 5C and D). Moreover, in
ddc mutant an asymmetric pattern of cell division was also observed in
the embryo at the globular stage (Fig. 5F and G), together with an
apparent disorder in endosperm histological organization as compared
to Col-0 (Fig. 5E).
Globally, the growth behaviour and several defects of the ddc mu-

tant such as the alteration in embryo development, the reduced and
agravitropic root growth, the curled leaf and the altered stomatal
density and vein connection, resembled phenotypes of auxin mutants
[78–81], strongly supporting the hypothesis that auxin-related path-
ways could be altered.

3.3. Auxin perception in the ddc mutant

At this point, we investigated whether the pattern of auxin was al-
tered in the ddc mutant compared to Col-0 plants. To this aim, the
proDR5::GFP reporter gene was introgressed in the ddc mutant to vi-
sualize where auxin perception occurred during embryogenesis and in
seedlings up till adult phase [82,83]. At embryo globular stage, where
the auxin flow moves from suspensor upward to the embryo proper
[84], fluorescent signal was correctly detected in suspensor cells and
hypophysis of the wild type embryo (Fig. 6A), while in ddc mutant

Fig. 7. Expression analysis of auxin related genes,
evaluated by RT-qPCR (A) in the 3rd and 4th leaves and
(B) in the root of 13 day-old seedlings of Col-0 and ddc
mutant. The RT-qPCR data were normalized using
SAND and GAPDH as housekeeping genes and analyzed
by qBasePLUS software. For ddc mutant, two in-
dependent lines were analysed. The results represent
the mean value (± standard deviation) of three in-
dependent biological replicates. Asterisks indicate sig-
nificant pairwise differences using Student’s t-test
(p≤ 0.05).
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hypophysis appeared almost devoid of signal (Fig. 6B). At the heart
stage, a very weak fluorescent signal was observed in the ddc embryo
root pole in addition to an ectopic signal at the basal adaxial region of
developing cotyledons (Fig. 6D). At this stage, auxin maxima signal was
mainly localised at the cotyledon’s tip and flows to the radicle in Col-0
plants (Fig. 6C).
Fluorescent signal remained very weak in the ddc primary root tip

(Fig. 6F) compared to Col-0 (Fig. 6E) in both 6 day-old (Fig. 6E and F)
and 12 day-old seedlings (data not shown), suggesting a lower auxin
accumulation which is consistent with the reduced root growth in the
ddc mutant (Fig. 2A). In particular, a clear and visible fluorescence in
the quiescent centre (Fig. 6G), along the stele (Fig. 6E) and in all the
columella cells of the calyptra was observed in Col-0 roots (Fig. 6E and
G). In contrast, in the ddc root an asymmetrical distribution of signal
was clearly observed in the calyptra (Fig. 6H), and the very weak
fluorescent signal obscured a clear definition of auxin presence in the
elongation zone responsible for root growth direction (Fig. 6F). Thus,

we could relate the agravitropic root growth of the ddc mutant to the
reduced and impaired localization of auxin in the calyptra which is the
gravity sensitive tissue. Strikingly, in developing leaves (i.e. 3rd and 4th

leaf) of 12 day-old seedlings a very strong fluorescent signal was de-
tected in the ddc mutant (Fig. 6L and L’) compared to wild type (Fig. 6I
and I’). The mislocalisation of the DR5 activation was observed in the
70% of the ddc embryos and 80% of the analysed seedlings.

3.4. Expression level of auxin-related genes in the ddc mutant

In order to gain insight into the relationship between the miss-
regulation of auxin biology and the hypomethylated status of ddc mu-
tant, a panel of auxin-related genes was selected and their expression
level was estimated by RT-qPCR (Fig. 7). The selected genes were:
YUCCA1 and 2, TAA1 (TRYPTOPHAN AMINOTRANSFERASE OF ARA-
BIDOPSIS 1) involved in auxin biosynthesis; PIN1 (PINFORMED 1) and
PIN2, PIN3, PIN4, PIN7 which encode the main polar auxin efflux

Fig. 8. (A) Expression analysis of PIN1, PIN2, PIN3, PIN4 and
PIN7 genes, evaluated by RT-qPCR in the root of 6 day-old
seedlings of Col-0 and ddc mutant. The RT-qPCR data were
normalized using SAND and GAPDH as housekeeping genes
and analyzed by qBasePLUS software. For ddc mutant, two
independent lines were analysed. The results represent the
mean value (± standard deviation) of three independent
biological replicates. Asterisks indicate significant pairwise
differences using Student’s t-test (p≤ 0.05). (B) Fluorescent
signal localization of A. thaliana transgenic reporter line
pPIN1::PIN1-GFP in wild type (Col-0) and ddc mutant. (B–C);
pPIN7::PIN7-GFP in wild type (Col-0) and ddcmutant (D–E), in
the root of 6 day-old seedlings of Col-0 and ddc mutant. Scale
bars 45 μm (B–E). st= stele; co= columella.
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carriers; ARF7 (AUXIN RESPONSE FACTOR 7), GH3 (auxin responsive
GH3 family protein), IAA3 (INDOLE-3-ACETIC ACID INDUCIBLE 3) and
SAUR76 (SMALL AUXIN UP-RNA76) which work in auxin signalling.
Attention was specifically focused on the vegetative post-embryonic

development and gene expression was firstly estimated in the 3rd and
4th leaves and in the root of 13 day-old seedling (Fig. 7). Significant
differences in the expression level of the selected genes were observed
specifically in the leaves. Indeed, auxin biosynthesis-related genes such
as YUCCA2 and TAA1 were up-regulated more than two-fold in the
leaves of the ddc mutant vs Col-0, together with ARF7, encoding an
auxin response factor, which also showed a significantly higher level of
transcripts compared to wild type (Fig. 7A). Concomitantly, a sig-
nificant down-regulation of the expression of SAUR76 and, more in-
terestingly, of PIN1, PIN3 and PIN4 which encode auxin carriers, was
also detected in the leaves of ddcmutant (Fig. 7A). In addition, the level
of IAA, estimated in the 3rd and 4th leaves through a GC–MS approach,
was found to be 20% higher in the ddc mutant than in Col-0 (Fig. 9A).
No differences were instead observed in the roots of 13 day-old

seedlings for all the analysed genes, with the exception of SAUR76
which resulted down-regulated (Fig. 7B). Therefore, we planned to
extend the analysis of PIN gene expression to the root of 6 day-old
seedlings, where agravitropic behaviour (Fig. 3A,B) and altered auxin
distribution (Fig. 6E–H) were uncovered. In this case, a clear down-
regulation of PIN1 and PIN7 genes was observed (Fig. 8A).

3.5. PIN distribution in the ddc primary root

In order to verify whether the reduced expression of PIN1 and PIN7
genes was accompanied by a reduced presence of these rate-limiting
auxin carriers, we investigated on the distribution of PIN1 and PIN7
proteins in the same-aged roots, by using A. thaliana transgenic reporter
lines: pPIN1::PIN1-GFP, and pPIN7::PIN7. In line with gene expression
data, a weaker fluorescent signal of pPIN1::PIN1-GFP as well as of

pPIN7::PIN7-GFP was observed both in the stele and in columella cells
of ddc roots compared to Col-0 (Fig. 8B–E), clearly supporting an im-
pairment of auxin transport in the root of 6 day-old ddc seedlings. In
agreement with this hypothesis, the IAA level in the root of the ddc
mutant was 8% lower as compared to the one in Col-0 (Fig. 9B).

3.6. Cytosine methylation at auxin-related genes in the ddc mutant

DNA methylation at and near gene promoters plays a role in med-
iating gene expression. Thus, we next verified whether the over-
expression of auxin-related genes in the leaves of the ddc mutant was
associated with reduced methylation levels within their promoters and/
or coding regions. To this aim, Methylated DNA Immunoprecipitation
followed by qPCR (MeDIP-qPCR) analysis of genomic DNA fragments
was performed on the 3rd and 4th leaves of 13 day-old seedlings. The
MeDIP approach was then extended to auxin-related genes, by using
HEI10 [85] as the control sample (see materials and methods) and all
the samples were normalized to ACTIN7 gene and vs input sample. The
DNA fragments obtained after MeDIP, were quantified by qPCR analysis
using 3 or 4 pairs of primers designed to amplify about 150 bp long
regions within 1000–1500 bp upstream or immediately downstream the
ATG codons of each gene (Fig. 10B–D). The primers were placed in the
region that we considered as methylation “hot spot”. The results
showed a statistically significant decrease of DNA methylation around
1.2 kb upstream of the ATG site of YUCCA2 in the ddcmutant compared
to Col-0 (Fig. 10B’). In contrast, methylation levels of different regions
in the TAA1 and ARF7 genes did not significantly differ between the ddc
mutant and Col-0 (Fig. 10C’ and D’).

4. Discussion

In the present work we used the ddc triple mutant, defective in both
maintenance and de novo DNA methylation to identify developmental
pathways under the regulation of DNA methyl transferases.
Previously, several abnormalities such as a reduced vegetative

growth and impaired female and male gametogenesis, embryogenesis
and seed viability were detected in met1 single mutant of A. thaliana,
together with an indirect interaction with auxin pathway [11,54,57].
By contrast, mutations in either DRMs or CMT3 did not result into
visible phenotypes suggesting that the two gene classes act in a partially
redundant manner [15,17]. In the Landsberg erecta (Ler) ecotype, also
the drm1 drm2 double mutant did not show morphological differences
from the wild type. Whereas the triple ddc mutant exhibited pleiotropic
phenotypic abnormalities such as a reduced plant size, twisted leaf
shape and reduced seed production, likely due to the knocking out of
the functional redundancy of DRMs and CMT3 [55,56].
In our study, novel phenotypic abnormalities were identified in the

Arabidopsis thaliana ddc mutant in the Columbia background, such as
defects during embryo development, reduced and agravitropic primary
root growth, reduced leaf growth and differentiation consisting of re-
duced cell size, an increased stomatal density and index and an altered
leaf vein pattern.
Preliminary evaluation of the DRM1, DRM2 and CMT3 expression in

the different organs of A. thaliana wild type plants allowed us to verify
that all the genes were expressed in the various organs although in
some of them at largely different levels. In particular, DRM1 and CMT3
genes exhibited the highest expression in the flower. Such pattern in-
dicated that they have a major function in reproductive tissue, as evi-
denced by reduced seed density observed in ddc mutant, as well as in
young developing organs rather than in adult ones characterised by
fully differentiated tissues.
In line with this assumption, phenotypic alterations in the ddc

mutant were observed both in the embryo and in developing organs of
adult plant in association with defective auxin distribution and/or level
as verified through the proDR5::GFP marker gene and IAA quantifica-
tion, respectively. Namely, in ddc embryo an ectopic signal of auxin

Fig. 9. GC-MSIAA relative quantification carried (A) on the 3rd and 4th leaves of
13 day-old seedlings of and (B) on the root of 6 old-day seedlings of Col-0 and
ddc mutant. For ddc mutant, two independent lines were analysed. Data were
analyzed through t-test with P≤0.05 and asterisks indicate significant differ-
ences compared to the control: * (P≤ 0.05), ** (P≤ 0.01), *** (P≤ 0.001).

I. Forgione et al. Plant Science 280 (2019) 383–396

392



perception was detected suggesting an alteration in the establishment
of auxin gradients required for a correct embryo development [82,83].
An alteration of auxin distribution and level was also uncovered in leaf
and root during post-embryonic development. Indeed, these results
strongly suggested that auxin biosynthesis could be enhanced in the
leaves of ddc mutant. In particular a lower presence of this hormone
was detected in the primary root of the ddc triple mutant compared to
that of wild-type and mainly in the calyptra which represents the
gravity sensing tissue. Additionally, the reduced presence of the PIN1
and PIN7 proteins in ddc roots containing pPIN1::PIN1-GFP and
pPIN7::PIN7-GFP reporters demonstrated that the above pattern was
related to a reduced auxin flow. Notably, the root of the ddc mutant
exhibited a reduced length and a stronger bending of the primary root
compared to the wild type plants, which are also reported in auxin-
related mutants such as aux1-7 [79], pin2 eir1-1 [78]. Therefore, in the
ddc root, a clear correlation was observed between the alteration in the
level and distribution of auxin and its crucial role for proper root de-
velopment and correct gravity response, acting as central mediator of
gravitropic stimulus [86].
In the leaves of the ddc mutant, a higher accumulation of auxin was

detected that was associated with the overexpression of genes involved
in auxin pathway, such as TAA1 and ARF7 YUCCA2. However, the in-
creased expression levels of TAA1 and ARF7 genes in the leaf of ddc
mutant could be related only to an indirect effect of altered DNA me-
thylation status in other genome regions since these genes were not
differentially methylated. On the contrary, the reduced DNA methyla-
tion levels detected upstream the 5′-end of YUCCA2 associated to its up-
regulation identified this gene as a direct target of the methylation-
related epigenetic mechanism. These results are fully consistent with
the curly leaf phenotype and altered leaf differentiation of the ddc triple

mutant, which are tightly controlled by auxin level [83]. In addition,
and very interestingly, a downregulation of several members of the PIN
gene family, which encode auxin-efflux carriers was also observed in
the leaf of the ddc mutant. A shift in the polarization of the membrane-
localized PIN proteins, from a localization leading to auxin maximum
towards incipient primordium to a basal localization towards the de-
veloping leaf, is quite essential for the growth and differentiation of leaf
[87]. Accordingly, mutations in members of auxin transporters are as-
sociated with spatially disorganized initiation of leaf primordia as well
as with narrow and downwardly rolled rosette leaves [88]. Thus, based
on the obtained results, we propose that the affected leaf phenotype of
the ddc mutant is related to an overproduction of auxin, coupled to an
impaired translocation through the PIN proteins, that directly influence
the amount and direction of auxin flow during leaf development. The
presence of disconnections in the ddc leaf vasculature strengthened the
assumption of an altered auxin distribution [81].
Notably, in the ddcmutant the secondary inflorescence was found to

slightly exceed the primary inflorescence which stops its growth,
highlighting a reduced apical dominance. Therefore, based on all these
results a general impairment of auxin distribution likely occurs in the
ddc mutant. Finally, these results provide further evidences on how
auxin transport regulates bud outgrowth [89].
Interestingly, our results also showed that the YUCCA2 gene was a

direct target for methylation by the combined action of DRMs and/or
CMT3 methyltransferases. Namely, after optimization of the experi-
mental set-up of the MeDIP assay which allowed to identify genomic
differences in DNA methylation, we demonstrated that the promoter
region of the YUCCA2 gene was hypomethylated in the leaf of the ddc
mutant. It is known that the methylation at the gene promoter region
prevents the binding of transcription factors to their target sequences

Fig. 10. Analysis of gene-specific methylation level, through MeDIP-qPCR, performed on 3rd and 4th leaves of 13 day-old seedlings grown on soil. In the box (A)
methylation level of HEI10 gene, estimated by using different concentration of antibody anti 5-methylcytosine to optimize the protocol and select the antibody
concentration to be used. (B–D) Structure of analysed genes: the numbers 1–4 indicate the position of primers. Green and blue boxes represent untranslated region
and exons, respectively; start and the stop codons are indicated with red. (B’, C’, D’) Relative amount of immunoprecipitation DNA fragments determined by RT-qPCR
analysis of (A’) YUCCA2 (B’) TAA1 and (C’) ARF7 genes. The immunoprecipitated fractions were normalized versus both input and the ACTIN7 gene. For ddc mutant,
two independent lines were analysed. The results represent the mean value (± standard deviation) of three independent biological replicates. Asterisks indicate
significant pairwise differences using Student’s t-test (p≤ 0.05) (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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and, as a consequence, a reduced methylation at promoters can result in
gene activation [35–40]. For example, promoter hyper- and hypo-
methylation, specifically dependent on MET1 and DRM2 methyl-
transferases, and gene transcriptional regulation has been demonstrated
in Arabidopsis cell suspensions in relation to cell dedifferentiation
[58,60]. Therefore, hypomethylation in the promoter region of the
YUCCA2 gene coupled to its overexpression, specifically in the genome
of the 3rd and 4th developing leaf, highlighted a direct organ-specific
modulation of this gene by a methylation-related mechanism.
In this context, an interesting aspect that need to be mentioned is

that the relationship between auxin biology and DNA methylation can
be yet more complex. Namely, in Arabidopsis cell suspensions the de-
pletion of the 1-Naphthaleneacetic acid (NAA) auxin in the medium
was found to induce a loss of methylation in the promoters of specific
genes [58,60]. Thus, a feedback loop mechanism could play a role in
modulating such interaction.
Finally, among auxin-related genes differentially expressed in the

ddc mutant, the auxin signalling related SAUR76 gene was down-
regulated in both leaf and root, despite in ddc leaves auxin amount was
higher than in Col-0. Taking into account the complexity of the me-
thylation defective background of the ddc mutant, a more intricate and
organ-specific regulatory network can be hypothesized which needs to
be further investigated.
In conclusion, through the functional analysis of the ddc triple

mutant of Arabidopsis thaliana, we demonstrated that both maintenance
and de novo methylation play a key role in the transcriptional control of
genes related to auxin pathways, from biosynthesis to transport and
signalling, which are relevant in the regulation of plant development.
For some of these genes, an organ-specific modulation has been de-
monstrated showing that, in the interweaved landscape of different
transcriptional networks, the pattern of DNA methylation is dynamic
and correlated with organ-specific growth.
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