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Abstract DNA methylation occurs mostly at the C5 position
of dinucleotide symmetric CpG sites in genomic DNA. A
balance is maintained in the plant genome between DNA
methylation mediated by RNA-directed DNA methylation
(RdDM) and DNA demethylation mediated by the DEMETER
(DME) protein family and REPRESSOR OF SILENCING
(ROST). We used double-stranded RNA (dsRNA) silencing
to suppress ROSI protein expression in ‘Nanlin895° (Populus
deltoides % Populus euramericana ‘Nanlin895”). Leaves of
WT and transformant poplars revealed more symmetric
methylation on CpG sites than roots and stems. In addition,
leaves of transformant poplars revealed more methylated
CpG sites in both 5.85 rDNA and histone H3 compared to
WT types via 0, 50 and 100 mM NaCl treatments. In asymmetric
methylation sites, transformant poplars exhibited more
methylated CpHpG and CpHpH contexts than WT poplars.
On the other hand, hypermethylation induced by PtROSI-
RNAI construct resulted in pleiotropic phenotypic changes in
transgenic poplars. The percentage of wavy leaves was increased
maximum by ~45% in transgenic poplars. Also, the number
of leaves was increased by ~200 number in transformants.
Furthermore, shooting (%) and rooting (%) was decreased in
transgenic poplars versus WT.
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Introduction

Epigenetic genome modification and chromatin remodeling
play a major role in the regulation of plant development (Feng
et al. 2010). Heterochromatin and euchromatin are formed by
chromatin remodeling, which involves processes such as
histone modification and cytosine methylation. Roudier et al.
(2011) described that four main chromatin regions involved
repressed genes, intergenic regions, silent repeat elements, and
active genes are be subjected to cytosine methylation and
histone modification. The effect of cytosine methylation on
gene expression is dependent on the location of methylation.
DNA methylation in the body of genes is associated with gene
expression and varies among species (Lauria and Rossi 2011;
Vining et al. 2012), while cytosine methylation in promoter
regions is associated with decreased gene expression (Zhang et
al. 2006). Lippman et al. (2004) reported that a high level of
cytosine methylation silences transposable elements located in
heterochromatin. Moreover, reduced cytosine methylation led
to reactivation of transposable elements.

DEMETER (DME), DME-LIKE proteins (DML2 and
DML3), and REPRESSOR OF SILENCING (ROS1) are
involved in demethylation activities in the plant genome
(Choi et al. 2002; Furner and Matzke 2011). ROS1 was
identified by Gong et al. (2002) via mutant screening of
repetitive transgenes, including luciferase, driven by the RD294
promoter. In plants, DML2, DML3, and ROS1 demethylate
DNA to protect hypermethylation loci (Penterman et al. 2007).
A balance is maintained between ROS1, which mediates
demethylation, and the RNA-directed DNA methylation
(RdADM) pathway (Gao et al. 2010). Furthermore, it has been
shown in wild-type (WT) plants, ROS1 counteracts small
interfering RNAs involved in DNA methylation, leading to
DNA demethylation (Gong et al. 2002). The RADM pathway is
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a mechanism of epigenetic modification in eukaryotes which
contains several important genes involved in regulating DNA
methylation (Kapoor et al. 2005; Movahedi et al. 2015a). In
addition, ROS1 demethylates silenced transgenes and
endogenous loci during plant development responding to
environmental stress (Penterman et al. 2007; Gehring et al.
2009). The mutant ros/ is associated with hypermethylation
at various regions throughout the genome, resulting primarily in
silencing of proximal genes (Lister et al. 2008). Gao et al.
(2010) reported that in the presence of the ros/ mutation,
heavy methylation occurs in all sequences, including CpG,
CpHpG, and CpHpH, where H represents any nucleotide
without guanine. Dinh et al. (2014) reported that histone H3
is one rich lysine 9 dimethylation and repetitive DNA through
plant genomic DNA, which is related to transcriptional
silencing mechanisms and curtail target to maintain genome
stability via DNA methylation in plants. Studies on ros/
mutant showed that ROS1 demethylates DNA via DNA
glycosylase activity through a base excision repair mechanism
(Agius et al. 2006), leading to controls DNA methylation in
many eukaryotes (Tariq and Paszkowski 2004). In plants,
ROST regulates several transposons and genes via demethylase
activities responding to environmental signals to improve
survival (Zhu et al. 2007). Questa et al. (2013) reported that
in plant development and during the either germination or
post-germination steps, ROS1 binds to pollV, resulting in
chromatin remodeling in 5.85 rDNA.

Environmental stresses change the level of expression of
regulator genes, biochemical properties and chromatin
remodeling to affect on both plant growth and productivity
(Nakashima et al. 2009; Movahedi et al. 2015b; Movahedi et
al. 2015c¢). In addition, Feng et al. (2010) confirmed that
chromatin remodeling, as a heritable epigenetic modification,
regulates the expression of plant genome responding to
environmental stresses. Epigenetic modifications include
heterochromatin and euchromatin remodeling and also DNA
repair mediated by histone modification and cytosine
methylation in intergenic regions, repressed genes, active
genes, and repeat elements (Roudier et al. 2011).

Poplar was the first woody diploid tree, which has been
transformed. It has been shown that poplar is one high
efficient and stable in expression of transgenes. Therefore, it
was called as a model for transgenic plants. This is the first
study on silencing of expression of ROS1 with the aim of
assessing the role of ROS1 in DNA methylation of histone
H3 and 5.85 tDNA genes in poplar plants using a PrROSI-
RNAI construct.

Results

Identification of the Gene Encoding PtROS1 in P. trichocarpa
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Fig. 1. Identification of the P. trichocarpa ROSI (PtROSI) gene.
Phylogenetic tree analysis was carried out based on the results of
homology searches using the amino acid sequence alignment
function in CLC Genomics Workbench 3 software. Bootstrap
analysis was performed using 1,000 replicates to evaluate the
reliability of the various phylogenetic groups.

We carried out a BLAST homology search using the ROS1
protein sequence from Populus euphratica (Accession No.
XP 011018881) and the corresponding sequences of 10
plant species: Vitis vinifera (XP_002277401), Nicotiana
tabacum (NP_001312835 XP_016494117), Citrus sinensis
(XP_006481894), Lonicera japonica (ALA55997), Jatropha
curcas (XP_012066502), Gossypium hirsutum (AEC12446),
Theobroma cacao (EOY08113), Ricinus communis (EEF33793)
and Glycine soja (KHN45686) containing domains with
similarity to the conserved PtROS1 domain from P, trichocarpa
(POPTR 0006s11720g) to identify PtROS1 homologs (Fig. 1).
The PtROSI1 consensus sequence was identified by alignment
of the highly conserved domain of ROS1 with that of the P,
euphratica homolog (Fig. S1). We performed dot plot and
isoelectric charge point analyses of PtROS1 and the ROSI
homolog of P. euphratica to verify the similarity between
them (Fig. S2).

Silencing of PtROSI Homolog Expression in Nanlin895
Poplar

The PtROSI-RNAI construct was used to transform Nanlin895
poplar via the Agrobacterium method (Fig. S3 and 4).
Analysis of off-targets have been performed throughout
whole genome of P. trichocarpa (Fig. S5). Off-targets have
been selected after deleting repeat sequences, sequences
located on introns and sequences with coverage less than
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15%. In addition, primers have been designed to perform RT-
gPCR for comparing the effect of PtROSI-RNAIi on the
expression of on-targets and off-targets (Fig. S5).

Results revealed that our RNAI construct have no impact
on genes related to the detected off-targets, when they have
been shown expressed normally. The plasmid pGWB9 (empty
vector) and ligated pGWB9:PtROSI-RNAi were digested by
Hindlll enzyme to verify proper ligated plasmids (Fig. S6A).
Furthermore, transformed pGWB9: PtROSI-RNAi plasmid
was digested by HindlIll and A4siSI enzymes to verify ligation
leading to observe two bands 12547 and 845 bp (PtROSI-
RNAI caset) (Fig. S6B). Genomic DNA was extracted from
putative transformed plants to perform colony PCR and reveal

A Input Control WT

amplified fragments 3764 bp (Fig. S6C). The 3764 bp
fragments were then purified from gels and digested again
by Hindlll and AsiSI enzymes to confirm constructed RNAi
caset (Fig. S6D).

RT-PCR has been carried out to compare the expression of
PtROS1I gene in WT and transformed plants introduced by
50 mM NaCl, regarding to f-actin as a control (Fig. 2A, B).
WT revealed more expression of PfROS! in comparing with
PtROSI-RNAI transformants. In addition, SDS-PAGE and
western blotting assays were carried out to confirm silencing
PtROS1 homolog expression in transformants compared
to WT poplars (Fig. 3). Therefore, we resulted that the RNAi
mechanism via dsRNA strategy was able to repress transcript
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Fig. 2. PtROS1 expression in transgenic plants assayed by RT-PCR. (A) PtROSI expression in transformants was ~25% that of controls.
Control cDNA in increasing concentration (two fold increments) was used to normalize band intensities. To normalize band intensities to
the cDNA concentration present in the reactions, actin primers were used in control reactions. Numbers above lanes refer to individual

plants. (B) Intensity of PfROS! expression in WT and transformants.
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Fig. 3. (A) SDS-PAGE analyses to detect ROS1 protein in WT and transformants. (B) Western blotting analyses to detect ROS1 protein
in WT and transformant poplars. Numbers above lanes refer to the individual plants.
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Fig. 4. Demethylase activities of PtROS1 using RE-qPCR. Genomic
DNA was digested by Hpall (sensitive methylation) to prime
PtRDM]I gene. Ycf4 gene was used as control.

Relative DNA methylation of PtRDM1
g

PtROSI in Nanlin895 poplar to forward other examination.
gPCR and Functional Analysis of PtROSI Expression

RE-gPCR was carried out to reveal demethylates activities of
PtROS1 (Fig. 4). In this assay, we digested genomic DNA
from WT and transformants by Hpall followed by priming
PtRDM!]I in 0, 20, 40 and 60 mM NaCl treatments. In WT
poplars, increasing of DNA methylation via NaCl treatments
caused to inhibit of Hpall digestion, leading to increase
expression of PIRDM1 gene. PtROS1-RNALI transformants,
including the lowest demethylase activities, revealed
hypermethylated PrRDM]1 gene resulting in increased expression
of PtRDMI much more than WT poplars.

Furthermore, gPCR was performed to quantify endogenous
PtROSI gene expression in both WT and transgenic poplars
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under 0, 50 and 100 mM NaCl treatments. In natural
conditions (0 mM NaCl treatment), WT poplars revealed the
expression of PtROSI by ~85%, ~60% and ~%50 in leaves,
roots and stems. These expressions were increased by ~45%,
~70% and ~85% in leaves, roots and stems by increasing the
NaCl treatments (50 and 100 mM). As opposed to WT
poplars and in normal conditions, the PrfROSI-RNAI caused
to decrease the expression of PrROSI in transgenic lines
averagely, by ~65%, ~45% and ~37% in leaves, roots and
stems. These expressions were decreased averagely by
~30%, ~18% and ~8% in leaves, roots and stems by increasing
the NaCl treatments (Fig. 5).

The largest proportion of the ROS1 orthologs was involved in
biological processes including DNA repair and modification by
methylation and excision repair. In addition, ROS1 was
found to play an important role in the cellular response to
stress and stimulators (Fig. S7).

Downregulation of ROS1 Expression by PrROSI-RNAi
Affects DNA Methylation in Constitutive Ribosomal DNA
and Heterochromatin

Previously, it has been shown that cytosine methylation in
poplars correlates with pleiotropic phenotypic changes (Zhu
et al. 2013). Therefore, we decided to analyze the cytosine
methylation in transformant poplars with PrROSI-RNAi
construct. The status of highly repetitive 163-bp 5.8S rDNA
was analyzed to study how the silencing of ROS/ gene cause
to methylate constitutive heterochromatin. The methylation
can be developed on both cytosines in the CpHpG and CpG
and we detected the heavily methylated cytosine using the
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Fig. 5. Endogenous PtROS! expression in PtROSI-RNAI transgenic lines vs. non-transgenic controls (WT) as determined by qPCR. All the
represented transformant lines showed significant reduction in the PtROSI expression especially under different salt treatments; (A-C)
represent the expression of PtROS! in leaves, roots and stems under 0 mM NaCl treatment, respectively. (D-F) represent the expression of
PtROSI, under 50 mM NaCl treatment. (G-I) represent the expression of PfROSI, under 100 mM NaCl treatment. Three independent
repeats were carried out for each experiment included five biological replicates; bars represent standard errors.
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Fig. 6. DNA methylation status. The 5.8S and H3 histone genes,
which lack Hpall sites, served as a PCR control. Identical quantities
of undigested DNA were used as controls for evaluating methylation
of the 5.8S and H3 genes digested by McrBC. Numbers above
lanes refer to the individual plants.

McrBC and methylation sensitive isoschizomers Mspl and
Hpall enzymes.

Mspl can cleave unmethylated symmetric CpG (e.g., CCGG)
sequences, and also methylated C,,CGG in half (only one
strand DNA) or completely (double strand DNA), but not
methylated ,CCGG and ,C,CGG in half or completely
sequences. Whereas, Hpall can only cleave unmethylated
symmetric CpG and half methylated ,CCGG sequences
(Zhu et al. 2013).

As shown in Fig. 6, digested genomic DNA by Hpall
from WT poplars, specifically in 5.8S and H3 loci, revealed
absent or low intense bands comparing with all transformants
introduced by 50 mM NaCl (#3-8, #1-6, and #2-7), regarding
to undigested loci. Inversely, digested genomic DNA by
McrBC revealed low intense bands in transformants in
comparing with WT poplars.

Southern blot analysis of genomic DNA digested with
Hpall exhibited enhanced DNA methylation in CpG and
CpHpG sites in transformants introduced by 50 mM NaCl
affected by repression of PtROSI compared to WT poplars
regarding to the control (ycf4). These analyses also proved
increasing of NaCl enhanced DNA methylation especially in
transformants in against with WT poplars (Fig. 7).

Methylation of histone H3 gene was analyzed by RE-
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Fig. 7. DNA methylation of 163-bp repeat fragments as determined
by Southern blot analysis. Genomic DNA was digested with
Hpall (CCGG). Methylation of CpG and CpHpG sites, which are
not cleaved by Hpall, was increased dramatically in transformants.
DNA methylation was increased non-significantly in WT poplars
treated with NaCl, compared with untreated WT poplars. Ycf4
gene was probed as control. Numbers above lanes refer to the
individual plants used in Fig. 5.
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A (125) Scrfl
(82) Hpall - Mspl

(SC 67) Primer 1

|

Scrfl

gPCR using ScrFI (CCNGG) and Mspl/Hpall (CCGQG).
Genomic DNA was digested and amplified using primers
flanking the digestion sites (Fig. 8A). Analysis of cytosine
methylation with Mspl digestion showed a non-significant
increase in three transformants (plants 1-8, 1-5, and 1-9)
compared to the WT (Fig. 8B). Analysis of cytosine methylation
with Hpall digestion indicated hypermethylation of CpG and
CpHpaG sites in histone H3 locus. Methylation was increased
significantly in transformants (plants 1-8 and 1-5) compared
to the WT (Fig. 8C). Analysis of cytosine methylation with
ScrFl digestion showed asymmetric methylation (CCNGG)
on histone H3 gene. Cytosine methylation was increased
significantly in two transformants (plants 1-5 and 1-9) compared
to the WT (Fig. 8D).

DNA Methylation at 5.8S rDNA and Histone H3 Loci

We assayed the effect of the PtROSI-RNAI construct on
methylation of the 5.8S rDNA and histone A3 genes outside
of centromeres in Populus Nanlin§95 genomic DNA using
genomic bisulfite sequencing. Treatment with 0, 50, and
100 mM NaCl was performed to investigate the effect of
environmental stresses on cytosine methylation in WT and
PtROSI-RNAI transformant poplars regarding to the ycf4
gene as control. Our results showed that leaves of WT and
transformant poplars showed more (%) methylated symmetric
CpG sites than roots and stems via 0, 50 and 100 mM NaCl
treatments (Fig. 9). Leaves of transformants revealed the
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Fig. 8. Methylation of histone A3 DNA. Genomic DNA was digested with Mspl, Hpall, or ScrF1 and amplified using primers flanking the
digestion sites. (A) Diagram of the analyzed sequence, with primers and ScrF1 and Mspl/Hpall restriction sites marked. (B) Results of
Mspl digestion showing methylation in histone A3 DNA; the primers flank the two digestion sites. (C) Results of Hpall digestion
showing CpG and CpHpG methylation in histone H3 DNA. (D) Results of ScrF1 digestion showing asymmetric methylation (CCNGG)
in histone H3; Data are average of three independent amplifications; error bars represent SD. Numbers refer to the individual plants.
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Fig. 9. Genomic bisulfite sequencing of both 5.85 rDNA and histone H3 loci following treatment with the indicated NaCl concentrations.
(A, D, G) Leaves have shown more methylated CpG sites in transformants than WT poplars in both 5.8S rDNA and histone H3 genes
under all NaCl treatments. (B, E, H) Roots have shown no more increase methylated CpG sites in transformants than WT poplars in both
5.85 tDNA and histone H3 genes under all NaCl treatments. (C, F, ) Stems have shown more methylated CpG sites than WT poplars in
both 5.85 rDNA and histone H3 genes under all NaCl treatments. Columns represent the percent of CpG sites in 5.85 rDNA loci; Lines
represent the percent of CpG sites in histone H3 loci. Numbers refer to the individual plants used in Fig. 7 added by random individual

transformants from line 2 and 3 to introduce NaCl treatment.

average of methylated CpG sites ~85% and ~35% in 5.8S
rDNA and histone H3 compared to ~55% and 24% respectively,
in WT poplars (Fig. 9A). Roots of transformants and WT
poplars revealed the same average of methylated CpG sites
~45% in 5.88 rDNA loci, while histone H3 included only
~16% methylated CpG sites in WT poplars and ~22% in
transformants (Fig. 9B). It has been shown that stems of
transformants contain more methylated CpG sites ~44% and
~20% in 5.8S rDNA and histone H3 respectively, comparing
by 26% and 11% in WT poplars (Fig. 8C). Under 50 mM
NaCl treatment, leaves of transformants exhibited more
methylation on CpG sites ~91% and 64% in 5.8S rDNA and
histone H3 respectively, than ~70% and 31% in WT poplars
(Fig. 9D). Increasing of NaCl treatment to 50 mM NaCl
caused to enhance methylation in roots and stems similar to
leaves. Roots of transformant and WT poplars exhibited the
same average of methylated CpG sites ~57% in 5.8S rDNA,
while histone H3 in transformants revealed the average of
methylated CpG sites by ~30% comparing by ~20% in WT
poplars (Fig. 9E). Also, stems of transformants exhibited the
averages of methylated CpG sites by ~53% and ~32% in
5.88 rDNA and histone H3 comparing with ~28% and ~14%

in WT poplars (Fig. 9F). Our results proved that the 100 mM
NaCl treatment cause to hypermethylate 5.8S rDNA and
histone A3 in the loss-of-function of ROS1 in PIROSI-RNAi
transformant poplars. Leaves of transformants exhibited the
most averages of methylated CpG sites in our analyses by
~95% and ~90% in 5.8S rDNA and histone H3, comparing
by ~81% and ~42% in WT poplars (Fig. 9G). Roots of
transformants revealed the average of methylation on CpG
sites by ~73% and ~33% in 5.8S and histone H3, compared
to ~64% and ~28% in WT poplars (Fig. 9H). Also, results
showed more the averages of methylated CpG sites in roots
of transformants by ~72% and ~39% throughout 5.8S rDNA
and histone H3, compared to ~33% and ~22% in WT poplars
(Fig. 91). The homogenous distributions of methylated CpG
sites were shown throughout both 5.8S rDNA genes in WT
and transformant poplars (Fig. S8A, B) and histone H3 (Fig.
S9A, B) regarding to the ycf4 gene as control (Fig. S10A, B).

Furthermore, genomic bisulfite sequencing was carried
out to analyze asymmetric CpHpG and CpHpH contexts for
both 5.85 rDNA and histone 43 in WT and transformant
poplars regarding to the ycf4 gene as control. Untreated WT
poplars exhibited the average of methylated CpHpG sites by
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genes. (E, F) Under 100 mM NacCl treatments, both WT (3-4, 3-5 and 3-8) and transformant (3-24, 3-12 and 3-17) poplars revealed more
methylated CpHpG and CpHpH contexts than 50 mM NaCl treated trees in both 5.8S and H3 genes. Also, transformants showed more
methylated CpHpG and CpHpH contexts than WT poplars in 5.8S and H3 genes. Dark lines represent CpHpG contexts; Light lines
represent CpHpH contexts. Numbers refer to the individual plants used in Fig. 8.

~47% and 10% and methylated CpHpH sites by ~6% and
~29% throughout 5.8S rDNA and histone H3 loci (Fig. 10A),
while untreated transformants revealed the average of
methylated CpHpG sites by ~42% and ~33% and methylated
CpHpH sites by ~37% and ~46% throughout 5.8S rDNA and
histone H3 loci (Fig. 10B). 50 mM NaCl treated WT poplars
exhibited the average of methylated CpHpG sites by ~47%
and ~20% and methylated CpHpH sites by ~12% and ~36%
throughout 5.8S rDNA and histone H3 (Fig. 10C), while
50 mM NaCl treated transformants showed more asymmetric
methylated CpHpG by ~70% and ~56% and methylated
CpHpH sites by ~41% and ~59% throughout 5.8S and histone
H3 loci (Fig. 10D).

100 mM NaCl treatments caused to hypermethylate
transformants in 5.8§ rDNA. 100 mM NaCl treated WT
poplars showed the averages of methylated CpHpG sites by
~64% and ~41% and methylated CpHpH sites by ~21% and
~45% throughout 5.8S TDNA and histone A3 genes (Fig. 10E),
while 100 mM NaCl treated transformant poplars exhibited
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hypermethylated CpHpG sites by ~80% and ~61% and
methylated CpHpH sites by ~42% and ~66% throughout 5.8S
rDNA and histone H3 loci (Fig. 10F).

Pleiotropic Abnormalities Correlated with Reduced ROS1
Expression

The transformants with greater reductions in PfROS! homolog
expression exhibited marked phenotypic abnormalities
compared with the transformants with a smaller reduction in
PtROSI homolog expression, and with the WT (Fig. S11).
Treatment of the transgenic poplars with three levels of NaCl
treatment (0, 50 and 100 mM) resulted in a reduction by
~60% in shooting (%) and a reduction by ~50% in rooting
(%) whereas, WT poplars respectively presented a reduction
by ~50% and ~50% (Fig. 11A, B). However, the transformants
exhibited increase by ~37% in the late shooting (%) and by
~27% in the late rooting (%) via NaCl treatment (0, 50 and
100 mM) compared with WT poplars that exhibited increase
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Fig. 11. Phenotypic analyses of PtROSI-RNAI poplars versus WT.
(A) The shooting of transformants has been significantly decreased
comparing with WT poplars in 100 mM NaCl treatment while
there was no significant difference between WT and transformants
in 0 and 50 mM NaCl treatments. (B) The rooting of transformants
has been significantly decreased respectively via 50 and 100 mM
NaCl treatments compared to WT poplars. Asterisks indicate
significant differences; three independent repeats were carried out
for each experiment included five biological replicates; bars
represent standard errors.

by ~27% in the late shooting (%) and by ~38% in the late
rooting (%) (Fig. 12A, B). Also, the reduction of size in
transgenic poplars was increased by ~75% via three levels of
NaCl treatment (0, 50 and 100 mM) whereas, WT poplars
revealed a reduction of size by ~56% (Fig. 13). Also, we
observed significant increase in the number of leaves in
transgenic poplars compared to WT types and finally, the
wavy leaves (%) was increased by ~28% in transgenic
poplars against to ~45% in WT types via three levels of NaCl
treatments (0, 50 and 100 mM) (Fig. 14). It has been shown
that phenotypic changes are correlated with the downregulation
of ROS1 gene and the interference with ROSI gene expression
lead to pleiotropic changes of phenotype in poplars.

Discussion

The ROS1 and DME are potential DNA glycosylases. ROS1
and DME recruit the base excision repair system to remove
one free S-methyle cytosine and make a gap through sequence
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Fig. 12. Phenotypic analyses of PZROSI-RNAI poplars versus WT.
(A) The late shooting has been significantly increased in transformants
vs. WT poplars in common conditions (0 mM) and 100 mM NaCl
treatments respectively. (B) The results of late rooting presented
significant difference between WT and transformant poplars only
via common conditions (0 mM NaCl treatments). Asterisks
indicate significant differences; three independent repeats were
carried out for each experiment included five biological replicates;
bars represent standard errors.

M Reduced size (%) WT M Reduced size (%) Transformants
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Fig. 13. Phenotypic analyses of PtROSI-RNAI poplars versus WT.
The results of reduced size presented statistical decrease respectively
in 0 and 50 mM NaCl treatments in transformants against to WT
poplars. Reversely, it was observed no statistical increased reduced
size in transformants comparing with WT poplars in 100 mM
NaCl treatment. Asterisks indicate significant differences; three
independent repeats were carried out for each experiment included
five biological replicates; bars represent standard errors.

of DNA, leading to replace an unmethylated cytosine (Kapoor
et al. 2005). In addition, recent researches confirmed that in
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Fig. 14. Phenotypic analyses of PtROSI-RNAi poplars versus
WT. The number of leaves has been shown statistically increased
in transformants comparing with WT poplars in common conditions
(0 mM NaCl treatment), while it has been dramatically decreased
in transformants comparing with WT poplars in 50 mM NaCl
treatment. The results of wavy leaves presented significant differences
in transgenic plants respectively in 0, 50 and 100 mM treatments
versus WT poplars. Asterisks indicate significant differences; three
independent repeats were carried out for each experiment included
five biological replicates; bars represent standard errors.

Arabidopsis, ros! exhibits a base excision repair mechanism
by DNA glycosylase activity resulting in counteracting RADM
(Mehrotra and Goyal 2014; Zhang et al. 2015). Abiotic stresses
such as osmotic inducers make heterochromatic loci via
hypermethylation DNA (Li and Tollefsbol 2011). Furthermore,
other abiotic stresses such as drought and salt stresses induce
metabolic changes associated with hypermethylation on CpHpG
sites particularly in satellitt DNA (Mehrotra and Goyal 2014;
Zhang et al. 2015).

We designed a PrROSI-RNAI construct to suppress its
homolog expression in Nanlin895 poplar, and investigated
the effect on cytosine methylation under normal conditions
and in response to salinity stress. Furthermore, we evaluated
the effect of suppression of ROS1 on hypermethylation in
poplar and phenotypic changes.

Quantitative PCR has been carried out to compare the
expression of PtROS! in WT and transformant poplars between
leaves, roots and stems. Our results proved that Leaves
display more expression of ROS/ than roots and stems under
0, 50 and 100 mM NaCl treatments. Moreover, all the
PtROSI-RNAI transgenic poplars exhibited the reduction in
expression of ROSI compared to control (WT poplars). The
maximum reduction of expression has been represented in
stems. In addition, increase of NaCl treatments caused to
demote the expression of ROS! in transgenic plants, while
WT poplars showed the promoted expression of ROS!I. Our
results proved that environmental stresses such as salinity,
induces the expression of ROS! to prevent of methylation
DNA. According to (Movahedi et al. 2015a), a balance is
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maintained between DNA methylation (mediated by the
RdDM pathway, including RDM1, CMT3, DRM1), and
DNA demethylation (mediated by ROS1 and DME, which
are stimulated by environmental stresses, such as NaCl).

Our analyses on methylated CpG sites proved that NaCl
treatment induces methylation on CpG sites in poplars. It has
been shown that hypermethylation on CpG sites was
occurred in leaves under 100 mM NaCl treatment. Results
proved that leaves exhibit more methylation than roots and
stems under common condition (0 mM NaCl treatment) or
induced by stresses (50 and 100 mM NaCl treatments).
Furthermore, it has been shown that 5.85 rDNA genes were
methylated on CpG sites more than histone H3 in WT and
transgenic poplars. PrROSI-RNAI transgenic plants displayed
more methylated CpG sites than WT poplars in 5.8S rDNA
and histone H3. The minimum of methylation of DNA was
occurred in stems of WT poplars with less than ~11%
methylated CpG sites throughout histone H3 in common
conditions. Whereas, the maximum of methylation of DNA
(Hypermethylation) was occurred in PtROSI-RNAI transgenic
plants with more than ~95% methylated CpG sites throughout
5.8§ tDNA and induced by 100 mM NaCl treatment.
Furthermore, roots exhibited middle methylated CpG sites in
WT and transformants through 5.8s and H3 genes, while
stems represented the lowest methylated CpG sites in WT
and transformant poplars through 5.8S and H3 genes.

The monitoring of asymmetric CpHpG and CpHpH sites
exhibited that methylation on CpHpG sites in 5.8S rDNA
was more than histone A3 in WT and transformant poplars.
Our results showed that methylated CpHpG contexts were
increased via NaCl treatments. On the other hands, our
results revealed that methylation on CpHpH sites through
histone H3 loci was more than 5.8S rDNA loci in WT and
transformant poplars. The maximum of methylation of DNA
on CpHpG contexts in transformant poplars was happened
through 5.85 rDNA by more than ~80% in 100 mM NaCl
treatment, while the minimum of methylation of DNA on
CpHpG sites in WT poplars was occurred through histone
H3 by less than ~10% in common condition. Therefore, our
results proved that PfROSI-RNAI poplars in loss-of-function
of ROS1 revealed more methylated CpHpG sites than WT
poplars through 5.8S rDNA loci and these methylation was
increased via NaCl treatments. Although, 5.8S rDNA exhibited
more methylated CpHpG contexts than histone H3 in WT
and transformant plants, but the maximum methylation of
DNA on CpHpH sites was happened in transformants by
more than ~66% through histone A3 in 100 mM NaCl
treatment. Furthermore, the minimum methylation of DNA
on CpHpH sites was recorded in WT poplars by less than
~6% through 5.8S rDNA in common condition.

In WT poplars, the maximum methylated CpHpH sites
was recorded in histone H3 by more than ~45% in 100 mM
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NaCl treatment, whereas in the same condition the maximum
methylated CpHpG sites was happened in 5.8S rDNA by
more than ~64%. Furthermore, in transformant poplars, the
maximum methylated CpHpH sites was observed in histone
H3 by more than ~66% in 100 mM NaCl treatment, whereas
the maximum methylated CpHpG sites was observed in 5.8S
rDNA by more than ~80% in the same condition. In total,
our results proved that asymmetric methylated sites revealed
different levels of cytosine methylation, which are dependent
on their loci on the genome.

Pleiotropic analyses in WT poplars revealed more shooting
(%) and rooting (%) compared to transgenic plants via NaCl
treatments (0, 50 and 100 mM). Our observation of shooting
(%) revealed a significant differences between WT and
transgenic poplars in 100 mM NaCl treatment. Also, our
observation of rooting (%) revealed significant differences
between WT and transgenic poplars in 50 and 100 mM NaCl
treatments. These results proved that ROS1 protein has a key
role in shooting and rooting in plants and this role is more
important when plant is exposed by environmental stresses.
In addition, the results of late shooting (%) and late rooting
(%) revealed an increased percentage in transgenic poplars
versus WT plants and confirmed the important role of ROS1
protein in shooting and rooting in plants. Furthermore,
analyses on leaves revealed that in common condition (0
mM NaCl treatment) the repression of ROS1 protein resulted
in increasing the number of leaves significantly, but it was
dramatically decreased in 50 mM NaCl treatment. These
results showed that the balance between methylation and
demethylation of DNA during cell division is necessary for
generating of plant leaves. The loss-of- function of ROSI
gene in 50 mM NaCl treatment cause to hypermethylate of
DNA resulted in decreasing of generation of plant leaves.
These abnormalities also has been observed in wavy leaves
(%). The results of wavy leaves (%) revealed an increased
percentage in transformant poplars comparing with WT via
NaCl treatments (0, 50 and 100 mM NaCl).

Finally, our analyses of cytosine methylation in WT and
PtROSI-RNAI transformant poplars showed that methylation of
5.85 tDNA and histone H3 genes was downregulated by ROS!
gene, and suppression of ROS! gene resulted in hypermethylation
of DNA, particularly of repetitive sequences and cause to reveal
abnormalities phenotypic changes in plants.

Materials and Methods

Sequence Analysis and Plasmid Construction

We identified a putative ROS1 protein from the Populus trichocarpa
genome (POPTR _0006s11720g) in the Uniprot database (http://
www.uniprot.org/) and performed a Blastp search of the database of
annotated genes (http:/blast.ncbi. nlm.nih.gov/Blast/) for similarity to

the ROS1 domain. The P, trichocarpa ortholog of the ROSI protein
in Populus euphratica (>96% identify and 100% query cover) was
assumed to be the PtROS1 protein and we performed an alignment of
ROSI proteins from various species to identify a consensus sequence.
Total RNA was extracted from P trichocarpa using TRlzol
reagent (Tiangen Biotech, Beijing, China) and DNasel (NEB, USA),
according to the manufacturer’s instructions, and the quality of RNA
was assessed using a BioDrop spectrophotometer (UK). The PrimeScript
One-Step RT-PCR ver. 2 Kit (Takara Biotechnology, Dalian, China)
and oligo-dT primers were used to synthesize cDNA from 3 pg of
extracted RNA according to the manufacturer’s instructions. The
putative PtROSI sequence was amplified from P trichocarpa vsing
degenerate primers (CLC Genomics Workbench 3 software, Taipei,
Taiwan) and cloned into the pEASY-T3 cloning vector (pEASY-T3
cloning kit) using the TA cloning technique. The sequence was
submitted to the National Center for Biotechnology Information
(NCBI) under accession number KU587630. The Vector NTI ver. 11
software (http://www.invitrogen.com/) was used to design a RNAi
construct to suppress PtROS] transcripts in the target hybrid clone P
deltoides x P. euramericana ‘Nanlin895’ poplar, which is widely
used for poplar transformation (Zhu et al. 2013; Movahedi et al.
2015b; Movahedi et al. 2015¢). In this research, the established RNA
interference (RNAi) has been used to knock-down the transcribed
PtROS1 (Camargo et al. 2016; Meng et al. 2017). For using a dsSRNA
approach to silence PtROS1 expression in Nanlin895, we ligated 129-
bp gene-specific DNA fragments isolated from the cDNA of P,
trichocarpa in both antisense and sense orientations into the pPGWB9
expression vector (accession number AB289772). The transcribed
RNA from this construct was able to form a dsRNA with a single-
stranded loop terminal resulting in silencing of ROS1. A total of 270
transformants was generated in nine independent lines (each line
included 30 individuals). The 843-bp PtROSI-RNAI construct included a
210-bp pyruvate dehydrogenase kinase (pdk) intron flanked by two
129-bp open reading frame (ORF) fragments from cDNA extracted
from P, trichocarpa corresponding to positions 2386—2514 bp in the
sense and anti-sense orientations and a 253-bp NOS terminator fragment.
This 129-bp fragment was investigated by Geneious version 10.2
created by Biomatters to analyze the off-targets. The PrfROSI-RNAi
caset was sequenced and prepared by GeneScript ® Company and
ligated in pUC57 vector. The PtROSI-RNAI construct was amplified
from pUCS57 vector using the forward primer 5'-atgattacgccaagcttaggect-
3" and the reverse primer 5'-gcgatcgeggggtaage-3' (SnapGene 1.1.3,
Chicago, USA) flanked by Hindlll and AsiSI restriction sites, then
cloned into the pGWB9 expression vector at positions 4950—5795 bp
in the sense orientation. Expression of the PtROSI-RNAi silencing
construct was driven by CaMV 35S promoter. The orientation of the
cloned DNA fragment in the final expression vector was confirmed
by restriction analysis and sequencing.

To investigate PrROS1 gene expression based on biological processes
and molecular function, we carried out Gene Ontology (GO) analysis
(An approved representation of a biological processes, functions and
cellular components, within a given domain) of plant ROS1 orthologs
included in a phylogenetic tree.

Plant Transformation

Transformation of P deltoides * P euramericana ‘Nanlin895° poplar
was performed using Agrobacterium tumefaciens strain EHA105 as
described by Movahedi et al. (2015b). Transgenic plants were selected
with 100 mg mL ! kanamycin. Poplar plants were cultured and grown
on Murashige and Skoog (MS) medium supplemented by light for 16
h at 23°C. To identify transgenic poplar plants, 1 pug of genomic DNA
(BioDrop spectrophotometer, UK) was extracted using the
cetyltrimethylammonium bromide (CTAB). PCR was performed
with the forward primer 5'-atgattgaacaagatggattgcacge-3' of neomycin
phosphotransferase 11 (NPT 1I) gene and the reverse primer 5'-
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cctagagatccgtcaacatggtgg-3' of CaMV 35S promoter. The amplified
fragments (3764 bp) were then resolved in a 1.5% agarose gel. The
purified bands then have been sent to GeneScript ® Company to
sequence and verify. Kanamycin-resistant plants were regarded as
transgenic.

RT-PCR Gene Expression Analysis, SDS-PAGE and Western Blotting

Total RNA was extracted from young leaves of putative PtROSI-
RNAI transformants and WT poplars using a plant RNA kit (Omega
Biotech No: R6827-01, China) and digested with DNase I (Takara
Biotechnology, China). cDNA was synthesized using the PrimeScript
One Step RT-PCR Ver. 2 Kit (Takara Biotechnology, Dalian, China)
and stored in TE buffer. Specific primers of S-actin (Accession
number: XM-006370951.1), forward 5'-gaccttcaatgtgectgcaa-3' and
reverse 5'-accatcaccagaatccagea-3’, were used to normalize the cDNA
concentration in PCR reactions. Specific primers of full length cDNA
of PtROS1 gene were used (Forward 5'-atgccttcactactatttcgaaagaaaaagagg-
3' and reverse 5'-ctaccga- ccactaatatcacacttttttgtctg-3') to evaluate
expression in WT and PtROSI-RNAI transgenic poplar plants. A
PCR linearity control was performed for each reaction using control
c¢DNA. In addition, the intensity of bands were measured using the
Imagel ver. 1.5b software.

Furthermore, SDS-PAGE was performed according to Zhang et al.
(2015). Total protein was extracted from matured leaves using extraction
buffer (Tric-Hel 1.5 M pH8.8 100 mM, EDTA 10 mM, Sucrose 0.9 M,
2-mercaptoethanol 0.4%), saturated phenol pH8.8, protein precipitation
buffer (Methanol absolute, Ammonium acetate 100 mM), washing
buffer (Acetone 90%, DDT 10 mM), and lysis buffer (Tris-base 35
mM, Urea 7M, Thiourea 2M, CHAPS 4%, DDT 0.002%). The
Bradford assay was then carried out to quantify proteins and SDS-
PAGE was performed to dissolve protein samples and detect the
expression of PtROS1 in WT and transformant plants. Finally, comassi
blue R-250 was used to stain the gel and observe. In addition, 10 pg
of extracted proteins were separated by 10% SDS-PAGE to transfer onto
PVDF membrane. The anti-ROS1 (Anti-body ab181113) were then
used to detect ROS1 protein among WT and transformant poplars.

Quantitative Real-time PCR

According to Gao et al. (2010) ROS1 demethylates RDMI gene
involved in RADM pathway leading to balance. To assay demethylase
activities of PtROS1, We carried out restriction enzyme quantitative
real-time PCR (RE-qPCR) using digested genomic DNA by Hpall
(sensitive methylation) to prime PtRDMI gene with the accession
number KT633998 (Forward 5'-tgaactggagtgtggtgatctetg-3' and reverse
S'-attcaa ccagacaaggaatattttaa-3'). In addition, ycf4 gene, which is one
photosystem 1 gene isolated from chloroplast with a low stable
cytosine methylation via stresses (Omidvar and Fellner 2015), has
been probed (Forward 5'-attagctcttatttgtggtgca-3' and reverse 5'-
tcaaaatacttcaattggtacacge-3') to use as control. Furthermore, We
performed qPCR analysis to quantify endogenous PfROS1 expression
in 0, 50 and 100 mM NaCl treatments, using extracted cDNA of
leaves, roots and stems from transgenic (Seven lines included five
plants from each line) and non-transgenic (WT) poplars with three
technical replicates per reaction. b-actin expression was used as an
endogenous control according to (Movahedi et al. 2015c). Gene
expression in transgenic and WT plants was compared using AAC,
method. A 100-bp fragment of S-actin was amplified as the endogenous
control using the forward 5'-gaccttcaatgtgectgeaa-3' and reverse 5'-
accatcaccagaatccagea-3' primers, which were designed by SnapGene
1.1.3, Chicago, USA. In addition, the forward 5'-atggtgggaagaagaaa-
gggcag-3' and reverse 5'-ctagagagatgatctgagacattctgggtaag-3' primers
were designed to amplify the 165-bp ORF of the PfROS!I coding
sequence (CDS). Gene expression was calculated according to Zhu et
al. (2013).
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DNA Methylation Assays

Genomic DNA was extracted using CTAB method from WT and
transformants introduced by 50 mM NaCl to perform RE-PCR using
Hpall and McrBC enzymes and also southern blot.

1 pg of genomic DNA was digested for 5 h using the DNA
methylation endonuclease McrBC, which cleaves methylcytosine at
5'...pumc(N40-3000)pumc. ..3' sites (http:// www.neb.com) on one or
both strands of methylated DNA. Heat inactivation was carried out at
65°C for 20 min and 10% of digested DNA was used for PCR. The
following sequences primers then were designed to prime 5.8S rDNA
gene with accession no. AJ006440 (Forward 5'-cgaattcgte- gtatgatatgttg-
3' and reverse 5'-tcgatacccgaaaatccgaa-3") and histone H3 gene with
accession no. XM_002299206 (Forward 5'-gtttttttttttttttttcgaga-3' and
reverse 5'-taaaataataaatctctttcaat-3'). PCR was performed at 95°C for 5
min, followed by 35 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C
for 1 min. PCR fragments were then resolved in 1.5% agarose gels.

Southern blot analyses has been carried out using digested genomic
DNA by methylation-sensitive Hpall restriction endonuclease. A
163-bp sequence of the repeat fragment of ribosomal DNA was
amplified using primers (Forward: 5'-aaacgactctcggcaacgga-3' and
reverse 5'-gcgtgacacccaggeag-3') to probe methylated sites throughout
the genome. The ycf4 gene has been probed as control to normalize
southern blot (Forward 5'-attagetcttatttgtggtgca-3' and reverse 5'-
tcaaaatacttcaattggtacacge-3').

In addition, genomic DNA was digested by Mspl and Hpall
(sensitive isoschizomers) and also ScrF1 to perform one more RE-
gPCR for detecting relative DNA methylation on histone H3 (Forward:
S'-gtttcceectctttttctcgag-3' and reverse: 5'-aaggtcttcaaattacacttgtg-3').

On the other hands, the EZ DNA Methylation Kit (Zymo Research,
USA) has been used to bisulfite sequencing as described by Mehrotra
and Goyal (2014). The DNA was amplified by PCR to evaluate the
methylation status of the 5.8S rDNA and histone H3 genes. The PCR
reaction was run for 14 h at 55°C following an initial pre-denaturation
at 95°C for 20 min. Converted genomic DNA was then amplified by
PCR to evaluate the methylation status of the 5.8S rDNA and histone
H3 genes (5.8S rDNA gene: Forward 5'-cgaattcgtggtatgatatgttg-3' and
reverse S'-tcgatacccgaaaatccgaa-3' and histone H3 gene: Forward 5'-
gtttttettttttttttcgaga-3' and reverse S'-taaaataataaatctctttcaat-3'). The
PCR products were purified using the Wizard DNA Cleanup Kit
(Promega, Madison, WI, USA) to prevent sequencing errors. Purified
PCR products were then separated 2.5% agarose gel and extracted
using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany),
followed by cloning into the pGEM-T Easy vector system II
(Promega) and subsequent sequencing of the inserts. The ligated
pGEM-T Easy vector was transformed into competent JIM109 cells
and cultured on Luria-Bertani (LB) agar. Putative transformed white
colonies were selected and grown in LB medium, followed by
plasmid extraction and sequence analysis. Finally, the BiQ Analyzer
ver. 2.0 software was used to analyze cytosine methylation (http://big-
analyzer.bioinf.mpi-inf.mpg.de) in the 5.8S rDNA and histone H3
genes.Pleiotropic properties

Approximately 75 individuals of the PtROSI-RNAI transformants
have been investigated to detect noticeable defects in contrast with
WT plants (Controls). During vegetative growth (2-3 months), the
pleiotropic properties included shooting (Number of shoots), rooting
(Number of roots), late shooting (Number of shoot late regeneration),
late rooting (Number of root late regeneration), reduced-size plants,
leaves, and wavy leaves were observed and measured.

Statistical Analysis

SPSS ver. 16 and Microsoft Office Excel ver. 2013 software were
used to analyze data by one-way ANOVA and Duncan’s test. Differences
were considered significant with an error value of 0.05 with no
overlap in the mean values.
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