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Abstract DNA methylation is an epigenetic modification
essential for gene regulations in plants, but understanding
on how it is involved in fruit development, especially in
non-climacteric fleshy fruit, is limited. The diploid wood-
land strawberry (Fragaria vesca) is an important model
for non-climacteric fruit crops. In this study, we identified
DNA methyltransferase genes and demethylase genes in
Fragaria vesca and other angiosperm species. In accord-
ance with previous studies, our phylogenetic analyses of
those DNA methylation modifiers support the cluster-
ing of those genes into several classes. Our data indicate
that whole-genome duplications and tandem duplications
contributed to the expansion of those DNA methylation
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modifiers in angiosperms. We have further demonstrated
that some DNA methylase and demethylase genes reach
their highest expression levels in strawberry fleshy fruits
when turning from white to red, suggesting that DNA
methylation might undergo a dramatic change at the onset
of fleshy fruit-ripening process. In addition, we have
observed that expression of some DNA demethylase genes
increases in response to various abiotic stresses including
heat, cold, drought and salinity. Collectively, our study
indicates a regulatory role of DNA methylation in the turn-
ing stage of non-climacteric fleshy fruit and responses to
environment stimuli, and would facilitate functional stud-
ies of DNA methylation in the growth and development of
non-climacteric fruits.

Keywords DNA methyltransferase - DNA demethylase -
Fragaria vesca - Fruit ripening - Abiotic stress

Introduction

Strawberry is an important model for fruit crop plant spe-
cies. Strawberry has several distinct characteristics such
as an ethylene-independent fruit-ripening process (non-
climacteric) and fruit flesh tissues derived from receptacle
not typically from ovary walls. The cultivated strawberry
(F. x ananassa) has an extremely complex octoploid
genome harboring 56 chromosomes (2n = 8x = 56) derived
from four diploid ancestors, which makes genetic studies
extremely complicated. Also, because of its small genome
size (240Mb, 2n = 2x = 14) and the availability of the
genome sequence (Shulaev et al. 2011), the diploid wood-
land strawberry Fragaria vesca is emerging as a model for
fruit crop plant species. Recently, DNA methylation has
been shown to be involved in the fleshy fruit development
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in tomato that is an ethylene-dependent, climacteric fruit
species. However, studies on DNA methylation in non-
climacteric fruits are limited. Therefore, identification and
characterization of DNA methylation modifiers in straw-
berry would be of great significance for understanding of
epigenetic regulatory mechanisms underlying non-climac-
teric fruit development.

In eukaryotes, genomic DNA is packaged into chroma-
tin, which consists of DNAs, histones, associated chromo-
somal proteins and small RNAs. Modifications on DNA
itself, specifically DNA methylations, play important roles
in chromatin structure and gene expressions in eukary-
otes. The regulatory mechanisms of DNA methylation in
plants and animals are quite similar in some aspects, such
as heavy methylation on transposable elements (TEs) in
heterochromatin, depletion of methylation at promoters of
active genes and some methylation over gene bodies (He
etal. 2011).

In both plants and animals, methylation on the fifth car-
bon of cytosine residues (SmC) is most common and has
been extensively studied. In animals, the majority of 5SmC
happens in the CG context (Ehrlich et al. 1982), while in
plants, 5mC happens on both dinucleotide (CG) and tri-
nucleotide sequence contexts (CHG and CHH, H = A, C
or T) (Henderson and Jacobsen 2007; Law and Jacobsen
2010). In total, four functional DNA methyltransferases
(DNMTs), DNA METHYLTRANSFERASE 1 (MET1),
DOMAINS REARRANGED METHYLTRANSFERASE 1
and 2 (DRM1/2) and CHROMOMETHYLASE 3 (CMT3),
were identified in the Arabidopsis thaliana genome (Chan
et al. 2005). All DNMTs use S-adenosyl-L-methionine
(SAM) as the methyl donor, and the enzymatic activity is
mediated by the DNA methylase domain. MET1 is essen-
tial for the maintenance of SmC in the CG context during
meiosis and mitosis, similar to its mammalian ortholog
Dnmtl. DRM1/2 catalyzes de novo methylation at all
sequence contextsO, and CMT3 is a plant-specific DNA
methyltransferase responsible for the maintenance of SmC
in the CHG context (Law and Jacobsen 2010). Dnmt2
enzymes were identified as a class of DNA methylase
domain-containing proteins as well, but they were proved
to be methyltransferases targeting tRNAs instead of DNAs
(Goll et al. 20006).

How DNA methylation is controlled is of great interest.
It has been revealed that the establishment and maintenance
of DNA methylation are induced by a RNA-dependent
DNA methylation (RADM) mechanism and that there is an
association between DNA methylation and histone modifi-
cation (Saze et al. 2012). Once established, DNA methyla-
tion is not static: the local DNA methylation is regulated by
different pathways involving both methylation and dem-
ethylation. Loss of methylated cytosine could result pas-
sively from the improper operation of DNA methylation
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maintenance pathways through rounds of DNA replica-
tion, or actively from the activities of DNA demethylases
independent of replication (Furner and Matzke 2011). Four
functional DNA demethylases were identified in Arabidop-
sis thaliana, ROS1, DEMETER (DME), DEMETER LIKE
2 and 3 (DML2/3). All of the four demethylases have a
glycosylase domain responsible for the active removal of
5-methylcytosine from DNA by cleavage of the phosphodi-
ester backbone and two additional domains A and B (DME
domain) with no known homology to other proteins (Pen-
terman et al. 2007; Zhang and Zhu 2012). In Arabidopsis,
DME is essential for the genome-wide demethylation con-
current with transposon reactivation during gametogenesis.
ROS1 and DML2/3 are expressed in vegetative cells and
are able to demethylate unwanted methylations at specific
loci to permit transcription from various genes, TEs and
intergenic regions (Zhang and Zhu 2012). These different
DNA demethylases share similar enzyme activities and are
partially redundant. How DNA demethylases achieve any
specificities in their target is largely unknown. It is sug-
gested that some small RNA-binding proteins might be
involved in the recruitment of DNA demethylases to their
specific targets (Zheng et al. 2008).

The proper regulation of DNA methylation has a pro-
found impact on genome stability, transcription and devel-
opment, particularlyy, DNA methylation is involved in
fleshy fruit-ripening of tomato (Zhong et al. 2013; Liu et al.
2015b). In addition, extensive studies have suggested that
DNA methylation is of great importance for abiotic stress
response in plants by directly or indirectly regulating vari-
ous stress-responsive genes (Cavrak et al. 2014; Le et al.
2014; Bharti et al. 2015; Liu et al. 2015a; Rutowicz et al.
2015; Xu et al. 2015).

Strawberry is emerging as an important fruit model spe-
cies because of its many unique characteristics such as eth-
ylene-independent regulation of the fruit-ripening process,
fruit flesh tissues derived from receptacle not typically
from ovary wall, and a sequenced small diploid genome.
Despite its profound impact on all kinds of biological pro-
cesses in plants, detailed investigation of DNA methyl-
transferases and demethylases is still lacking in strawberry.
In this study, we identified the methylase domain-con-
taining methyltransferase genes and glycosylase domain-
containing demethylase genes in various angiosperm spe-
cies, including five species in Roseasae, three species in
Cruciferae, three species in Cucurbitaceae, one species in
Solanaceae, and three reference genomes. We performed
an extensive phylogenetic analysis to investigate their evo-
lutionary characteristics. Particularly, we profiled their
dynamic expression patterns during fruit development, and
responses to various stresses in diploid strawberry Fra-
garia vesca, which provides clues in their possible roles in
various cellular processes in strawberry. Our study should
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facilitate the functional characterization of those epigenetic
regulators in strawberry and other plant species.

Materials and methods
Proteins sequences

In total, 16 whole-genome sequenced species, including
three from Cruciferae, five from Rosaceae, three from
Cucurbitaceae, one from Solanaceae, two monocots, the
basal angiosperm Amborella trichopoda, and one fern
genome Selaginella moellendorffii were sampled. Except
for Cucumis melo, the proteome of the other 15 species
were downloaded from PGDD (Plant Genome Duplication
Database  (http://chibba.agtec.uga.edu/duplication/index/
files). The complete protein sequence of Cucumis melo was
downloaded from http://melenomics.net/genome. If two or
more proteins are annotated for the same gene from alter-
native splicing, the longest one was selected for further
analyses. The versions and the website are listed in Table
S1.

Acquisition of DNA methyltransferase and DNA
demethylase protein sequences

We use DNA methylase domain (PF00145) as query by
hmmsearch to find DNA methyltransferase proteins of
these species, HhH-GPD domain (PF00730) and RRM_
DME domain (PF15628) to find DNA demethylase pro-
teins. The full domain alignments were downloaded from
pfam database V27.0 (Finn et al. 2010). The presence of
the target domains was verified by Pfam database (http://
pfam.xfam.org/search), the Simple Modular Architecture
Research Tool database (SMART; http://smart.embl-heidel-
berg.de/), or the Conserved Domain Database (CDD; http://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) available
from NCBI, with the e value threshold of 10™*. All identi-
fied putative methyltransferase and demethylase genes are
listed in Table S2 and S3.

Sequence alignment and phylogenetic analyses

The DNA methyltransferase or demethylase protein
sequences were aligned by MUSCLE (Edgar 2004). The
phylogenetic tree was constructed by the maximum like-
lihood method, using MEGA 6.0 (Tamura et al. 2013),
with JTT+G+F model for methyltransferase tree, and
JTT+I4G+F model for demethylase trees with 1000 boot-
strapping replicates. The model was determined by Model-
Generator (Keane et al. 2006). The major clustering of the
trees was verified by MrBayes v3.2 (Ronquist et al. 2012).
For the Bayes tree construction, the model Jones was used

with a gamma-shaped rate of variation and a proportion
of invariable sites, printfreq = 100, samplefreq = 1000,
nchains = 4, ngen = 2,000,000 and sump burnin = 250,
and other model parameters were kept at default values.

Analyses of domain structure and motif structure

The presence of other domains was identified by Pfam
database, the SMART, or the Conserved Domain Database
with the e value threshold of 107*. Motif analysis was per-
formed by MEME (MEME, Version 4.10.2, http://meme-
suite.org/tools/meme) (Bailey and Elkan 1994). The num-
ber of motifs was set to no more than 15 with the length
from 6 to 150 amino acids for each search.

Expression analysis

The transcriptome data for different development stages or
abiotic stresses were downloaded from (http://bioinformat-
ics.towson.edu/strawberry/) for Fragaria vesca (Kang et al.
2013) and from (http://jsp.weigelworld.org/expviz/expviz.
jsp) for Arabidopsis. The expression data (RPKM) were
directly retrieved from the website, and the expression lev-
els for the genes of interest were plotted by log2 scale.

Plant growth conditions, stress treatments and material
collection

All plant materials were collected from a seventh genera-
tion inbred line of Fragaria vesca, Ruegen (kindly provided
by Janet Slovin). For strawberry fruit collection, strawberry
plants were grown in 10 cm x 10 cm pots in a growth
chamber, set at 16 h light/8 h dark cycles, 22 °C and 65 %
relative humidity. Strawberry fruits at 12-day-old big-green
stage, white, pre-turning stage, pink stage (slight pink flesh
and red seeds) and red stage (2-3 after the pink stage) were
collected and immediately put into liquid nitrogen.

For abiotic stresses, the strawberry seedlings were grown
in MS media in growth chamber set at 16 h light/8 h dark
cycles and 22 °C. Four-week-old seedlings were trans-
ferred to the growth chamber set at either 4 °C (at dark) or
38 °C (at dark) for cold/heat shocks. Cold-shocked seed-
lings were collected at 1, 3 and 8 h. Heat-shocked seedlings
were collected at 1, 3, 4 (3 h heat shock and 1 h recovery at
22 °C) and 8 h (3 h heat shock and 5 h recovery at 22 °C).
Seedlings kept in dark for 12 h were used as controls for
cold/heat treatments.

In addition, 4-week-old seedlings were transferred to 1/2
MS liquid media with gentle agitation (100 rpm) for salin-
ity and drought stress treatments. After setting in 1/2 MS
media for 12 h, seedlings were transferred to liquid 1/2 MS
media supplemented by 150 mM sodium chloride or 20 %
PEG for salinity and drought stresses. Drought-stressed
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¥ Whole Genome Duplication

% Whole Genome Triplication Methylase otal 2emethylase . Genome size Gene number
CMT3 MET1 DRM1/2 DNMT2 DME DML (Mb)
Amborella trichopoda %5 2 3 1 1 7 0 2 2 748 206,846
% Zea mays &2 2 2 1 7 0 3 32300 63,480
* Oryza sativa 3 2 2 1 8 0 5 5 466 39,049
* Solanum lycopersicum 2 3 1 4 1 9 1 3 4 900 34,724
NEET Brassica rapa 23 3 s 1 12 1 2 3 48 40,492
Xl s Capsella rubella 3 3 2 1 9 1 4 5 133 26,776
b Arabidopsis thaliana 35 3 4 2 1 10 1 3 4 125 27,416
Fragaria vesca & 3 1 4 1 9 1 3 4 240 32,831
Prunus mume Bl 2 1 2 1 6 2 3 5 280 31,390
Prunus persica ? 2 2 3 1 8 2 2 4 265 28,689
Pyrus bretschneideri () 7 2 4 2 15 4 5 9 512 42,812
Malus x domestica @ 4 2 2 1 9 1 4 5 742 63,514
Cucumis sativus 2 1 2 2 6 1 3 4 350 21,491
Cucumis melo QL 2 1 1 1 5 1 2 3 375 27,427
Citrullus lanatus e 2 1 2 1 6 1 3 4 425 23,440

Fig. 1 Numbers of genes encoding DNA methyltransferase and dem-
ethylase in the 15 species investigated. The Taxonomy Common Tree
constructed online by Taxonomy Browser in NCBI (http://www.ncbi.
nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi) is shown on the

seedlings were collected at 1, 3 and 8 h. Seedlings put in
liquid 1/2 MS media for 12 h were used as controls for
salinity and drought-stressed materials. The collected mate-
rials were immediately put into liquid nitrogen for RNA
processing.

RNA extraction and quantitative PCR analyses

Both de-seeded strawberry flesh and abiotic stress-treated
seedlings were processed to RNA isolation by a modi-
fied CTAB method. The isolated RNAs were treated with
DNase I and proceeded to cDNA synthesis using the Prim-
erscript RT reagent Kit with gDNA Eraser (Takara). Quan-
titative PCR was performed using SYBR Premix Ex Tag
(Takara) using the cDNA as the template. Primers used are
listed in Table S4. Results were analyzed using the AACT
method (Livak and Schmittgen 2001) using GAPDH
(Amil-Ruiz et al. 2013) as the control locus. Three bio-
logical and three technical replicates were performed and
analyzed.

Results

Identification of genes containing DNA methylase
domains

A sequence-based searching was performed to identify the
methyltransferase catalytic domain-containing genes in F.
vesca and other dicot species from Cruciferae, Rosaceae,
Cucurbitaceae, Solanaceae, two monocot species and the
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left. The divergence time labeled on the phylogenetic tree was from
listed references (Arabidopsis Genome 2000; Paterson et al. 2004;
Huang et al. 2009; Guo et al. 2013; Wu et al. 2013)

basal angiosperm Amborella trichopoda. In the investi-
gated 15 species, the number of identified DNA methylase
domain-containing genes ranges from 5 (in Cucumis melo)
to 15 (in Pyrus bretschneideri) (Fig. 1). The Arabidopsis
genes with known functions were named as published;
while genes in other species were named as methylase
1-15 following the species abbreviation.

To investigate the classification of putative DNA meth-
yltransferase genes, phylogenetic trees (constructed by
the maximum likelihood method, see Methods for details)
based on the amino acid sequence conservation of whole
proteins were constructed (Fig. 2). According to the tree
topology and gene annotations in Arabidopsis, the meth-
yltransferase genes could be grouped into four classes,
MET1, CMT3, DRM1/2, and DNMT?2 (Fig. 2). To validate
the major clustering of the ML trees, the phylogenetic tree
was constructed by a different method as well (Fig. S1 and
S2, by MrBayes). Although the topologies of trees con-
structed by different methods have some differences (some
inner branching within each class might be slightly differ-
ent), the main four clustering with high bootstrap values
are consistent between different methods (Fig. 1, Fig. S1
and S2). The F. vesca genome consists of 1, 3, 4, 1 genes
in each class, respectively. For DNMT2 class enzymes
conferring tRNA methyltransferase activity, 13 out of the
15 species (except for Pyrus bretschneideri and Cucumis
sativus) consist only one gene in each genome, while the
number of genes in the other three classes conferring DNA
methyltransferase activity varies. For example, the CMT3
class consists of two to three members in each species,
except in Pyrus bretschneideri and Malus x domestica.
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Fig. 2 A most likelihood phy-
logenetic tree of predicted DNA
methylase domain-containing
genes in the 15 species. The
phylogenetic tree was con-
structed based on the whole
protein sequences from the 15
species with 1000 bootstrap-
ping replicates, and the results
of the bootstrapping analysis
larger than 50 % are shown. The
domain composition is shown
on the right
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The phylogenetic trees indicate that both the duplications
happened in the common ancestor of Pyrus bretschneideri
and Malus x domestica, and lineage-specific duplications
that happened in the two species contributed to this expan-
sion (Figs. 1, 2). Overall, the four classes of DNA methy-
lase domain-containing genes have different evolutionary
characteristics.

Within a protein family, domains and motifs are con-
served sequences most relevant to its function. To investi-
gate the putative functional conservation during the evolu-
tion of methyltransferase genes, domain composition was
identified by pfam and SMART, and the 15 most common
motifs in the whole proteins were identified by MEME.
The results suggest that domain and motif compositions are
conserved within each class, but divergent among different
classes (Fig. 2, Fig. S3 and S4). CMT3 class has a BAH
domain, a specific chromo domain adjacent to the methyl-
ase domain, and motif 1, 2, 3,4, 6, 7,9, 10 and 13. MET1
class is characterized by two DNMT1-RFD domains, two
BAH domains and motifs 1, 2, 3, 4, 6, 7, 10, 11 and 13.
DRM1/2 class has a shorter DNA methylase domain and
motifs 3, 5, 9 and 15. All the DRM genes have no other
domain identified except the YTH domain in Md-meth-
ylase7, and the Pkinase domain in Fv-methylase6, Pb-
methylasel0 and Pm-methylase3 (Fig. 2). The majority of
genes in the DNMT?2 class have only one single methyl-
ase domain identified and is characterized by motifs 3, 5,
8, 12 and 14. It is noted that Fv-methylase3 in the DNMT?2
class is extremely long and has an extra DYW_deaminase
domain. DYW proteins are implicated in chloroplast and
mitochondrial RNA transcript maturation by numerous
C to U editing events (Salone et al. 2007). Whether Fv-
DNMT?2 functions in this pathway is of great interest. Col-
lectively, each methyltransferase class is characterized by
specific combinations of domains/motifs, and variations
within a particular class are observed as well.

Identification of genes encoding putative DNA
demethylases

Previous studies on Arabidopsis have suggested that active
DNA demethylases have three conserved domains, a helix-
hairpin-helix-Gly-Pro-Asp (HhH-GPD) domain confer-
ring glucosylase activity, domain B (DME domain) at the
C-terminal and domain A at the N-terminal mediating
DNA binding (Mok et al. 2010). Domain A and domain B
are DNA demethylase-specific domains, and all the three
domains are required for the proper SmC glucosylase
activity (Mok et al. 2010). Thus, in our analysis, genes
encoding the proteins consisting of both hHh-GPD and
DME domains were identified as a putative DNA dem-
ethylase genes, and the domain A was further confirmed by
sequence homology.
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This sequence-based searching identified two (in A.
trichopoda) to nine (in Pyrus bretschneideri) putative DNA
demethylase genes in each species, with F. vesca having
four (Fig. 1). Based on the phylogenetic trees, DNA dem-
ethylase genes were grouped into two classes, the DME
and the DML (Fig. 3). DME class genes are present in all
eudicot species, but absent in monocots (Figs. 1, 3). All
the species in Solanaceae, Cruciferae and Cucurbitaceae
have a single DME gene, while the number of DME genes
varies in Rosaceae, with Pyrus bretschneideri having the
most of 4. It is noted that A. trichopoda does not have any
DME genes either, thus it is more likely that DME was a
new class originated in the common ancestor of eudicots
and specifically expanded in Rosaceae. While DML genes
are present in all the plant species investigated, the number
of DML demethyalse genes ranges from 2 to 5, with Pyrus
bretschneideri having the most (5).

The domain compositions identified by SMART show
that the majority of the DNA demethylase genes have
four common domains, ENCO3C (the DNA glycosylase
domain), FES, Perm-CXXC (Permuted single zf-CXXC
unit) and RRM-DME domain (Fig. 3). ENCO3C and FES
are two adjacent domains, while Perm-CXXC and RRM-
DME are next to each other as well. The conserved domain
A has not been identified by Pfam or SMART, but was rec-
ognized by motif analyses as motifs 2 and 13 (Fig. S5).

WGD contributed to the duplication of DNA
methyltransferase/demethylase genes in angiosperms

Some of the 14 angiosperm species had several rounds of
whole-genome duplication/triplications (WGD) after their
split from A. trichopoda (Fig. 1 data from the PGDD web-
site, http://chibba.agtec.uga.edu/duplication/). The analyses
above show that the number of DNA methyltransferase and
demethylase genes varies in angiosperms. It is obvious that
there is no clear correlation between the number of DNA
methyltransferase or demethylase genes and the number
of WGD events, though some species with more identi-
fied WGDs do have more genes identified (Table 1). Thus,
other factors may have played a role in the duplication of
DNA methyltransferase and demethylase genes as well.
The expansion of gene families could result from WGDs,
segmental, tandem or dispersed duplications. To disentan-
gle the relative contributions of each mechanisms, the chro-
mosomal locations of those genes were mapped back to the
chromosomes and the possible mechanisms responsible for
the duplication events were analyzed by MCscan (Wang
et al. 2012).

The MCscan results revealed that out of the total 127
methyltransferase genes (including the DNMT?2 class), 20
were related to WGDs, 9 were from tandem duplications
and the rest of the 98 genes resulted from either proximal,
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Fig. 3 A most likelihood phylogenetic trees and a schematic diagram
for domain composition of DNA demethylase genes in the 15 spe-
cies investigated. The results of the bootstrapping analysis larger than

dispersed duplications or identified as singletons (Table 1).
Six out of the 15 species have methyltransferase genes
originated from WGDs. Pyrus bretschneideri is the species
having the most WGD-related duplicated genes (8 out of
the total 15 genes). It is noted that among the duplicated
gene pairs identified by MCscan resulting from WGDs,
some of the respective genes degenerated quickly, with
four genes losing the DNA methylase domain already
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50 % are shown. The phylogenetic tree was constructed based on the
amino acids of the whole protein

(Table SS5). Furthermore, 5 out of the 15 species had tan-
dem duplication events contributed to the expansion of
methyltransferase genes, and Brassica rapa is the spe-
cies having the most tandem duplication events detected
(Table 1). In addition, 16 out of the 56 DNA demethylase
genes were identified as having originated from WGDs, 3
from tandem duplications and the rest of the 37 from other
events (Table 1). Thus, WGDs played an important role in
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Table 1 Synteny and

. . . Species
collinearity analysis for

Methyltransferase

Demethylase WGD/T®

DNA methyltransferase and

WGD Tandem Others®

Total WGD Tandem Others® Total

demethylase genes
Amborella trichopoda

Oryza sativa

Zea mays

Solanum lycopersicum
Brassica rapa
Capsella rubella
Arabidopsis thaliana
Fragaria vesca
Prunus persica
Prunus mume

Pyrus bretschneideri
Malus domestica
Cucumis sativus

Citrullus lanatus

SO O O W O O O O O NN WO

Cucumis melo

SO O O N = = O O O O O O = O

© 9 9 v oA
© RV w ® o

—_
(=)

—

—
wn N A O LN N X O O
S BN W= N = O O O o WwWwo o o

O O O O O = O O O N o O o o o
W O NN K = Nk B W W=, LW OB
W kA A 0N PR WA BN LW R L O
N DN W RN N NN WWRDNDWNDO

(9 e R =A% e cINe]

The possible mechanisms (WGD, tandem duplication or others® ) responsible for the duplication events
were analyzed by MCscan with default settings (Wang et al. 2012)

4 “Others” mean genes resulted from mechanisms other than WGD or tandem duplications identified by

MCscan

® “WGD/T” in the last column means the number of whole-genome duplication/triplication events for each
species experienced in evolution since its split from Amborella trichopoda. Refer to Fig. 1 for more details

the expansion of DNA demethylase genes in angiosperms
as well. Among the duplicated demethylase gene pairs
identified as resulting from WGDs by MCscan, two genes
had already lost the glycosylase domain (Table S5). Col-
lectively, WGD and tandem duplications contributed to the
expansion of both DNA methyltransferase and demethylase
genes in angiosperms.

The maintenance of both genes from a duplication
event could lead to fast diversification or functional com-
promise of the two redundant copies (Kaltenegger and
Ober 2015). The domain and motif analyses suggest that
functional redundancy did lead to faster evolution of those
recently duplicated genes. Among the duplicated events
that happened in the last 50 million years (Myr) which
could still be detected, some had obvious domain diver-
sifications (Figs. 2, 3). For example, in the CTM3 class,
Md-methylase4/8 and Pb-methylasel/2 resulted from a
duplication event that happened in their common ances-
tor. Among those four genes, three lost the BAH domain
quickly (Fig. 2). In the DME class, the Pb-demethylase4
resulted from lineage-specific duplication and had already
lost part of the DME domain (Fig. 3). Considering that
within a class, genes from different species are highly
conserved in the domain and motif composition, those
recent duplicated gene pairs did evolve much faster than
singletons. The fast gain and loss of domains in the dupli-
cated gene pairs indicate that there was a wave of relaxed

@ Springer

natural selection constraints since the duplication events
happened.

Expression profiles of DNA methyltransferase
and demethylase genes during fruit development
in F. vesca

DNA methyltransferases and demethylases were revealed
to be actively involved in fruit ripening in tomato (Zhong
et al. 2013; Liu et al. 2015b). Strawberry is special as the
fruits originated from the receptacle and are regarded as a
non-climactic model crop species. To investigate whether
and how DNA methyltransferases and demethylases might
be involved in strawberry fruit development and ripening,
their expressions were profiled in early-stage fruit develop-
ment (data from Kang et al. 2013) and ripening (quantita-
tive PCR data produced in this study). The genomic tran-
scriptome data suggested that DNA methylation modifiers
have quite diversified expression patterns. Fv-methylase6
(DRM class) is the only DNA methyltransferase gene
showing relatively ubiquitous expression in fruits and also
in vegetative tissues, while other DNA methyltransferase
genes show specificity in different tissues/stages during
early-stage fruit development. For the four DNA demethy-
lase genes, Fv-demethylasel and Fv-demethylase2 exhibit
higher expression levels and more universal expression
patterns in different tissues, while the mRNA levels of
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Fig. 4 Expression profiles of a
the identified DNA methyltrans-

ferase and demethylase genes in

F. vesca. a The mRNA levels of

the identified DNA methylation
modifiers in the early-stage fruit
development. Data from Kang

et al. (2013). Expression levels

were calculated in the log2

scale. b Expression profiles of

DNA methyltransferase and

demethylase genes during fruit

ripening. The expression levels

relative to GAPDH were meas-

ured by quantitative RT-PCR

and displayed in the log?2 scale.

Three biological replicates and

three technical replicates were b
obtained for each data point.

More details are shown in Fig. 0.
S4. ¢ The schematic diagram

for the five stages of fleshy fruit

investigated in b

o
=}
=}
3

Big-green ©
Pre-turning
Pink

White

Big green

Fv-demethylase3 and Fv-demethylase4 are relatively lower
(Fig. 4a). In summary, DNA methylation modifier genes
have different tissue specificity, and each tissues has unique
combinatorial patterns which might be consistent with their
functions.

To study the expression patterns of DNA methylation
modifier genes during fruit ripening, the expression levels
of DNA methyltransferase and demethylase genes were
investigated in strawberry fleshy fruits (stripped with seeds,
including pith and cortex only) at big green (12 days after
anthesis), white (white flesh with green seed), pre-turning
(white flesh with red seeds), pink (light pink flesh with red
seeds) and red (2-3 day after pink stage) stage by quan-
titative PCR reaction (Fig. 4b, c). For the expression lev-
els of the eight DNA methyltransferase genes, four of

Red

Little white

Classification

Fv-methylase5
Fv-methylase8 CMT3
Fv-methylase9
Fv-methylase1 I MET1
[ | Fv-methylase3 1 DNMT2
HEE | | Fv-methylase2
[ I 1111111 Fv-methylase4 DRMA/2
Fv-methylase6
Fv-methylase7
Fv-demethylase3 | DME
Fv-demethylase1
Fv-demethylase2 DME-like(DML)
Fv-demethylase4

0.015

Classification

Fv-methylase5
Fv-methylase8
Fv-methylase9
Fv-methylase1
Fv-methylase2
Fv-methylase4
Fv-methylase6
Fv-methylase7
Fv-demethylase3
Fv-demethylase1
Fv-demethylase2
Fv-demethylase4

CMT3
| MET1

DRM1/2

DME

DME-like(DML)

them peaked at the pre-turning stage and three peaked at
the pink stage (Fig. 4b, Fig. S6 and Fig. S7). Furthermore,
all the four DNA demethylase genes reached their peaks at
the pre-turning stage. Overall, the qPCR data suggest that
the expression levels of DNA methylation modifier genes
are dynamic during fruit ripening, and the majority of
them peaked at either pre-turning or pink stage, indicating
that DNA methylation patterns might undergo a dynamic
change at the onset of fruit ripening.

Expression profiles of DNA demethylase genes
upon abiotic stresses in F. vesca

DNA methylations are suggested to play an important role
in the regulation of gene expression in response to abiotic
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Fig. 5 Expression profiles of DNA demethylase genes in response
to abiotic stresses including heat, cold, drought and salinity. The
expression levels relative to GAPDH were measured by quantitative

stresses (Sanchez and Paszkowski 2014; Xu et al. 2015).
Salinity, drought, cold and heat are recurrent stresses land
plants will encounter in the natural environment. The
Arabidopsis transcriptome data shown that under those
stresses, the expression levels of DNA demethylase genes
underwent substantial changes (Fig. S8). To study how
strawberry demethylase genes respond to abiotic stresses,
the expression profiles of DNA demethylase genes were
investigated in strawberry seedlings. The qPCR results
demonstrated that DNA demethylase genes responded dif-
ferentially to a particular abiotic stress (Fig. 5, Fig. S9 and
S10). Fv-demethylasel belonging to the DML class showed
higher expression after cold, drought and salinity stresses,
but it did not increase during heat shock. The mRNA level
of Fv-demethylase2 decreased after heat or cold treatment,
but increased after drought or salinity stresses. It is noted
that Fv-demethylase2 mRNA level was lower after 3 h of
heat shock, but recovered after 8 h (3 h heat shock + 5 h
recovery), indicating that the effect of heat shock did not
last long. Fv-demethylase4 expression was higher in all
four treatments. As the only DME class gene, Fv-demeth-
ylase3 did not have dramatic response to any of the four
treatments. In summary, some demethylase genes show
dynamic expression patterns upon cold, heat, salinity and
drought treatments, which indicates that active demeth-
ylation may be involved in F. vesca’s responses to abiotic
stresses.

Discussion

In this study, we performed a sequence-based searching
and phylogenetic analysis to identify the putative DNA
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RT-PCR and displayed in log2 scale. Three biological replicates and
three technical replicates were obtained for each data point. More
details are shown in Fig. S5

methyltransferase and demethylase genes in F. vesca and
other higher species. Nine methyltransferase genes and
four demethylase genes were identified in F. vesca. Some
of those F. vesca genes have very special domain/motif
compositions and are of particular interest. For the 15 spe-
cies investigated, the number of particular classes of meth-
yltransferase and demethylase genes varies, and each class
has different evolutionary characteristics. All four classes
of DNA methyltransferase gene are present in all angio-
sperms, but one class of the demethylase genes, the DME,
is absent in monocots (Fig. 1). A search for DNA demethy-
lase genes in a reference species Selaginella moellendorffii
demonstrates that there is only one gene encoding both the
glycosylase domain and the DME domain identified in the
genome, which belongs to the DML class (Fig. S11). In
line with previously reported (Zemach et al. 2010), the lack
of DME class DNA demethylase genes in A. trichopoda, S.
moellendorffii and all monocots indicates that the DME is a
newly evolved class of DNA demethylase gene that origi-
nated in the common ancestor of eudicots.

The phylogenetic studies suggested that WGDs and tan-
dem duplication events contributed to the expansions of
DNA methylation modifiers in angiosperms. But in F. vesca
and the other three species, all identified genes resulted
from dispersed duplications (Table 1). Pyrus bretschnei-
deri has the largest number of both DNA methyltransferase
and demethylase genes, for which lineage-specific duplica-
tions contributed substantially. Those recently duplicated
gene pairs had a faster gain and loss of domains/motifs and
experienced relaxed selective forces after the duplication
events happened.

Strawberry flesh is of great interest, as it is a model
fruit species for non-climacteric ripening. Both genomic
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transcriptome and qPCR data show diversified expression
patterns of those methyltransferase and demethylase genes
in fruit development and ripening. Particularly, some of the
DNA methyltransferase genes and all of the DNA demethy-
lase genes reach their expression peaks at either pre-turning
or turning stage (Fig. 4b). This indicates that DNA meth-
ylation patterns might undergo a dramatic change at this
critical stage of fruit ripening. Interestingly, an independent
study on histone lysine methylation modifiers revealed that
the expression levels of histone lysine methyltransferase
and demethylase genes peaked at the pink stage as well (Gu
et al. unpublished data). This concordance suggests a pos-
sible overall change of both DNA methylation and histone
methylation, and a regulatory role of epigenetic factors at
the onset of fruit ripening.

Plants are sessile and thus their fast response to abiotic
stresses is of great importance for their adaptation to the
ever-changing environment. Chromatin modifications play
an essential role in regulating gene expression during abi-
otic stresses. Our data showed that DNA demethylase genes
were found to respond to abiotic stresses including salin-
ity, drought, cold and heat in F. vesca (Fig. 5). In accord-
ance with the studies in Arabidopsis, the expression level
of the DML class demethylase gene Fv-demethylase4 was
found to increase substantially during heat shock. DNA
methylation is important for suppressing the transcription
of transposons and DNA repeats. This suppression can be
transiently released under prolonged heat stress (Sanchez
and Paszkowski 2014). The dramatically increased expres-
sion of demethylase genes in both Arabidopsis and straw-
berry under heat shock indicates that DML class demethy-
lase genes might be involved in this ectopic TE activation
in plants. In addition, during various abiotic stresses, the
expression levels of DNA demethylase genes change sub-
stantially, suggesting that demethylation of some critical
genes might be crucial for abiotic responses in plants. On
the other hand, each DNA demethylase has its special tar-
get (Stroud et al. 2013). This specificity ensures that active
DNA methylation by demethylases could regulate a set
of related genes and that cells could respond more accu-
rately. Considered that passive loss of DNA methylation
is replication dependent while active demethylation is not,
active DNA methylation by demethylases could respond
more quickly and is more advantageous for plants suffering
through severe stresses.

DNA methylation is essential in regulating developmen-
tal processes and responses to environment in plants. How
DNA methylases and demethylases are involved in various
cellular processes is of great interest. In this study, genes
encoding DNA methyltransferases and demethylases are
identified in F. vesca and other plant species. The phyloge-
netic studies suggest that whole-genome duplications and
tandem duplication contributed to the expansion of those

genes in plants. The expression data show that some DNA
methylation modifier genes reach their highest expression
levels in strawberry fleshy fruits when turning from white
to red, demonstrating a possible regulatory role of DNA
methylation in the ripening process of strawberry fruits.
Also, our data show that expression of some DNA meth-
ylation modifier genes responds to various abiotic stresses
including heat, cold, drought and salinity, which suggests
that DNA methylation is most likely involved in some of
the environmental influences on fruit growth and develop-
ment. We therefore believe that the work presented here
sheds some light on the possible roles of DNA methylation
in fruit development under normal and abiotic stress envi-
ronments, and also provides a basis for further characteri-
zation of epigenetic regulatory mechanisms on fruit devel-
opment in F. vesca.
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