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Abstract—Rubus idaeus L. is of great economic value. Some varieties of Rubus idaeus have a unique feature
of spontaneous rooting from the stem apex. To determine whether DNA methylation is associated with the
spontaneous rooting process, variations in the methylation at stem apex during four root developmental
stages were investigated, using the methylation-sensitive amplification polymorphism (MSAP) technique
and the bisulfite sequencing analysis (BSA). The results showed that the DNA methylation levels and patterns
were significantly different between the four developmental stages. A total of 824 CCGG amplified sites were
detected by MSAP. MSAP screening revealed that the level of DNA methylation at stages I to IV was 34.95,
36.04, 36.29, and 37.50%, respectively. The number of methylated sites and their methylation levels tended
to decrease at stages III and IV (root differentiation and elongation) compared with those at stage I (stem
elongation). After cloning and sequencing of the 16 polymorphic differentially methylated DNA fragments,
BLAST search results indicated that they might be involved in differentiation of the lateral root primordium,
plant defense, signal transduction, and energy metabolism. Results of the qRT-PCR and BSA analyses con-
firmed that methylation of some key genes was closely associated with their expression at the different devel-
opmental stages. These findings could be useful for future studies on the potential role of DNA methylation
in spontaneous rooting from the stem apex, implying its importance in rooting regulation and rapid expansion

of raspberry populations.
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INTRODUCTION

Rubus idaeus L. is a perennial deciduous shrub spe-
cies in the genus Rubus of the rose family. It is particu-
larly used in juice processing industry, and has a very
high nutritional value in terms of the antioxidant con-
tent [1]. Rubus family plants have a distinct biological
feature of spontaneous rooting from the stem apex. The
rooting process involves a series of changes, beginning
at the time of the equinox with an acceleration of exten-
sion growth and the acquisition of positive geotropism.
After entering into the ground, the stem apex forms a
root primordium, from which a short negatively geo-
tropic shoot arises, which terminates in a resting bud. In
the next spring, this resting bud develops to establish
an independent daughter plant [2]. This property of
rooting from stem apex is beneficial for rapid expan-
sion of raspberry populations in the wild environment.
Although fast vegetative propagation under artificial

! The article is published in the original.
Abbreviations: AR—adventitious rooting; BSA—bisulfite sequenc-
ing analysis; MSAP—methylation-sensitive amplification poly-
morphism; NR—non-redundant database; RLKs—receptor-like
protein kinases.

culture conditions leads to high plant density, it causes
rapid degradation of the raspberry orchard in a short
time. Most of the Rubus species presently grown under
controlled conditions are invasive and pose environ-
mental concerns in many countries. However, the
molecular mechanisms of spontaneous rooting in
R. idaeus are not well known.

DNA methylation is a biochemical process that
involves the addition of a methyl group to the cyto-
sines or adenines of DNA. It has both epigenetic and
mutagenic effects on many biological processes, and is
believed to play an important role in regulating the
gene expression during plant growth and development
[3, 4], including adventitious rooting (AR) [5]. Spe-
cific changes in DNA methylation and gene expres-
sion may regulate the process of AR [6, 7]; however,
no information on DNA methylation during sponta-
neous rooting from the stem apex in R. idaeus has been
published currently. Therefore, the main aim of the
present study was to investigate the relationship
between DNA methylation and gene expression
changes at different developmental stages, and the
findings of this study could be useful for future study
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Table 1. Primer sequences for real-time quantitative PCR analysis

Fragment

Primer sequences (5'-3")

Actin

L01

L14

L16

Forward: GAGGAGCACCCAGTTCTTCTT
Backward: GAACGGCCTGGATAGCAACA
Forward: CTGCGTACCAATTCTCGCAA
Backward: GGGGAGGAGCCTTTGAAATCTA
Forward: CCTCTTGCTGCGGTCATAATT
Backward: AAGCGTTTGGAATTTCACTCG
Forward: GCACTGGTTGAGTGACCTCT
Backward: AGTCTTGACAGTCTTCCGGC

on the potential role of DNA methylation in sponta-
neous rooting from the stem apex, implying its impor-
tance in rooting regulation and rapid expansion of rasp-
berry populations.

MATERIALS AND METHODS

Morphological changes of the stem apex. The study
was conducted at a raspberry (Rubus idaeus L.)
orchard near Siping, Jilin Province, China. Morpho-
logical changes in the stem apex were observed
throughout the growth season. Terminal tips that were
0.5 cm long and in good condition were sampled from
the stem apex at different developmental stages. Twelve
samples were acquired (three biological replicates from
each of the four developmental stages) and immediately
frozen in liquid nitrogen and stored at —80°C.

Total genomic DNA preparation and MSAP analysis.
Total genomic DNA from the terminal tips was iso-
lated wusing cetyl trimethyl ammonium bromide
(CTAB) (Beijing Chemical, China) method as
described earlier [8]. MSAP analysis was performed as
described by Cheng et al. [9]. Briefly, genomic DNA
samples (200 ng) were double-digested with
EcoR1/Hpall or EcoR1/Mspl, and then the ligation of
two different adapters was performed followed by a
pre-amplification reaction. Diluted pre-amplified
fragments were used as the starting material for selec-
tive amplification using specific primers. Selective
amplification products were mixed with loading buffer
and, after denaturation at 94°C for 10 min, were frac-
tionated on a 6% denaturing polyacrylamide gel. The
silver staining was performed as described by Bassam
et al. [10].

Sequencing of the MSAP fragment. After silver stain-
ing, a statistical analysis was conducted on the visual-
ized bands. A total of 20 differentially amplified MSAP
bands (L01—L16) that represented at least one demeth-
ylation or methylation change were precisely excised
from the polyacrylamide gel. Of these, 16 were success-
fully cloned in pMDI18-T vector (TaKaRa, China) and
sequenced. BLASTN and BLASTX programs of NCBI
[11] were used for homology searches of the cloned
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DNA sequences against the GenBank nucleotide and
protein sequence databases.

Quantitative real-time PCR analysis (qRT-PCR).
Total RNA samples were isolated using Aidlab Total
RNA Extraction Kit (Aidlab, China). The RNase-free
DNase I (Invitrogen, China) was used to ensure that
the extracted RNA was free from genomic DNA con-
tamination. cDNA was synthesized using PrimeScript
RT Reagent Kit (TaKaRa, Japan) following the man-
ufacturer’s instructions. qRT-PCR was conducted
with gene-specific primers, that were designed using
Premier 6.0 software (PREMIER Biosoft Interna-
tional, United States) and were synthesized commer-
cially (Invitrogen). The final volume of the reaction
mixture was 25 uL; it contained 1.0 uL cDNA tem-
plate, 1.0 uL of each primer (10 uM), and 12.5 uL
2x SYBR Premix Ex Taq (Takara Bio, Japan),
according to the manufacturer’s instructions. The
gqRT-PCR was performed using a Rotor-Gene 2000
thermocycler (Corbett Research, Australia). All the
reactions were performed in triplicates, and three
independent sets of samples were used in each experi-
ment. PCR conditions used were as follows: 10 min at
95°C, followed by 40 cycles of 15 s at 95°C and 1 min
at 60°C. Amplification data were analyzed using real-
time analysis software (Corbett Research, Australia).
CT values for each gene were then normalized with the
housekeeping gene [-Actin, using the formula
(GENE-ACTIN), where ACTIN is the mean CT of
the triplicate 3-Actin gene PCR runs and GENE is the
mean CT of the triplicate runs of the gene of interest.
Transcript fold changes, which describe the change in
the expression of the target gene, in samples from
stages I1 to IV, relative to that from the first stage tran-
script, were calculated using the 2~2A¢t method [12].
Primer sequences for qRT-PCR are listed in Table 1.

BS-Seq library construction and sequencing. EZ
DNA Methylation Gold Kit (Zymo Research,
United States) was used for bisulfite-conversion of
twelve genomic DNA samples (three biological rep-
licates from each of the developmental stages), fol-
lowing the manufacturer’s instructions. The CpG
islands of the L16 fragment were predicted using
MethPrimer (http://www.urogene.org/cgi-bin/
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(a)

Fig 1. Morphological changes of stem apex in raspberry. (a) Stem elongation, stage I; (b) growth cessation of stem apex, stage 11;
(c) differentiation of root primordium, stage 111; (d) root elongation of stem tip, stage I'V.

methprimer/methprimer.cgi) and amplified by PCR.
The PCR primers used were as follows: For-5'-
ATTTAGGTAATAGATGGTTTTTGATAGT-3' and
Rev-5'-ATAAACATAACCTACCTCTCTCTCC-3'. The
bisulfite-converted DNA was amplified by 40 PCR
cycles and purified using a PCR purification kit (Qia-
gen). All the qRT-PCR products were cloned into
pMDI18-T vector (Takara, Japan) and sequenced.
Three independent amplification experiments were
performed for the L16 fragment from each develop-
mental stage. We sequenced six clones from each set of
amplification and cloning. A total of 18 clones of the
L16 fragment were sequenced. Methylation levels were
calculated by dividing the number of non-converted
(methylated) cytosines with the total number of cyto-
sines in the sequenced regions.

RESULTS

DNA Methylation Changes in the Stem Apex
at Different Root Developmental Stages as Revealed
by Methylation-Sensitive Amplification Polymorphism
(MSAP)

The spontaneous rooting process was divided into
four stages, including stem elongation (stage I), root
growth cessation (stage II), primordium differentia-
tion (stage I1I), and root elongation (stage 1V) (Fig. 1).
For each MSAP primer combination, there were eight
lanes, corresponding to four root developmental
stages. A total of 18 pairs of primer combinations were
used for MSAP, to detect DNA methylation variations
at 5'-CCGG-3' sites in the genome of stem apex.
MSAP-amplified bands were classified into four
types: 1, 1I, III, and IV. Band types III and IV were
classified as fully methylated, band type II as hemi-
methylated, and band type I as unmethylated [9]. The
results demonstrated that the DNA methylation levels
and patterns were different in the four stages (Table 2).
A total of 824 loci were amplified. MSAP screening
revealed that the level of DNA methylation at stages I
to 1V was 34.95, 36.04, 36.29, and 37.50%, respec-
tively. The total number of methylated sites was 288 at
stage I (control) and ranged from 297 to 309 at stages 11
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to 1V, respectively. The total level of methylation was
34.95% at stage 1, which increased by approximately
4% at stages II—IV. A total of 101 hemi-methylated
DNA fragments (band type II) were detected at stage I,
accounting for 12.26% of the total bands. At stages 11—
IV, the number of hemi-methylated DNA fragments
ranged from 62 to 97, accounting for 7.52—11.77% of
the total bands, which were less frequent than those at
stage I.

The total number of methylated sites and therefore,
the total percentage of methylation tended to increase
at stages III and IV (root differentiation and elonga-
tion) compared with those at stage I (stem elongation).
Chi-square analysis showed that the MSAP bands at
stages II—-IV were significantly different from those at
stage I (Table 3). Pairwise comparisons between dif-
ferent stages showed that most of them showed signifi-
cantly different levels of methylation. These results
indicate that the methylation status varies substantially
among the different developmental stages.

Changes in Methylation and Demethylation
between Stem Growth and Root Differentiation

Based on the above-mentioned results, all changes
in cytosine methylation were classified into three cat-
egories: no change, demethylation, and methylation
[4]. The three patterns were then further classified into
15 classes (Table 4). The no-change category was
characterized with no alteration in the cytosine meth-
ylation and included classes A, B, C, and D, which
indicated that the same 5'-CCGG-3'sites were detected
at different developmental stages. The demethylation
category was characterized by cytosine demethylation
at stages II—1V and included classes E, F, G, H, I, and
J, showing the cytosines that were demethylated to dif-
ferent extents at stages II—-IV compared with stage I.
The third category was the methylation category,
which was characterized by increased cytosine meth-
ylation at stages II-IV compared with stage I and
included classes K, L, M, N, O, and P. Of these three
categories, the no-change category had 606, 465, and
443 amplified sites at stages II—1V compared to stage I,
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Table 2. Different types of MSAP cytosine methylation levels during spontaneous root primordium differentiation

from stem apex in raspberry

Patterns Stage

Hpall Mspl balrl/[dsgl;es Suatistics stage | stage I1 stage I11 stage [V
1 1 I 536 527 525 515
1 0 11 101 73 62 97
0 1 111 127 135 161 153
0 0 v 60 89 76 59
Total amplified sites 824 824 824 824
Total methylated sites 288 297 299 309
Fully methylated sites 187 224 237 212

Total methylated ratio 34.95% 36.04% 36.29% 37.50%

Fully methylated ratio 22.69% 27.18% 28.76% 25.73%

Hemi-methylated ratio 12.26% 8.86% 7.52% 11.77%

1 and 0 represent the presence and absence of bands, respectively. The following formulae were used to calculate the total number of amplified
sites, total methylated sites, fully methylated sites, total methylated ratio, fully methylated ratio, and hemi-methylated ratio. Total amplified
sites = Y. (I, 11, 111 and IV bands), total methylated sites = Y’ (11, 111 and IV bands), fully methylated sites = }, (111 and IV bands), total meth-
ylated ratio = total methylated sites < 100% /total amplified sites, fully methylated ratio = fully methylated sites x100%/total amplified
sites, hemi-methylated ratio = number of II bands X 100% /total amplified sites.

representing approximately 73.54, 56.43, and 53.76%
of the total amplified sites. The demethylation category
included 127, 97, and 114 amplified sites, representing
15.41, 11.77, and 13.83% of the sites, respectively. The
methylation category had 91, 98, and 114 amplified
sites, representing 11.04, 11.89, and 13.83% of the total
amplified sites, which was less than the number of
amplified sites in the no-change and demethylation
category (Table 4).

Sequence Analysis of Polymorphic Fragments
at Different Developmental Stages

After MSAP analysis, 16 of the 20 randomly
selected differentially displayed DNA fragments were
successfully cloned for sequence analysis (Table 5).
The length of the fragments ranged from 115 to 799 bp.
The selected MSAP bands included four single meth-
ylation and eight single demethylation changes con-
taining fragments, and four fragments containing dou-
ble changes (demethylation and methylation). As the
raspberry genome is yet not sequenced, BLASTN was
performed against the non-redundant database (NR)
in the NCBI to find the homologous sequences in
other plants. Sequence analysis indicated that 13 out of
the 16 sequenced fragments displayed high sequence
homology with the reported coding sequences from
other plants. Most of these genes were found to be pro-
tein-coding ones. Among them, LO1, L06, L13, L14,
L15, and L16 were found to be homologous to the
NRTI1/PTR 5.10-like family of proteins, mitogen-
activated protein kinase 20, transmembrane protein
87A, probable receptor-like protein kinase, DNA
repair protein alkB homolog 8, and lateral root pri-
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mordium protein-related in Fragaria vesca subsp.
Vesca, respectively. L04 and L10 are homologous to
Prunus mume DNA polymerase V and Prunus arme-
niaca 40S ribosomal protein S8 (RPS8) mRNA,
respectively, whereas the other fragments, 1.02, L0535,
L07, L09, and L12 are homologous to uncharacterized
proteins, microsatellite or other genomic sequences
(Table 5). These results demonstrate that a large num-
ber of diverse genes show alterations in DNA methyl-
ation during the transition of shoot tip to root tip.

Methylation Changes
and Quantitative Real-Time PCR Analysis

Differentially displayed DNA fragments LO1, L14,
and L16 involved in lateral root primordium differen-
tiation were chosen to evaluate the relationship

Table 3. Chi-square value and significance statistics analy-
sis of MSAP bands during spontaneous root primordium
differentiation from stem apex in raspberry

Stage 1 Stage II | Stage III | Stage IV
Stage 1 0
Stage 11 22.43** 0
Stage I11 28.65%* 9.34* 0
Stage IV 6.32 23.52%* 17.65%* 0
%0.013) 11.34
%0.05(3) 7.81

Single and double asterisks indicate significant differences at P < 0.05
and P <0.01 levels.
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Table 4. Different categories of DNA methylation changes during spontaneous root primordium differentiation from stem

apex in raspberry

o Type Comparison of methylation changes during root
Statistics Description Classes of methylation differentiation stages
of patterns

change* stage 11 stage 111 stage IV

No changes A I->1 462 465 443

B H—-1I 27 31 30

C III — 111 91 95 99

D V-1V 26 38 24

Total 606 465 443
Frequency 73.54% 56.43% 53.76%

Demethylation | E -1 32 17 42

F HI—1 28 30 29

G IV—>1 14 15 11

H 11 — 11 4 12 8

1 IV—- 11l 40 12 10

J IV—- 111 9 11 14

Total 127 97 114
Frequency 15.41% 11.77% 13.83%

Methylation K I->11 30 18 14

L I — III 25 27 36

M II— III 2 2 12

N I[->1V 10 15 22

(0] IH-1v 12 12 13

P I - 1v 12 24 17

Total 91 98 114
Frequency 11.04% 11.89% 13.83%

* Before and after the right arrow indicates MSAP band types during stage I and the following three stages, respectively. I (type 1),
unmethylated bands; II (type I11), hemi-methylated bands; 111 and 1V (type 111 and 1V), fully methylated bands (type 1V is considered

as hypermethylated bands).

between the expression levels and methylation
changes at stages I1-1V (Fig. 2). The L01 fragment is
homologous to the NRT1 (PTR) transporter family
that is expressed in primary and lateral root; the puta-
tive transporter is essential for integrating nutrient and
hormone signaling with lateral root growth and nodule
development in Medicago truncatula [13]. L14 frag-
ment is homologous to the probable receptor-like pro-
tein kinases (RLKSs). The Arabidopsis WAK-RLKSs
have been shown to play key roles in regulation of the
root cell expansion. L16 fragment is homologous to
lateral root primordium gene. 101, L14, and L16 frag-
ments were all demethylated from the stem elongation
stage to root primordium differentiation and root
elongation stages (Table 5). The expression of LO1, L14,
and L16 fragments was up-regulated from stages II to
IV. During the same stages, the demethylation
changes of LO1, L14, and L16 fragments occurred
(Table 5). Thus, the increase in the expression levels of
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L01, L14, and L16 fragments may be closely related to
the demethylation changes during these stages.

Validation of the L 16 Fragment Methylation
by Bisulfite Sequencing

To avoid discrimination against methylated or
unmethylated DNA in BS sequencing, the primers are
required not to contain any CpG sites. The L16 frag-
ment coding gene associated with lateral root primor-
dium, and it may play an important role in root devel-
opment in raspberry. Moreover, there was no CpG sites
in the primers of L16 fragment. Therefore, L16 frag-
ment was selected as a representative to perform bisul-
fite genomic sequencing at stages II-IV using Meth-
Primer (http://www.urogene.org/cgibin/methprimer/
methprimer.cgi). Nine CpG sites were predicted in the
BSP-amplified sequences of L16 (183 bp) (Fig. 3). A
total of 162 CpG sites were identified after sequencing
in the L16 fragment from all the four stage with signif-
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Table 5. BLAST results of 16 polymorphic differentially expressed MSAP DNA fragments
MSAP | Size, . Primers Types of methylation
Reference accession no. .. Sequence homology changes at different
fragments | bp combination
development stages

LO1 115 | refflXM_011466451.1 E85/Msp39 | Fragaria vesca subsp. vesca protein | IV—IV—III-I (D)
NRT1/PTR FAMILY 5.10-like
(LOC105349283), mRNA

L02 140 |reffXR 907918.1 E77/Msp42 | Fragaria vesca subsp. vesca H-1I-I-II1 (D - M)
uncharacterized LOC105352949
(LOC105352949), ncRNA

L03 160 |emb|FQ310506.3 E49/Msp4l | Dicentrarchus labrax chromosome | [—I—IIT1—IIT (M)
sequence corresponding to linkage
group 1, top part, complete
sequence

L04 180 |reflXM_ 008238823.1 E49/Msp4l | Prunus mume DNA polymerase V, | [-1-ITI-III (M)
mRNA

LO5 202 |gb|HQ884172.1 E43/Msp39 | Linum usitatissimum clone Con- | [I-I1-IV—IV (M)
tig2058 microsatellite sequence

LO06 231 |reflXM_004303818.2 E32/Msp39 | Fragaria vesca subsp. vesca mito- | [II-IT1T-1-III (D — M)
gen-activated protein kinase 20

LO07 242 | refflXM_004305476.2 E40/Msp39 | Fragaria vesca subsp. vesca HI-III-III-I (D)
uncharacterized LOC101304025

LO8 261 |gb|CP003911.1 E44/Msp40 | Variovorax paradoxus B4 chromo- | IV-IV—II-II (D)
some 1, complete sequence

L09 265 |gb|FJ149407.1 E32/Msp39 | Daucus carota subsp. sativus clone | IV=IT1-II1-III (D)
BAC C106C12 genomic sequence

L10 296 |gb|AF071889.1 E77/Msp42 | Prunus armeniaca 40S ribosomal | [II-III—-I-III (D — M)
protein S8 (RPS8) mRNA

L1l 314 | gb|CP001013.1 E76/Msp42 | Leptothrix cholodnii SP-6 IV-IV-IV—I (D)

L12 350 |gb|HQ637505.1 E38/Msp42 | Rubus glaucus clone Mora-B10 [-ITT-III-1V (M)
microsatellite sequence

L13 351 |reflXM 004303662.2 E49/Msp4l | Fragaria vesca subsp. vesca trans- | [II-I-I11-1V (D — M)
membrane protein 87A

L14 388 | LOC101314505 E32/Msp39 | Fragaria vesca subsp. vesca proba- | [I-11—-I1—I (D)
ble receptor-like protein kinase
Atlg67000

L15 396 |[reflXM_011467112.1 E44/Msp40 | Fragaria vesca subsp. vesca HI-IT-1I1-1V (M)
alkylated DNA repair protein

L16 799 |gb|U24702.1|ATU24702 | E35/Msp4l | Fragaria vesca subsp. vesca protein | I[I-11—I—I (D)

LATERAL ROOT PRIMOR-
DIUM 1 (LOCI101310963), mRNA

One D and one M in brackets represents once demethylation and methylation changes at different developmental stages, respectively.
Demethylation concluded the following MSAP band type changes: I — I, III = I, IV — I, I1I — II, IV — 11, and IV — III. Methyla-
tion concluded the following MSAP band type changes: I — II, I — III, Il = III, I = IV, Il = IV, and 111 — IV.
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1
GACTGCGTACCAATTCACAGGCTTGGCC ACCTTCTACCAAC TCCCTTATTCTCAAGCCCC

TH TR T H BB R T H I EH B BRI H B e
1
GATTGCGTATTAATTTATAGGTTTGGTTATTTTTTATTAATTTTTTTATTTTTAAGTTTT

61
TCATAAGCTCTCTGC ACTTGCATT AACTCCGTCGTGAAGGC AAATGGAC AATGTCCTAAG

I EEE IR R R TR NTR TR
61
TTATAAGTTTTTIGTATTTGTATTAATTTOGTCGTGAAGGT AAATGGATAATGTTTTAAG

121
GAAACAGGTCTAAAGAGATG TGGGAAGAGTCACTTICGTIGGATGAACTATCTGAGACCTG

R e AN BT
121
GAAATAGCTTTAAGAGATCTGCGAAGAGTTATTTCGTTCGATGAATTATITGAGATTTG

181
ATATTACTGGATCCGATCATATGAACAC AATGCACTGGTTGAGTG ACCTCTACTCAAGAC

e TH T ESTITEEITNEEEIBEIIIE
181
ATATTATTGGATICGATTATATGAATATAATGTATTGGTTGAGTGATTTTTATTTAAGAT

241
TCCGACATTAACTTCTCGCGAAAC AAMAGATGGCAGAATAAC AACAACAACCACGAAAAGT

s IR e R TEH N HITE TR T
241
TTCGATATTAATTTTTCGCGAAATAAAGATCG TAGAATAAT AATAATAATTACGAARAGT

301
ATCTTCAGATATTAAGAGCAGCATTTCTGATGA AACTAATCATCAGACTCCA

301
ATTTITAGATATTAAGAGTAGTATTTITGATGATGAAGAAGAATTAATTATTAGATTTTA

361
TAAGCTCCTAGGCAACAGATGGTC TCTGATAGCCGGAAGAC TGTC AAGACTTGGAAATCA

R R TR NIRRT R I EIETITE NG
361
TAAGTITTTAGGTAATAGATCGTTTTTGATAGTCGGAAGATTGTTAAGATTTGGAAATTA
POSSISSI2005555559555555553

Fig. 2. Expression changes of L01, L14, and L16 MSAP fragment during the four root developmental stages.

421

GGCGAAGAAAGAGTG TAAGC AGAGGCGG TGTAGGACT TGCTGCAAGAGCCGTGGCATTTG

N TR e T B VT N BT
41

GGCGAAGAAAGAGTG TAAGT AGAGGCGGTGTAGGATT TGTTGTAAGAGTCGTGGTATTIG

481
ATTGTTCTCTC ACGTGAAGGCACG TGCGGTCTCTGCTGCTC GGCGGAGAGAGAGGCAGGT

R R TR T H E TR L L IR

481
ATTGTTTTTTTACGTGAAGGTACGTGCGGTTTTIGTTGTICGGCGGAGAGAGACGTAGGT
CLLLRLLLLLLRLLL

541
CATGCCTACCGGCGC TAATCCAACGTCATACTTCAAC TTCTACAC ACCACCTCAAGTTTC
BRI RS N B R IH IR B I HH B E
111+
541
TATGTITATCGGCGTTAATTTAACGTTATATT TTAATTTITATATATTATITTAAGITIC
LKL
601
GAGACCAGCTCCAGCCOACAAGGTAGTTTTAC ATTCATTAGTATACATAGCTACATGATT
R HE B B ENR s g
601

GAGATTAGTTTTAGTCGATAAGGT AGTTTTAT ATTTATTAG TATATATAGTTATATGATT

661
TTATGTATGATATAC ATGCATATAACACTATTAGCCCTICTTGAATATTATIGTTATGGT

R R R TR R RN
661
TTATGTATGATATATATGTATATAATATTATTAGTTTTTTTTGAATATTATTGTTATGGT

721
GATCAATCAAAGTTTGGTGTCTTTCTAACCAAAACTTAATATCGTTIGGATCGGTTATAT

R RN E R TR RN RN RS T TR
721

GATTAATTAAAGTTTGGIGTTTTTTTAATTAAAATTTAATATOGTTTGGATCGGTTATAT
781 CCTCCGCTCAGGACTCATC

HEHHIIHHIE
781 TTTTCGTTTAGGATTTATT

Fig. 3. Amplified nucleotide sequences of the methylation-sensitive amplification polymorphism (MSAP) DNA fragment L16 by
bisulfite polymerase chain reaction. The nucleotide sequence for a 183-bp (total 9CpG sites) fragment (upper strands) and its
bisulfite-converted version (lower strands) are shown. The primer sequences used are underlined. Plus signs in the figure show
the position of CpG sites.
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Fig. 4. DNA methylation changes in CpG sites of MSAP DNA fragment L16 during the four root developmental stages in rasp-

berry identified by bisulfite polymerase chain reaction.

icant differences in DNA methylation. Methylation
levels of 40.12 and 39.51% were found at stages I and 11,
respectively, and they were significantly lower than
the levels at stages III and IV (Fig. 4). These results
are consistent with those obtained by the MSAP
analysis. Thus, bona fide methylation changes in L16
fragment during stage I to IV were verified by bisul-
fite sequencing.

DISCUSSION

Relationship between Transition of Stem Growth
to Root Differentiation and DNA Methylation

DNA methylation can result in stable epigenetic
changes in gene activity without alterations in the DNA
sequence [14]. In the present study, the MSAP method
was used to identify the methylation at different root
developmental stages. The MSAP analysis, using
18 pairs of primers demonstrated that the DNA meth-
ylation levels at the root primordium differentiation and
root elongation stages were higher than that at the stem
elongation and cessation stages. This finding is in con-
cordance with the results reported for the epigenetic dif-
ferences between shoots and roots in Arabidopsis, which
indicated that the DNA methylation levels are higher in
Arabidopsis roots than in shoots [15]. Variations were
noted in the root-specific genes of the extensin family,
which are preferentially methylated and have at least
10-fold higher expression and lower nucleosome den-
sity in roots relative to shoots. Therefore, MSAP is an
effective method for identifying genes involved in the
transition from stem growth to root differentiation,
although only a fraction of known DNA methylation
polymorphisms are detected.

DNA Methylation and Gene Expression Changes
Jfrom Stem Growth to Root Differentiation

DNA methylation is a possible mechanism for the
regulation of gene expression in plant development [16].
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Substantial data show a correlation between gene
expression changes due to DNA methylation and
adventitious root differentiation [5]. To our knowl-
edge, the present study is the first to report changes in
gene expression during the transition from stem
growth to root differentiation because of the alter-
ations in DNA methylation. We identified 16 genes
related to this transition that were predicted to encode
proteins involved in transcriptional regulation, plant
development, signal transduction, and energy metab-
olism. The variations in the expression levels of these
genes at different stages of root developmental might
be related to the transition from stem growth to root
differentiation.

The LO1 fragment is homologous to NRT1 (PTR)
transporter family, which was reported to participate
in integrating the nutrient and hormone signaling [17].
These are the key factors directly influencing plant
root differentiation, growth, and elongation [17, 18].
The two other root development-related fragments
L14 and L16 are homologous to probable receptor-like
protein kinase (RLKS) and lateral root primordium
genes (Irpl) [19, 20]. LO1, L14, and L16 fragments
were all demethylated (Table 5) and their expression
levels were higher at stages 111 and IV than at stages I
and II (Fig. 2). In addition, lateral root primordium
gene (Irpl) transcripts were detected only at the early
stages of lateral and adventitious root primordia for-
mation but not at the later stages of primordia devel-
opment. RLKS and NRT1 have been reported to play
an important role in the adventitious root develop-
ment. Therefore, demethylation of these genes might
occur during the transition from stem tip to root tip. It
can be inferred that the transcription of methylated
genes would be reduced, whereas that of the demeth-
ylated genes would be enhanced during the root pri-
mordium differentiation of the stem apex. The meth-
ylation sites are more numerous than the demethyla-
tion ones during the root primordium differentiation,
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indicating that there are more inactivated genes than
derepressed genes. The activation of demethylated
genes and the repression of methylated genes might
accelerate the transition from stem tips to root tips.

CpG Sites and Regulation of Transcription

DNA methylation represents an important epigen-
etic mechanism that influences chromatin structure
and gene regulation, the modulation of which plays
major roles in the control of plant development, espe-
cially the timing of development and tissue-specific
developmental transitions [21, 22]. Global DNA
demethylation was observed during root differentia-
tion in Arabidopsis and Populus trichocarpa [13—15].
Nevertheless, the role of DNA demethylation in root
differentiation from the stem apex in raspberry
remains unclear. CpG island methylation in the
5'-UTR can block the binding of sequence-specific
trans-acting proteins and enhance nucleosome stabil-
ity by attracting histone H1 to linker regions contain-
ing methyl-CpG islands, thus leading to transcrip-
tional repression [23]. In our BSP analysis, the meth-
ylation percentage of L16 (183 bp) sequence with nine
CpG sites showed a decreasing trend from stage I and
11 to stage I1I and IV. The expression of L16 increased
significantly when the methylation status changed
from hypermethylation to non-methylation. These
results suggest that demethylation up-regulates the
expression of the related genes. Because of the diffi-
culty in designing effective BSP amplification prim-
ers, we failed to determine the differential methylation
levels of other gene fragments in this study.

In summary, this study demonstrated that MSAP is
an effective technique for DNA methylation polymor-
phism analysis in the raspberry genome. The differ-
ences in the DNA methylation levels at different root
developmental stages might be responsible for specific
gene expression during root differentiation. The DNA
methylation patterns mainly at the root primordium
differentiation stage might be under the influence of
methylation or demethylation of the key genes. The
results offer preliminary but comprehensive insights
into the DNA methylation associated with sponta-
neous rooting from the stem apex in Rubus idaeus, and
provide a scientific basis for further studies on the
mechanism of regulation of plant rooting.
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