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Abstract DNA methylation, an epigenetic mechanism

used by cells to control gene expression, has an important

biological role in plant development and environmental

fitness. Since plant DNA methylation is closely related to

environmental conditions, variation during the day is

expected. Here, in genetically identical plants of Populus

nigra clone N46, DNA methylation changes in leaves over

a 24 h period were detected using the methylation-sensitive

amplification polymorphism method. The results showed

different DNA methylation patterns in mature poplar

leaves: not only in individuals at the same time, but also in

samples at each of the six time during the day. In addition,

night samples had a higher percentage of methylation than

in morning samples. However, no statistically significant

differences were found among the samples gathered at

different times. Similar results were obtained for three

other P. nigra clones with different genetic backgrounds.

Real time qPCR showed that the DNA methyltransferase

genes Pt-MET1 and Pt-SOM1 involved in CG DNA

methylation in poplar were stable over a 24 h period in

leaves of P. nigra N46 compared with circadian-controlled

genes. That could be part of the reason that methylation of

CCGG sites is stable in those leaves. That DNA methyla-

tion differed even in genetically identical plants indicates

the specificity of DNA methylation changes in their gen-

omes. No statistically significant differences in methylation

changes were found between day and night, suggesting that

DNA methylation is more stable than expected and is

unlikely to be involved in circadian regulation in plants.
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Introduction

DNA methylation is an important epigenetic modification in

the genomes of eukaryotes such as fungi, plants, and animals

(Martienssen and Colot 2001). In plant genomes, DNA

methylation predominantly occurs at symmetric CG sites; it

is also found in symmetric CHG and asymmetric CHH sites

(in which H = A, T, or C) (Law and Jacobsen 2010). In

Arabidopsis, it occurs at CG, CHG, and CHH sites at rates of

approximately 24.0, 6.7, and 1.7%, respectively (Cokus

et al. 2008). For equivalent sites in Populus trichocarpa, the

rates are approximately 41.9, 20.9, and 3.25%, respectively

(Feng et al. 2010). DNA methylation in plants is catalyzed

by domains rearranged methyltransferase 2 (DRM2). The

maintenance of DNA methylation at CG, CHG, and CHH

sites is catalyzed by three DNA methyltransferases: CG
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methylation is maintained by DNA methyltransferase 1

(MET1), CHG methylation is maintained by chro-

momethylase 3 (CMT3), and CHH methylation by DRM2

(Law and Jacobsen 2010). Besides the DNA methyltrans-

ferases in plants, 5-methylcytosine DNA glycosylases can

actively remove a methyl group (–CH3), indicating the

dynamic nature of DNA methylation in plant genomes

(Agius et al. 2006; Penterman et al. 2007; Vining et al. 2012;

Zhu 2009).

Changes in DNA methylation have been reported during

plant gametogenesis, flower patterning, and seed develop-

ment (Calarco et al. 2012; Ikeda 2012; Martienssen and

Colot 2001;Ma et al. 2015; Xing et al. 2015). In recent years,

a number of studies have also investigated changes in plant

DNA methylation under different environmental conditions

(Mirouze and Paszkowski 2011). Most detected clear chan-

ges in DNA methylation (Dowen et al. 2012; Eichten and

Springer 2015; Raj et al. 2011; Yaish et al. 2011). The main

environmental factors that influence DNA methylation sta-

tus are temperature and light. For example, hypomethylation

was induced by cold stress in Antirrhinum, and the degree of

transposon Tam3 DNA methylation was positively corre-

lated with growth temperature (Hashida et al. 2006). In

addition, the expression of the Arabidopsis gene At3g50770

was inversely correlated with promoter DNAmethylation at

an elevated temperature (Naydenov et al. 2015). Plants

grown in the light, and those grown in the dark also have

different methylation levels (Omidvar and Fellner 2015).

Under natural conditions, environmental factors such as

humidity, temperature, and light intensity change throughout

the day, and therefore, changes in DNAmethylation in plant

genomes are expected. Although daily changes in DNA

methylation have been found in human blood and in mouse

liver (Bönsch et al. 2007; Xia et al. 2015), variations in DNA

methylation during the day and at night have yet to be

reported for plants.

Poplars (Populus L.) are model forest tree species, and

one of the most commercially and ecologically important

forest trees. Because they can rapidly reproduce asexually to

produce genetically identical clones, poplars are ideal plants

for studying methylation variation. Here, using the P. nigra

clone N46, we analyzed variations in DNA methylation over

24 h using the methylation-sensitive amplification poly-

morphism (MSAP) method. We found different DNA

methylation patterns in mature poplar leaves, not only

among individuals at the same time, but also among samples

at each of six times. A higher methylation percentage and

variation rates in DNA methylation were observed in the

night samples compared with the morning samples. How-

ever, statistical analyses showed that there were no signifi-

cant differences among the samples from different times.

Similar results were also obtained for three other P. nigra

clones with different genetic backgrounds.

Materials and methods

Plant material and growth conditions

Four P. nigra clones (N46, N08, N15 and N77) were used

in the experiments, initially sourced from Belgium, West

China, Yugoslavia and Russia, respectively, in 2000 and

preserved in a germplasm bank in Beijing since then (Chu

et al. 2014). In early April 2012, homogeneous, dormant,

15 cm-long hardwood cuttings from 1 year-old stems of

N46 were planted in standard nursery potting medium and

placed in a greenhouse in Beijing, China (46�440 N,

117�100 W), under a controlled temperature (24–30 �C)
and natural sunlight. Plants were watered, fertilized and

rotated every 2 weeks. On August 8, 2012, 30 plants with

homogeneous size were selected, and mature leaves (the

4th–6th leaves from the plant top) in each plant were

collected at 8:00, 12:00, 16:00, 20:00, 24:00 and 4:00, five

biological replicates each time (three for MSAP analysis

and two for qPCR analysis). Daylight on the sample

collection day was from 5:19 to 19:20. All leaves were

frozen immediately in liquid nitrogen after collection and

stored in -80 �C.
Dormant, 15 cm-long hardwood cuttings from 1 year-

old stems of P. nigra clone N08, N15, and N77 were

propagated as above and grown in the same greenhouse as

N46 at the end of March 2013. On June 3, 2014, plants of

homogeneous size from each clone were selected, and three

biological replicates of mature leaves (4th–6th leaves from

the top) were collected at 12:00 and at 24:00. Daylight on

the sample collection day was from 4:47 to 19:38. All

leaves were frozen immediately in liquid nitrogen after

collection and stored at -80�C.

DNA extraction and MSAP analysis

Genomic DNA from leaves of each plant was isolated by

standard CTAB method (Porebski et al. 1997) and the

concentration of genomic DNA was checked with a Nan-

odrop 8000 spectrophotometer. Only qualified DNA sam-

ples (1.8\A260/280\2.0, 2.0\A260/230\2.3) were used

for further analysis.

The MSAP procedures were performed following the

general steps described by Cervera et al. with modifications

(Cervera et al. 2002). To avoid experimental variation, the

digestion, ligation and amplification reactions were carried

out simultaneously in all the DNA samples of each geno-

type. For each sample, 450 ng samples of genomic DNA

were digested by both restriction enzymes EcoRI/HpaII

and EcoRI/MspI, respectively. EcoRI/HpaII digestions

were performed in a 20 lL volume of 109 buffer 1 (New

England Biolabs, NEB), 10 U EcoRI and 5 U HpaII for

12 h at 37 �C. EcoRI/MspI digestions were carried out in a
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20 lL volume of 109 buffer 4 (New England Biolabs,

NEB), 10 U EcoRI and 10 U MspI for 12 h at 37 �C.
Digestion products were inactivated at 65 �C for 20 min.

Two different adapters were ligated to the digested DNA in

a 20 lL volume containing 2 lL 109 T4 DNA ligase

buffer, 10 lL digested DNA, 1 lL T4 DNA ligase (400 U/

lL), 1 lL EcoRI adapter (5 pmol/lL), 1 lL HpaII/MspI

adapter (50 pmol/lL) for 16 h at 16 �C. Ligation DNA

products were inactivated at 65 �C for 20 min.

Pre-amplification reaction was carried out in a Perkin

Elmer 9600 thermocycler with a 20 lL volume of 2 lL
109 exTaq DNA polymerase buffer (20 mM Mg2? Plus),

1.6 lL dNTP (2.5 mM each), 0.5 lL of each primer

(EcoRI?A and HpaII/MspI?0), 0.2 lL exTaq DNA

polymerase (5 U/lL, Takara, Dalian, China) and 4 lL of

ligation DNA product. PCR procedure was 2 min at 94 �C,
then for 20 cycles of 20 s at 94 �C, 30 s at 56 �C, and
2 min at 72 �C, and 2 min at 72 �C for extension.

Pre-amplification mixture was diluted 20-fold for use as

templates for the selective amplification. The PCR was

performed in a 20 lL volume of 2 lL 109 exTaq DNA

polymerase buffer (Mg2?-free), 2.4 lL dNTP (2.5 mM

each), 0.25 lL of fluorescently labeled EcoRI primers

(10 pmol/lL), 0.25 lL HpaII/MspI primer (10 pmol/lL),
1.2 lL Mg2? (25 mM), 0.2 lL exTaq DNA polymerase (5

U/lL), and 4 lL of diluted pre-amplified DNA. A touch-

down PCR program was used in the selective amplification:

2 min at 94 �C; ten cycles of 20 s at 94 �C, 30 s at 66 �C
(decrease by 1 �C in each cycle), and 2 min at 72 �C; then
20 cycles of 20 s at 94 �C, 30 s at 56 �C, 2 min at 72 �C;
and a final extension of 30 min at 60 �C.

Selective amplification products of P. nigra clones were

separated by capillary electrophoresison GeXP Genetic

Analysis System (Beckman, American) and ABI3730 (Life

technologies, American). Raw data was analyzed in frag-

ment analysis module of GeXP software and GeneMarker

V2.2.0. Disregarding bands under 60 bp for their fuzzy

appearance, fragments ranging from 60 to 600 bp were

marked, exported with 1 (presence) or 0 (absence), and

used in data analysis.

Data analysis

The amplified DNA fragments were divided into four

types: (1) type I, products amplified by both EcoRI/HpaII

and EcoRI/MspI combinations, indicating the nonmethy-

lated sites; (2) type II, products amplified by EcoRI/MspI

but not by EcoRI/HpaII, indicating full and hemi-methy-

lation of internal cytosine sites; (3) type III bands, products

amplified only by EcoRI/HpaII, not EcoRI/MspI, indicat-

ing hemi-methylated external cytosine sites; (4) type IV, no

products amplified by any enzyme combination, indicating

full-methylation of external cytosine, or full methylation of

both cytosines, or hemi-methylation of both cytosines, or

an unknown mutation in CCGG site, further referred to as

‘‘uncertain’’ sites (Schulz et al. 2013). Percentage of

methylation was calculated as (type II ? type III)/ (type I

? type II ? type III) (Karan et al. 2012).

The polymorphic ratio (PR) was used to represent the

difference in MSAP patterns among genetically identical

plants collected at the same time. The detected sites that

showed common EcoRI/HpaII and EcoRI/MspI patterns

among replicates were called nonpolymorphic methyla-

tion sites (NMS), while those that differed among repli-

cates were called polymorphic methylation sites (PMS).

The PR was calculated as follows: PR %ð Þ ¼ PMS =

NMS þ PMSð Þ � 100%.

The msap package in the R environment was used to

analyze the MSAP results to assess epigenetic variation

(Perez-Figueroa 2013). The default parameters were used

in the MSAP analysis, except for the parameter loci.per.-

primer, which is a vector providing the number of loci/

fragments obtained per primer combination. To assess the

methylation differences among the six time points, we

considered samples collected at the same time as a popu-

lation. To assess the methylation differences among dif-

ferent genotypes (N08, N15, and N77), we considered all

samples of each genotype as a population. Epigenetic

variation among different times and genotypes was asses-

sed by an analysis of molecular variance (AMOVA) (Ex-

coffier et al. 1992).

RNA isolation and real-time quantitative PCR

Total RNA of P. nigra N46 was extracted from mature

leaves of two biological replicates using an RNeasy Plant

Mini Kit (Qiagen, Germany) according to the manufac-

turer’s instructions. The RNA samples were treated with

RNase-free DNase (Promega, WI, USA) for 30 min at 37

�C. The cDNA was synthesized with Superscript II RNase-

Reverse Transcriptase (Invitrogen, CA, USA). Two poplar

CG DNA methylation maintenance genes (Pt-MET1:

Potri.018G138000, Potri.004G134000; Pt-SOM1: Potri.

007G026700, Potri.019G129900) and one clock-controlled

gene (Pt-LHCA2: Potri.003G171500 and Potri.T147200)

were selected, and primers were designed by Primer3 web

(http://primer3.ut.ee). Ubiquitin-like (Potri.005G198700)

was used as reference genes.

The real-time quantitative PCR analysis was carried out

in an ABI Prism 7500 sequence detector (Applied

Biosystems, CA, USA). Each PCR (final volume 20 lL)
contained 1 lL first-strand cDNA, 200 nM primers and 19

SYBR PCR mixture (TaKaRa Bio). The amplification

conditions were: 10 s at 95 �C, followed by 40 cycles of 5 s

at 95 �C and 35 s at 60 �C. Three to four replicates for each
RNA sample were included. Relative quantification values
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were calculated by the 2�DDCT method (Livak and Sch-

mittgen 2001).

Results

DNA methylation in genetically identical plants of P.

nigra N46 within and among six sampling times

Genomic DNA was extracted from the leaves of 30 P.

nigra N46 plants collected at six times (08:00, 12:00,

16:00, 20:00, 24:00 and 04:00) each day, with five repli-

cates for each time. A total of 20 MSAP primer combi-

nations were used to detect the methylation patterns at each

time with an automatic sequencer. Each primer combina-

tion produced 32–83 bands varying in length from 58 to

600 bp, with most bands ranging from 100 to 400 bp. E2-

HM15 produced the fewest bands (n = 32) and E7-HM17

produced the most (n = 83).

From the 30 samples collected at six different times, the

20 primer combinations detected a total of 1076 CCGG

loci. DNA methylation varied among samples collected at

the same time and also among samples collected at dif-

ferent times. The polymorphic sites among replicates of

each time were analyzed, and PR was calculated. The

results indicated that the 24:00 samples had the highest

rate of polymorphic sites, with a PR of 6.23%, followed by

those from 16:00, 20:00, 08:00, 12:00, and 04:00, with

rates of 5.3, 4.65, 4.09, 3.54, and 1.66%, respectively. The

average rates of methylation in samples from different

times were similar. The samples from 12:00 had the lowest

level of DNA methylation (48.88 ± 0.05%), while the

samples from 24:00 had the highest (49.33 ± 0.22%)

(Table 1).

To test the differences in methylation from samples

among the six times, MSAP profiles were analyzed using

the R package msap (Perez-Figueroa 2013). The AMOVA

revealed that there were no significant differences in the

samples among the six times (/ST = 0.1588, P = 0.0516).

This result indicated that DNA methylation did not change

consistently depending on the time of day.

DNA methylation in three other genotypes of P.

nigra

Additional analyses were performed with DNA samples

isolated from the leaves of three clones of P. nigra to

determine whether there were similar methylation varia-

tions in other genotypes. Based on the above results, two

times (12:00 and 24:00) were selected, and the leaves of

three replicates in every clone at each time point were

collected. Ten randomly selected primer combinations

were used to investigate the methylation patterns in those

samples.

Our results confirmed that there were variations in

methylation profiles both in the samples collected at each

time, and the samples collected at different times in all

three P. nigra genotypes (Table 2). Just like N46, samples

from 24:00 in N77 had the highest rate of polymorphic

sites. In N08 and N15, samples from 12:00 had the highest

rate of polymorphic sites. The average methylation per-

centage in the samples from 24:00 was higher than for the

12:00 samples in all three P. nigra genotypes. The

AMOVA analysis also revealed that there were no signif-

icant differences in the MSAP patterns between samples

from the two times in the three P. nigra clones (N08: /ST =

0.5946, P = 0.1014; N77: /ST = 0.006897, P = 0.5023;

N15: /ST = 0.3095, P = 0.103).

Genetic variation was observed in terms of the DNA

methylation of the three P. nigra clones. The AMOVA

analysis revealed significant differences among the three

genotypes (/ST = 0.5686, P \ 0.0001). The pairwise

analysis showed a significant difference between two

genotypes. Since the clones grew in the same environment

during this experiment and they were kept in the same

germplasm bank for over 10 years, the variation in DNA

methylation reflects the genetic variation of these geno-

types (Raj et al. 2011).

Expression of DNA methyltransferases

To elucidate the reason for the stable methylation status of

the CCGG sites of P. nigra N46 during the day and night,

the mRNA expression of two Arabidopsis DNA methyl-

transferases homologs in poplar involved in CG DNA

methylation was analyzed by real time qPCR using poplar

Pt-MET1 (Potri.018G138000, Potri.004G134000), homo-

logs of Arabidopsis DNA METHYLTRANSFE-RASE 1

(MET1); Pt-SOM1 (Potri.007G026700, Potri.019G12

9900), homologs of DECREASE IN DNAMETHYLATION

1 (DDM1). One poplar homolog of the Arabidopsis clock-

controlled gene Pt-LHCA2 (Potri.003G171500,

Potri.T147200) was also detected. Compared with the

clock-controlled gene, Pt-MET1 and Pt-SOM1 were stably

expressed at all sampling times in leaves of P. nigra N46

during the day and night (Fig. 1).

Discussion

In this study, we first used genetically identical plants from

the P. nigra clone N46 to determine whether DNA

methylation changed over time (day and night) using the

MSAP method. Because the plants were genetically iden-

tical, it was expected that the same MSAP profiles would
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be obtained for those samples collected at each time.

However, unexpectedly, methylation variation was found

in all of the samples from the six times, with the poly-

morphic rate of detected CCGG sites ranging from 1.66 to

6.23%. This phenomenon was also observed for three other

genotypes of P. nigra, suggesting that it is common in

poplars. DNA methylation variation in genetically identical

plants has been reported in both herbaceous plants and

woody plants. In Arabidopsis, approximately 1% of CCGG

sites were shown to differ in methylation status in the Ler

ecotype under normal culture conditions (Cervera et al.

2002). In maize, differentially methylated regions (DMRs)

were found to differ between individuals in either the

control population or stressed populations (Eichten and

Springer 2015). In addition, in the woody tree Pinus pinea,

cytosine methylation polymorphism among ramets of each

propagated tree ranged from 0.46 to 9.72% (Sáez-Laguna

et al. 2014). The methylation variation in those genetically

identical plants in P. pinea was considered to have resulted

from different ontological stages, developmental stages, or

microenvironmental variation among plants during their

growth. These factors might also have contributed to the

variation in methylation among samples from the same

times. In our case, such variation might have been derived

from the poplar buds that had formed the previous year.

Although different DNA methylation patterns were

found among samples from the six times, no significant

differences were obtained by statistical analysis, indicating

that the methylation status in the mature leaves of poplars

kept relatively stable throughout the day. Then, why didn’t

daily changes in the environmental condition influence the

methylation status in poplar? In Arabidopsis, the circadian

clock regulates the expression of hundreds of genes, but

evidently not DNA methyltransferases (Harmer et al.

2000). In our study, we found that mRNA transcript levels

of MET1 and DDM1, that maintain the CG sites

Table 1 DNA methylation variability and polymorphic site variation in samples of Populus nigra N46 from six times

Time Mean internal

cytosine

methylation

(%)a

Mean external

cytosine hemi-

methylation (%)b

Mean MSAP

(%)c
No. polmophic

sites among

replicates

No. nonpolymophic

sites among

replicates

PR

(%)d

8:00 35.80 ± 0.13 13.29 ± 0.15 49.09 ± 0.10 44 1032 4.09

12:00 35.50 ± 0.12 13.38 ± 0.07 48.88 ± 0.05 38 1038 3.54

16:00 36.29 ± 0.39 12.83 ± 0.25 49.12 ± 0.16 57 1019 5.3

20:00 36.47 ± 0.43 12.64 ± 0.23 49.11 ± 0.20 50 1026 4.65

24:00 37.01 ± 0.51 12.33 ± 0.29 49.33 ± 0.22 67 1009 6.23

4:00 35.86 ± 0.10 13.07 ± 0.09 48.93 ± 0.02 18 1068 1.66

a Internal cytosine methylation (%) = [(II) / (I ? II ? III)] 9 100
b External cytosine hemi-methylation (%) = [(III / I ? II ? III)] 9 100
c MSAP (%) = [(II ? III) / (I ? II ? III)] 9 100
d Polymorphic ratio: PR% = PMS / (NMS ? PMS) 9 100

Table 2 DNA methylation variability and polymorphic site variation in samples of Populus nigra N08, N15 and N77 from two times

Genotype Time Mean internal

cytosine

methylation (%)a

Mean external

cytosine hemi-

methylation (%)b

Mean MSAP

(%)c
No. polymorphic

sites among

replicates

No. nonpolymorphic

sites among

replicates

PR (%)d

N08 12:00 39.62 ± 0.50 7.11 ± 0.39 46.73 ± 0.60 19 330 5.44

24:00 35.69 ±0.12 7.66 ± 0.10 43.35 ± 0.10 13 339 3.69

N15 12:00 39.56 ± 0.91 6.48 ± 0.35 46.04 ± 0.95 38 312 10.86

24:00 37.10 ± 0.40 6.28 ± 0.34 43.38 ± 0.52 23 328 6.55

N77 12:00 39.48 ± 0.69 6.48 ± 0.19 45.95 ± 0.56 15 318 4.5

24:00 40.87 ± 1.39 7.29 ± 0.63 48.16 ± 1.12 63 284 18.16

a Internal cytosine methylation (%) = [(II) / (I ? II ? III)] 9 100
b External cytosine hemi-methylation (%) = [(III / I ? II ? III)] 9 100
c MSAP (%) = [(II ? III) / (I ? II ? III)] 9 100
d Polymorphic ratio: PR% = PMS / (NMS ? PMS) 9 100
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methylation in poplar, remained during the day and night,

compared with the circadian-controlled genes. That could

be part of the reason for the relatively stable methylation of

CCGG sites in those leaves. In plants, DNA methylation

was established by a RNA-directed DNA methylation

process and maintained mainly by MET1 and DDM1.

Under environmental stimuli, plants respond instantly by

regulating the expression of genes through transcription

regulation (Wilkins et al. 2009). And then epigenetic reg-

ulation such as histone modification might act in the short

term (Kumar and Wigge 2010). DNA methylation change

under stress might be through an accumulation of methy-

lated sites over a longer time than 1 or 2 days (Rico et al.

2014). Because cytosine methylation is adding a methyl

group (–CH3) from S-adenosyl-L-methionine on a cytosine,

it is not an economical regulation mechanism for instant

response. Up to now, the DNA methylation changes

reported were all results of a long period of environmental

stimuli (Gourcilleau et al. 2010; Rico et al. 2014). There-

fore, the changes in DNA methylation at different times

might be stochastic and less related to the time of day.

Even under stressed conditions, only minimal evidence for

consistent changes in maize DNA methylation patterns was

found when using the data from all replicates (Eichten and

Springer 2015). We thus suspected that, even under iden-

tical conditions, the changes in methylation might not

occur in synchrony in all individual plants with the same

genetic background. This might be the result of the

dynamic nature of DNA methylation (Zhu 2009).

The MSAP method is limited for quantifying changes in

DNA methylation (Pecinka and Scheid 2012). However, it

is a simple, cheap tool for studying DNA methylation and

has been successfully used to detect natural variation in

methylation in many plant species, including poplars

(Salmon et al. 2008; Herrera and Bazaga 2011; Li et al.

2011; Song et al. 2012; Herrera et al. 2013; Ma et al. 2013;

Yu et al. 2013; Lira-Medeiros et al. 2010; Sáez-Laguna

et al. 2014). Our results obtained using the MSAP method

showed significant differences in DNA methylation among

different P. nigra genotypes, which again indicates that this

is a powerful method for detecting natural variation in

methylation in plants with different genetic backgrounds.

Genome resequencing revealed that the P. nigra genome

contained approximately 14,000 EcoRI sites (unpublished

data). Theoretically, there are 28,000 EcoRI/HpaII or

EcoRI/MspI fragments that could be amplified using dif-

ferent selective nucleotides (Cervera et al. 2002). In this

study, only a small proportion of the CCGG sites were

detected in the 4 clones. However, besides the CCGG sites,

substantial methylation occurred at the CHG and CHH

sites in plants. Owing to the limitations of the sites

detected, we could only conclude that poplar genomic

DNA varies in terms of methylation, even in genetically

identical plants. However, the lack of any significant

changes in methylation among the six sampling times

within 24 h suggested that methylation status of plant

CCGG sites in mature leaves is relatively stable throughout

the day. This work also provides scientific bases for sample

collection in studies of epidemic variations in plants.
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