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DNA methylation is an important epigenetic mechanism 
affecting genome structure, gene regulation, and the 
silencing of transposable elements. Cell- and tissue-
specific methylation patterns are critical for differentiation 
and development in eukaryotes. Dynamic spatiotemporal 
methylation data in these cells or tissues is, therefore, of great 
interest. However, the construction of bisulfite sequencing 
libraries can be challenging if the starting material is limited 
or the genome size is small, such as in Arabidopsis. Here, 
we describe detailed methods for the purification of 
Arabidopsis embryos at all stages, and the construction of 
comprehensive bisulfite libraries from small quantities of 
input. We constructed bisulfite libraries by releasing embryos 
from intact seeds, using a different approach for each 
developmental stage, and manually picking single-embryo 
with microcapillaries. From these libraries, reliable Arabidopsis 
methylome data were collected allowing, on average, 11-
fold coverage of the genome using as few as five globular, 
heart, and torpedo embryos as raw input material without 
the need for DNA purification step. On the other hand, 
purified DNA from as few as eight bending torpedo embryos 
or a single mature embryo is sufficient for library construction 
when RNase A is treated before DNA extraction. This method 
can be broadly applied to cells from different tissues or 
cells from other model organisms. Methylome construction 
can be achieved using a minimal amount of input material 

using our method; thereby, it has the potential to increase 
our understanding of dynamic spatiotemporal methylation 
patterns in model organisms.

Keywords: bisulfite sequencing library, DNA methylation, 

embryo, methylome

INTRODUCTION

DNA methylation involves the chemical modification of cyto-

sine bases by the addition of methyl groups at 5th-position 

carbon, forming 5-methyl cytosine (5mC). This methylation 

is critical for normal development in both plants and mam-

mals as it is associated with gene regulation, genomic im-

printing, and the silencing of transposable elements (TE) in 

both kingdoms (Zeng and Chen, 2019). DNA methylation 

may also act as a biomarker for cell age and identity, and 

for various diseases, including cancers (Bell et al., 2019; Kim 

and Costello, 2017; Kim et al., 2021; Levenson, 2010; Locke 

et al., 2019; Salas et al., 2018). The DNA methylation land-

scape is not only cell-type specific but also dynamic, as global 

reprogramming of DNA methylation occurs during gamete 

formation and embryo development in mammals (Zeng and 

Chen, 2019). Conversely, seed plants do not seem to have 

such global reprogramming, and DNA methylation patterns 
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are maintained over multiple trans-generations, particularly 

in CpG-rich regions (Hofmeister et al., 2017; Picard and Geh-

ring, 2017). However, recent methylome data has revealed 

a global and gradual increase in methylation at CHH sites, 

where H represents A, C, or T residues, during plant embryo 

development (Bouyer et al., 2017; Kawakatsu et al., 2017; 

Papareddy et al., 2020). These data suggest a role for CHH 

methylation in the control of embryo development.

 DNA methylation research has accelerated with the devel-

opment of whole-genome and single-cell bisulfite sequenc-

ing (Chatterjee et al., 2012; Clark et al., 2017; Karemaker 

and Vermeulen, 2018; Krueger et al., 2012; Li et al., 2011; 

Smallwood et al., 2014). Bisulfite treatment of DNA converts 

cytosine to uracil by hydrolytic deamination, while methyl-cy-

tosine remains unaffected. Polymerase chain reaction (PCR) 

amplification of bisulfite treated DNA leads to the conversion 

of uracil to thymine (CT conversion) by DNA polymerases 

(Frommer et al., 1992). Sequencing of these PCR products 

allows the identification of cytosine to thymine substitutions 

when compared to original sequences, identifying regions of 

un-methylated DNA, with the presence of cytosine in a se-

quence identifying regions of DNA methylation. Thus, bisul-

fite sequencing allows the discrimination of methyl-cytosine 

from unmethylated cytosine in the genome at single base 

resolution.

 DNA methylation patterns, and the extent to which DNA 

is methylated, are frequently associated with gene and TE 

expression. These can differ depending on cell type and de-

velopmental stage and it is, therefore, important to isolate 

and enrich samples based on these criteria. In Arabidopsis, 

methylation profiles remain poorly understood, despite a 

wealth of omics data. This is, in part, due to difficulties in cell- 

and developmental stage-specific sampling resulting from 

the structural complexity and the small size of the Arabidop-

sis genome compared with that of animal model organisms, 

and difficulties in culturing cells. Furthermore, the isolation of 

specific cell-types often needs specialized protocols to obtain 

an appropriate amount of sample (Deal and Henikoff, 2011; 

Ibarra et al., 2012; Park et al., 2016). Despite recent advances 

in the understanding of methylome changes in whole seeds 

(Bouyer et al., 2017; Kawakatsu et al., 2017; Lin et al., 2017), 

methylation dynamics during embryo development in Ara-

bidopsis are not fully understood. Recently, Papareddy et al. 

(2020) examined methylome dynamics at CHH context using 

dissected embryos. However, their methodology is labor- and 

time-intensive as it requires purified DNA from more than 50 

embryos in all stages as an input for methylome construction. 

In order to reduce the amount of this input, and simplify the 

method while maintaining data quality, we adapted cutting 

edge methods of the construction of mammalian single-cell 

methylome libraries (Allen et al., 2006; Luo et al., 2018; Yu et 

al., 2017) for use in Arabidopsis embryos. We identified the 

conditions necessary for embryo isolation and degradation of 

early embryo cell walls to allow their use as inputs for meth-

ylome construction. From globular to torpedo stage embry-

os, we discovered that as few as five raw globular embryos 

are sufficient as input material for methylome construction 

without the need for DNA purification. For later stage em-

bryos, we found that a sufficient amount of DNA could be 

purified from as few as eight bending torpedo embryos or 

a single mature embryo for methylome construction using 

our optimized protocols. By using a series of suitable tests to 

minimize the amount of input material while still ensuring 

its quality, this study provides detailed conditions for optimal 

sample preparation and the generation of high-quality librar-

ies with on average 11-fold genome coverage.

MATERIALS AND METHODS

Plant growth conditions
Arabidopsis thaliana, Col-gl (Columbia-glabrous) ecotype 

was used for embryo isolation. Plants were grown on soil in 

an environmentally controlled room at 22°C under long pho-

toperiods (16-h light/8-h dark) with cool white fluorescent 

light (100 μmole/m2/s).

Pollination
After 24 h of emasculation (Park et al., 2016), fully matured 

stamens were picked from open flowers with tweezers. Pol-

len was rubbed onto the emasculated stigma for fertilization, 

under a dissection microscope. Pollinated plants were incu-

bated in the growth room until they reached a suitable stage 

for sampling; 4 days after pollination (DAP4) for globular, 

DAP5 for heart, DAP7 for torpedo, DAP9 for bending torpe-

do, and DAP12 for mature green stage embryos (Fig. 1).

Preparation of globular stage embryos
Siliques at DAP4 were dissected for globular stage embryo 

preparation, and seeds were collected together in 1.5 ml 

tubes (seeds from 3-5 siliques per tube) with 50-100 μl of 

isolation buffer (1× TE buffer; 10 mM Tris-HCl [pH 8.0], 1 

mM EDTA [pH 8.0]). After brief centrifugation, seeds were 

ground gently with a pestle, which allows intact globular em-

Fig. 1. The developmental stages of Arabidopsis embryos. 

(A) The developmental stages of A. thaliana embryos. Vertical 

scale bars = 50 μm. (B) Differential interference contrast images 

of embryos within seeds used in this study. From left to right: 

globular, heart, torpedo, bending torpedo and mature green 

stage. Scale bars = 100 μm.
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bryos to be released from the seeds (Fig. 2).

Preparation of heart stage embryos
Siliques at DAP5 were dissected in 50 μl isolation buffer for 

heart stage embryo preparation. The dissection method was 

modified from a previous study (Xiang et al., 2011), with in-

cisions made horizontally at the upper part of the seed, and 

then vertical cuts were made at the chalazal side, to avoid 

embryo damage (Fig. 2). Endosperm cells were dissected 

out to expose the embryo. Since heart stage embryos appear 

transparent, reflected light from the dissection microscope 

was used to visualize embryos, which were released using 

tweezers. Released embryos were finally moved to a new 

droplet of isolation buffer using a pipet for enrichment.

Collection of the globular and heart stage embryo
Samples in 10-20 μl isolation buffer were transferred onto 

glass slides for isolation of embryos using a manual micro-pi-

petting device (MPP-200B Micro Pick and Place Manipulator 

System B without Microscope; Nepa Gene, Japan) under an 

inverted fluorescent imager (ZOE fluorescent cell imager, 

1450031; Bio-Rad, USA) (Fig. 3). For heart stage embryos, 

gentle tapping of the microcapillary was used to position 

the axis of the embryos towards the microcapillary, allowing 

access to the embryo for suctioning (Fig. 2). Isolated globular 

and heart stage embryos were subsequently washed; five 

or six droplets of isolation buffer (~10 μl each) were placed 

on the glass slide and embryos were moved between these 

droplets (Fig. 2). This washing step was repeated until all 

debris, accumulated during dissection process, was removed. 

Fig. 2. A summary of sampling methods according to develop mental stage. Three steps (release, collection, and washing and confirm) 

were optimized for each embryo stage. The heart stage embryo was dissected for sampling first horizontally then vertically. The diameters 

of S shaped glass micropipettes used were 50 μm and 100 μm for globular and heart stage embryos, respectively. The washing step was 

conducted repeatedly until embryos are purified.

Fig. 3. The isolation of released embryo using micro-glass 

pipette. Isolation of a late heart to early torpedo embryo (orange 

arrows) using a micro-pipetting device under an inverted 

fluorescent imager.
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For manual isolation, the lid of a flat cap PCR tube was cut 

(Cat. No.137-211C; WATSON, Japan), as shown in Supple-

mentary Fig. S1. Pure embryos were transferred onto this cap 

in 5-10 μl of isolation buffer. Sample purity was confirmed 

under the microscope, before the PCR tube was reassembled 

with the lid containing the purified embryos. The PCR tubes 

were centrifuged for 30 s to 1 min and stored at the –80°C. 

Different diameter sizes of micro glass pipette were used 

according to the embryo type and size; 50 μm for globular 

stage embryo and 100 μm for heart stage embryo (Fig. 2) 

(1-GT50S-6, 50 μm; 1-GT100S-6, 100 μm; Nepa Gene).

Preparation and isolation of torpedo to mature green 
stage embryos
Sample preparation was conducted using DAP7, DAP9, and 

DAP12 seeds for isolation of torpedo, bending torpedo and 

mature green stage embryo, respectively. At these later stag-

es, embryos are more easily detectable due to their greener 

color and larger size compared with globular and heart stage 

embryos. On slide glass, seeds were stabbed and pushed 

using tweezers to release the embryos, leaving seed coat and 

endosperm clumps behind. Next, the released embryos were 

collected in 20 μl of isolation buffer. A sufficient number of 

embryos were transferred to 1.5 ml tubes and washed in an 

isolation buffer. After several washes, purified embryos were 

transferred to a new 1.5 ml tube and stored at –80°C.

Cell wall degradation test
Samples were thawed at room temperature and incubated 

at 95°C for 30 s in a water bath, before re-freezing in liquid 

nitrogen. This freeze-thaw cycle was repeated five times. 

Samples were centrifuged briefly and vortexed for 1 min for 

globular embryos or 5 min for the heart embryos. For torpedo 

embryos, vortex time was extended and sample degradation 

was assessed visually. After degradation, M-digestion buffer 

(2×, D5021-9; Zymo Research, USA) and 1 μl of proteinase 

K (D3001-2-5; Zymo Research) were added to the PCR tube 

lids (up to 20 μl total) and the samples were centrifuged and 

vortexed briefly. Samples were incubated at 50°C for 30 min, 

and vortexed as described above for each embryo stage. Af-

ter a further brief centrifugation, samples were ready for CT 

conversion, which is the first step in the construction of bisul-

fite sequencing library.

DNA purification from bending torpedo and mature 
green embryos with pre-RNase A treatment
Samples were ground with a pestle in 50 μl of TE, to which 

1 μl of DNase-free RNase A (20-40 mg/ml, R4642-50MG; 

Merck, Germany) was added before incubation at 37°C for 

30 min with the pestle. DNA preparation from pre-RNase 

A-treated sample was conducted as described previously (Al-

len et al., 2006). DNA was precipitated after overnight incu-

bation of isopropanol at –20°C for maximal yield.

Construction of bisulfite sequencing libraries using the sn-
mC-seq2 method
EZ DNA Methylation-DirectTM kit (D5020; Zymo Research) was 

used for CT conversion. CT conversion reagent (130 μl) was 

added to 20 μl of purified DNA from bending torpedo to ma-

ture green embryos or freeze-thawed raw samples of glob-

ular-torpedo stage embryo (see above). CT conversion was 

performed according to the manufacturer’s instructions with 

two exceptions: to remove washing solution completely, an 

additional washing step followed by centrifugation (13,000g) 

was added; to maximize elution, samples were incubated for 

5 min after the addition of M-Elution buffer. Sequencing li-

brary construction was conducted by the snmC-seq2 method 

(Luo et al., 2018), with two modifications: the temperature 

was gradually increased (8°C for 4 min then 16°C to 37°C, 

ramping rate 0.1°C per second, and finally 37°C for 30 min) 

instead of increasing it abruptly (4°C for 5 min and 25°C for 

5 min, then 37°C for 60 min) during random-primed DNA 

synthesis; and all clean-up procedures were conducted using 

SPRI beads (Sera-Mag SpeedBeads Magnetic Carboxylate 

Modified; Merck) after each enzyme reaction. SPRI beads 

(0.8×) were added to the samples, suspended and incubated 

on a DynaMagTM-PCR Magnet (492025; Invitrogen, USA) for 

5 min until the solution was clear (approximately 5 min), be-

fore being washed with 150 μl of fresh 80% EtOH. Washing 

was repeated twice more and beads were dried after removal 

of the solution. DNA was eluted from beads by vortexing and 

incubation for 5 min in EB buffer (19086; Qiagen, Germany). 

Finally, the supernatant was transferred to a new tube.

Construction of bisulfite sequencing libraries with the 
Zymo Pico kit
The Pico Methyl-SeqTM Library Prep Kit (D5456; Zymo Re-

search) was used, following the manufacturer’s instructions. 

Lightning Conversion Reagent (130 μl) was added to 20 μl of 

purified DNA from bending torpedo to mature green embryos 

(the product of DNA purification with pre-RNase A treatment) 

or to freeze-thaw treated raw samples of globular-torpedo 

stage embryos (see above). The remainder of the procedure 

was performed according to the manufacturer’s instructions 

with two exceptions: to remove the washing solution com-

pletely, an additional wash step followed by centrifugation 

(13,000g) was added; and to maximize elution, samples were 

incubated for 5 min after the addition of M-Elution buffer. 

To avoid excessive primer dimerization, half of the amount of 

LibraryAmp primers proposed by the manufacturer was used.

WGBS data processing and the complexity of methylome 
libraries
All Sequencing procedures were performed using the HiS-

eqXten platform (Macrogen, Korea). Paired end reads (150 

bp) were generated. All reads were trimmed (10 bp for 

5’end and 5 bp for 3’end) using Trim galore (https://www.

bioinformatics.babraham.ac.uk/projects/trim_galore/), and 

low quality and short reads (<70 bp) were removed using 

Trimmomatic (http://www.usadellab.org/cms/?page=trim-

momatic). Reads were mapped to the Arabidopsis TAIR10 

genome by hisat2 (http://daehwankimlab.github.io/hisat2/) 

using Bismark (https://www.bioinformatics.babraham.ac.uk/

projects/bismark/) under the option –hisat2 –local. PCR du-

plicates were removed and methylation levels were extracted 

using the Bismark toolset (deduplicate_bismark and bismark_

methylation_extractor, respectively). Read counts for all cyto-

sine methylation contexts (CpG, CHG, and CHH) were calcu-
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lated by how many reads were mapped on each context (1 

bp resolution). Methylation levels were basically calculated by 

dividing the counts of methylated cytosine by the number of 

cytosine (meC + C). Except for genomic features, we used 50 

bp windowed average having more than each three cytosine 

context with at least five reads.

RESULTS

Early globular- to torpedo-stage embryos can be used as 
inputs for the construction of methylomes without DNA 
purification
During embryogenesis, progressive changes to pattern for-

mation become established. Embryonic patterns in early 

globular to heart embryos in particular, change more rapidly 

than late-stage embryos (Laux et al., 2004). However, studies 

into the epigenetic states in Arabidopsis have mainly concen-

trated on late stage embryos or seeds (Bouyer et al., 2017; 

Kawakatsu et al., 2017), mainly because of the relative ease 

with which methylome libraries in these stages are generat-

ed. However, to understand the comprehensive DNA meth-

ylation roadmap during embryogenesis, the development of 

methods tailored to each developmental stage is required. 

While methods for the construction of methylome libraries 

from single mammalian cells have been developed (Clark et 

al., 2017; Smallwood et al., 2014), it is difficult to apply these 

methods to Arabidopsis without extensive optimization due 

to the relatively small genome size of this model organism. 

Moreover, early embryos are technically far more difficult to 

isolate than late-stage embryos as they are transparent, con-

sisting of a small number of cells that are buried deep within 

seeds. Therefore, we first optimized the isolation method of 

each stage of embryos to avoid contamination and provide 

methylome libraries with 5-20× coverage.

 First, we applied seed dissection to release early embryos. 

However, due to the small size of embryo and the strong 

connection between suspensor and seed coat, globular em-

bryos were difficult to release. We, therefore, adopted a pre-

viously described seed grinding method (Raissig et al., 2013), 

which allowed us to collect a number of globular embryos 

sufficient for downstream processing. This method similarly 

allowed for the release of earlier-stage embryos from before 

DAP4 (Fig. 4A). However, embryos without intact suspensors 

were also released (Fig. 4A).

 Larger heart stage embryos can be seen under a dissection 

microscope. These were dissected from seeds in an isolation 

buffer using a protocol modified from previously described 

(Raissig et al., 2013), as illustrated in Fig. 2. However, this 

method produced debris, which resulted in contamination. 

Therefore, the released embryos were purified and enriched 

in a fresh isolation buffer after dissection. Embryos in the 

globular stage were taken out of the seeds with gentle pestle 

grinding, without breaking the embryo (detailed in the Mate-

rials and Methods section). Pure globular and heart embryos 

were enriched using different sized microcapillaries (Fig. 2).

 For the construction of bisulfite library, DNAs extracted 

from the tissues or cells are treated with chemicals for the CT 

conversion. However, we found that DNA extraction starting 

from a small number of cells and tissues failed to obtain suffi-

cient amount of DNA. Accordingly, subsequent libraries were 

not generated. Therefore, we decided to use the raw embryos 

rather than extracted DNAs from those as an input for the fol-

lowing CT conversion. To do so, the intact cell wall and nuclear 

membrane require degradation for the DNA to be exposed. 

Therefore, we examined freeze-thaw cycles–freezing in liquid 

nitrogen and heating to 95˚C to enable embryo degradation. 

Cell wall degradation started from the 3rd cycle in both glob-

ular and heart embryos (Fig. 4B). Due to their larger size and 

complex structure, the cell walls of torpedo embryos were not 

degraded by this simple freeze-thaw method. We, therefore, 

Fig. 4. Released embryos from intact seeds. (A) The release of globular embryos from seeds by gentle grinding. Embryos consisting of 

1-4 cells are shown in the upper panel. Eight-cell to early globular stage embryos are shown in the lower panel. Scale bars = 25 μm. (B) 

Before and after 3 cycles of freeze-thaw without vortexing. Cell wall degradation is observed in the lower panel. Scale bars = 50 μm.
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examined the effectiveness of two further treatments (vortex-

ing for 30 min with or without freeze-thaw). The combined 

vortex and freeze-thaw treatments greatly improved torpedo 

embryo degradation (Table 1).

Pestle grinding and DNA purification with RNase A 
pre-treatment in bending-torpedo stage embryos
The freeze-thaw cycle method described above cannot be 

applied to embryos from the bending-torpedo stage. These 

embryos, which have a greater cell number than globular- 

to torpedo-stage embryos with rigid cell walls, were not 

degraded by freeze-thawing. Therefore, DNA purification 

is required for embryos in this stage. We first optimized the 

previously described DNA purification method (Allen et al., 

2006), initially examining whether these relatively small em-

bryos (roughly 0.5 mm in diameter) compared to other plant 

tissues such as leaves could be ground with a pestle (Table 

2). Under a microscope, we saw consistent degradation of 

embryos from bending torpedo stage to mature green stage, 

but not torpedo embryos (Table 2). A general DNA purifica-

tion method (Allen et al., 2006) with 10 bending torpedo 

embryos from DAP 9 did not yield detectable DNA. Interest-

ingly, omitting RNase A treatment, a step shown to result in 

DNA loss due to the DNA binding activity of RNase A (Dona 

and Houseley, 2014), we were able to obtain approximately 

200 pg of DNA from a single bending torpedo embryo (Table 

2). As we were concerned that omitting RNase A treatment 

completely could lead to contamination, we next examined 

whether pre- and post-treatment with RNase A affected 

DNA yield. Pre-treatment with RNase A yielded sufficient 

DNA without RNA contamination from 8-10 bending torpe-

do embryos or even from a single mature embryo for library 

construction (Table 3). Post-treatment with RNase A starting 

from the same amounts of embryos failed to do so (Table 

3). Our method was further used for the purification of DNA 

from small tissue samples, such as a single seedling sample 

Table 1. Verification of cell wall degradation 

Treatment 1st trial 2nd trial 3rd trial

No treatment 10/9 12/10 12/11

Vortex only (30 min) 10/4 11/5 12/3

Thaw and freeze 3 cycles  

+ vortex (30 min)

10/- 12/- 12/-

Values are presented as input sample amount/output sample 

amount.

Changes detected after freeze-thaw and vortexing of embryos. 

Numbers indicate the number of intact torpedo stage embryos 

detected and were counted under a microscope. Shrunken em-

bryos were counted as degraded embryos.

Table 2. Analysis of pestle grinding as a method of extracting DNA from purified embryos 

Method Sample input Pestle grinding DNA (pg/μl) Total (ng)

CTAB without RNase 

treatment

1 Torpedo X - -

1 Torpedo X - -

1 Torpedo O - -

1 Torpedo O - -

1 Bending torpedo O 11 0.22

3 mg leaf O 7,150 143

8 mg leaf O 6,200 124

Non control - - -

DNA can be extracted from single bending torpedo-stage embryos by pestle grinding followed by CTAB DNA extraction without RNase 

treatment. Embryo degradation by pestle grinding was examined under a microscope.

CTAB, cetyltrimethylammonium bromide.

Table 3. Advantage of DNA purification with pre-RNase A treatment for small amounts of sample 

Method Sample input RNase A treatment Total DNA (ng) RNA (pg/μl)a

CTAB 8 Bending torpedo None 7.3 2,100

10 Bending torpedo Before elution - -

6 Bending torpedo Before elution - -

8 Bending torpedo Post-extraction - -

8 Bending torpedo Pre-extraction 1.8 -

10 Bending torpedo Pre-extraction 7.1 -

1 Mature green Pre-extraction 5.4 -

1 Mature green Pre-extraction 5.8 -

RNase A pre-treatment assists DNA purification from few bending torpedo embryos and single mature embryos, without RNA contami-

nation.

CTAB, cetyltrimethylammonium bromide.
aRNA concentrations of less than 20 pg/μl cannot be detected.
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at 13 days after germination or hundreds of protoplasts. This 

modified protocol for the purification of DNA from small 

amounts of input sample would allow the examination of ge-

nome heterogeneity and the epigenome of individual seed-

lings originating from the same mother in a near future.

Two complementary methods for the construction of 
DNA methylation libraries
The use of post-bisulfite adaptor tagging and whole genome 

amplification in the construction of single-cell methylomes 

has greatly facilitated epigenome studies (Clark et al., 2017; 

Miura and Ito, 2015; Smallwood et al., 2014). Using this 

method, the heterogeneity and stochasticity of DNA meth-

ylation has been examined in single cells (Parry et al., 2021; 

Smallwood et al., 2014). However, the small genome size 

and difficulties in culturing plants has made the construction 

of single-cell methylomes challenging. To overcome these 

difficulties, we adapted a method of mammalian single cell 

methylome construction for use in Arabidopsis. We optimized 

two complementary methods for the generation of bisulfite 

sequencing libraries that use post-bisulfite adaptor tagging 

and whole genome amplification; the Pico-kit method and 

the snmC-seq2 method (Luo et al., 2018). Methylome con-

struction with Pico-kit produced fewer over-represented read 

sequences than the snmC-seq2 method. This may be due to 

the unique adaptor reaction step in the snmC-seq2 method 

(Table 4), which reduces the generation of primer dimers in 

a library by tagging with a second adaptor without primers, 

but generates over-represented sequences of oligo A at the 

beginning of reverse reads. Since this adaptation step can 

extend up to 50 base pair, these synthetic sequences caused 

a failure in the mapping of reverse reads. Libraries produced 

by snmC-seq2 showed more complexity than those produced 

by the Pico-kit method, with snmC-seq2 libraries covering 

more regions of the genome than Pico-kit libraries. Peri-cen-

tromeric regions, in particular, were mapped more frequently 

using snmC-seq2 (Fig. 5). These data suggest that the use 

of a combination of both the Pico-kit and snmC-seq2 library 

construction methods can generate a reliable and enriched 

dataset.

Analysis of data quality and application of the method
Data quality was analyzed with reference to the epigenome 

consortiums guide (Roadmap Epigenomics; http://www.

roadmapepigenomics.org/) (Roadmap Epigenomics Con-

sortium et al., 2015), with reads providing no less than 30-

fold coverage with at least two replicates per sample. This 

criterion was achieved with embryos from all stages of 

samples with a robust CT conversion ratio (Table 5). These 

data suggest that good quality libraries could be constructed 

from small amounts of sample with our modified method 

and pipeline. For example, as few as five globular embryos 

were able to generate a reliable library (Table 5). The detailed 

statistic information such as the number of input embryos, 

total number of sequenced reads, % mapping efficiency, % 

deduplication, number of leftover reads, coverage, CT con-

Fig. 5. Comparison of the snmC-seq2 and Pico-kit methods of 

library construction. Comparison of library complexity produced 

by two different bisulfite sequencing methods. The snmC-seq2 

(each lower panel) method has better coverage (more read 

counts), particularly at peri-centromeric regions (black squares), 

than the Pico-kit method (upper panels). P, Pico-kit method; S, 

snmC-seq2 method.

Table 4. Analysis of two complementary methylome construction 

methods 

Method
Over-represented  

sequences
Description

Pico-kit 0/25 libraries

snmC-seq2 9/31 libraries Adaptase reaction step 

generates over-represented 

oligo A sequences 

The Pico-kit method resulted in fewer over-represented sequenc-

es than the snmC-seq2 method. Numbers indicate the number 

of libraries containing over-represented sequences among all li-

braries made by each method. Over-represented sequences were 

confirmed using the FastQC program.

Table 5. Data quality analysis 

Sample Globular Heart Torpedo Bending torpedo Mature green

No. of libraries 7 (3P + 4S) 3 (2P + 1S) 6 (2P + 4S) 2 (2P) 5 (4P + 1S)

Coverage (average) 6× 15× 10× 22× 14×

Total coverage (×) 41× 44× 61× 44× 70×

CT conversion rate (%) (average) 99.2 99.5 99.5 99.1 99.4

Information about bisulfite sequencing data collected from the five stages of the embryo development. CT conversion rates were calcu-

lated using the un-methylated plastid genome. 

The minimum number of samples for making one library used in this study was five for globular embryos. 

P, Pico-kit method; S, snmC-seq2 method.
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version ratio, % CG, CHG, and CHH of each library is in the 

Supplementary Dataset 1.

 To further verify the quality of libraries, we compared 

methylation levels of our libraries with the previously pub-

lished libraries (Bouyer et al., 2017; Papareddy et al., 2020). 

We chose heart stage and mature green stage libraries be-

cause these two libraries from other groups were generated 

from the embryos with the most similar, although not exactly 

the same, developmental stages to our libraries. CG, CHG 

and CHH methylation of the whole genome and genic re-

gions show almost the same levels (Fig. 6, Global and Gene), 

indicating that our libraries recapitulated the previously 

published results, and supporting that our methods using 

small amounts of input sample are reliable. CG and CHG 

methylation in TE show similar levels, but interestingly, CHH 

methylation in our libraries shows slightly reduced levels than 

the previous published ones (Fig. 6, TE). We assume that this 

might be due to the slightly different developmental stages of 

the samples used to generate each library. It has been known 

that CHH methylation levels are being increased as seeds ma-

ture (Kawakatsu et al., 2017; Lin et al., 2017). Therefore, our 

samples for the heart and mature green embryos are likely in 

slightly earlier stages than the embryos from other groups. 

Accordingly, we observed consistent increase of methylation 

levels in TE regions of our libraries during embryogenesis 

(Supplementary Fig. S2). Our libraries also represent the same 

methylation patterns with the previous published libraries in 

individual genes, such as FWA and AT3G17400 (Supplemen-

tary Fig. S3).

 We also compared the similarity among the libraries gener-

ated from the same stage. In general, library replicates from 

one specific stage are in the similar positions in the CHH PCA 

plot (Supplementary Fig. S4), indicating that each library 

in the same stage generates similar methylation result. The 

library complexity plot, where the x-axis is the number of se-

quenced reads and y-axis is the number of uniquely mapped 

and deduplicated reads, showed generally proportional in our 

libraries (Supplementary Fig. S5). All these analyses support 

the idea that our methods using smaller amounts of input 

than the previous methods can generate comparable and 

decent libraries.

 Overall, our procedure uses sampling methods tailored to 

each stage of embryos (Figs. 2 and 3), with cell wall degra-

dation methods without DNA purification for earlier stage 

embryos (Fig. 4B), and DNA extraction methods with pre-

RNase A treatment for later stage embryos, which largely 

reduces the amount of input sample required compared with 

common DNA extraction methods (Allen et al., 2006). These 

methods and pipelines are generally applicable to other tis-

sues from plants, or other species when sample size is limited 

(Fig. 7).

Fig. 6. The comparison of our libraries to the previously published data. In order to show the data reproducibility, our embryo libraries 

of the heart and mature green stages were compared to the libraries from Papareddy et al. (2020) for the heart stage and from the 

Bouyer et al. (2017) for the mature green stage. CG, CHG, and CHH methylation levels are shown in global, genic and TE regions.

Fig. 7. Strategies of bisulfite sequencing (BS-seq) library 

construction. Input tissues are degraded by freeze-thaw with 

proteinase K incubation, or by grinding with a pestle, according 

to the size and the shape of each sample. If the weight of the 

sample is under 200 mg, we perform DNA extraction with pre-

RNase A treatment. The cetyltrimethylammonium bromide 

(CTAB) method (Allen et al., 2006) is generally used for genomic 

DNA extraction (identified with an asterisk).
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DISCUSSION

Global gene expression profiles and epigenetic data, includ-

ing DNA methylation, have been studied extensively with 

the development of whole genome and single-cell meth-

ods (Chatterjee et al., 2012; Clark et al., 2017; Karemaker 

and Vermeulen, 2018; Krueger et al., 2012; Li et al., 2011; 

Rich-Griffin et al., 2020; Smallwood et al., 2014; Stuart and 

Satija, 2019). Although these technical advances have been 

of great benefit, cell- or tissue-type specific epigenome profil-

ing in Arabidopsis has remained challenging, mainly because 

it has a smaller genome size than mammals. In addition, 

the structural complexity and variation of each tissue type 

has made data interpretation difficult, especially if the input 

sample is a mixture of cell types. For example, seeds comprise 

three parts: seed coat, embryo, and endosperm. Accordingly, 

DNA methylation patterns differ greatly between the tissue 

types, with endosperm more hypomethlyated than the em-

bryos (Hsieh et al., 2009; Ibarra et al., 2012). Therefore, with-

out dissection of the seeds, unique and distinct tissue-specific 

profiles could be missed. Therefore, there is a demand for 

single cell- and tissue-specific epigenomic profiling from a 

limited number of cells, and the concomitant optimization of 

protocols.

 Here, we introduced an optimized pipeline for the con-

struction of embryo methylomes, to aid the investigation of 

cell- and tissue-type specific genetic and epigenetic changes 

during Arabidopsis embryogenesis. We have developed 

effective methods for embryo release from seeds in a devel-

opmental stage-dependent manner, followed by manual 

embryo picking with micro glass pipettes (Figs. 2 and 3). The 

methods were optimized for single-cell DNA methylation 

library construction. We successfully generated libraries from 

early-stage embryos, using as few as five globular sage em-

bryos as a raw input sample along with cell wall degradation 

step (Fig. 4, Table 5). We found that this is a very effective 

way to generate decent libraries when the input samples are 

limited. Our method enables to avoid DNA extraction step 

which normally requires enough amounts of sample. We also 

found that for bending torpedo embryos, a DNA purification 

step is essential and better for library construction than using 

raw samples (Table 2).

 We further found that pre-RNase A treatment enables the 

purification of sufficient DNA from as few as eight bending 

torpedo embryos or a single mature embryo, to construct 

more than one methylome (Table 3). Based on the informa-

tion of unexpected DNA binding activity of RNase A (Dona 

and Houseley, 2014), we have tested and verified DNA bind-

ing activity of RNase A and the consequent DNA loss (Tables 

2 and 3). Indeed, we could purify DNA from only a single 

torpedo embryo or 100 leaf cells without RNase treatment. 

However, the minimum amount of input tissue was increas-

ing to 8 folds with RNase A treatment. Nevertheless, since the 

remaining RNAs after DNA extraction might inhibit following 

experimental procedures, we had to optimize and develop 

the method with RNase A treatment to minimize the amount 

of input sample. We assumed that RNase A treatment before 

exposure of naked DNA by simultaneous RNase A treatment 

and nuclei lysis might help to reduce the chance of unexpect-

ed DNA binding activity of RNase A than the conventional 

DNA extraction methods which conducts RNase A treatment 

after DNA concentration. We have tested this (Tables 2 and 

3) and developed an enhanced method by rearranging the 

timing of RNase A treatment during DNA extraction proce-

dure. This method made it possible to reduce the necessary 

amount of plant tissue for DNA extraction without RNA 

contamination (Tables 2 and 3). Discovering other RNase 

enzymes with better specificity for RNA degradation would 

help to reduce the amount of input. Or simply, we may de-

velop the more sensitive DNA extraction methods from small 

amounts of input by testing the minimal amount of RNase A 

enzyme to degrade RNA molecules with minimizing DNA loss 

in detail.

 To compare methylome data from different methods we 

used, evaluation of the data quality is required. The com-

parison of library quality obtained by cell wall degradation 

methods (globular, heart, torpedo) and pre-RNase A DNA 

extraction methods (bending torpedo, mature green), and 

the conventional DNA extraction methods for methylome 

construction can be evaluated by the CT conversion ratio 

and mapping ratio (Table 5, Supplementary Dataset 1). CT 

conversion of all of our data is over 99%. This means that all 

of our data is sufficient to interpret the methylation values as 

they are. In addition, except for the fifth methylome of DAP4 

globular embryos, the mapping ratio of our methylome data 

is 37%-62% (Supplementary Dataset 1). This means that our 

libraries show not only reliable quality of methylome data but 

also better than referenced single-cell bisulfite sequencing 

libraries from mammals. Furthermore, consistent with the 

previous methylome data from Arabidopsis (Kawakatsu et al., 

2017; Lin et al., 2017), our methylome recapitulated those 

data in that global CG methylation levels are well maintained 

whereas methylation levels are increased during embryo de-

velopment (Fig. 6, Supplementary Fig. S2). Individual gene 

loci also showed similar methylation patterns in data from 

ours and other groups (Supplementary Fig. S3). Our methy-

lome data that show very similar global CG methylation levels 

to the previously published data in heart and mature green 

stage are from the methods of cell wall degradation and pre-

RNase DNA extraction, respectively. Therefore, we can com-

pare all of our data in parallel.

 Furthermore, we optimized two complementary methods 

of methylome construction (Pico-kit and snmC-seq2 meth-

od), with heterochromatic regions mapped by snmC-seq2 

libraries, while Pico-kit libraries produced fewer over-rep-

resented read sequences (Fig. 5, Table 4). We recommend 

using both methods in tandem for each target sample.

 Our methods make the construction of DNA methylation 

libraries accessible by further reducing the current minimum 

amount of input material, to our knowledge at least in plants, 

while retaining data quality. We tailored the pipeline for each 

stage of embryo development (Fig. 7). The methods present-

ed here have the advantage that each pipeline protocol can 

be applied to other tissues from plants, or even to other spe-

cies, since our method provides information on what to con-

sider for each stage, from sampling to library construction.

 Seed plants have comprehensive and versatile DNA meth-

ylation systems and patterns of methylation are tightly regu-
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lated. Therefore, the development of methods to study these 

patterns to aid our understanding of genome heterogeneity 

and the methylome are of considerable importance.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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