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Multiple methods have been developed to decipher the genome-scale DNA methylation (Methylome).
Bisulfite sequencing (BS-seq), which combines sodium bisulfite conversion with high throughput
sequencing, can measure DNA methylation at single-nucleotide resolutions. However, it normally needs
large amounts of genomic DNA (5-10ug) to start with, thus creating an obstacle for it to be widely used.
Here we optimized the normal BS-seq method for generating high quality bisulfite sequencing on whole
genomes using nanogram DNA (MBS-seq). Systematic comparison the whole genome methylation

study based on minute amount of genomic DNA through next generation sequencing technology.

Key words: DNA Methylation, Whole Genome Bisulfite Sequencing, Nanogram Amounts of Genomic DNA.

INTRODUCTION

As one of the most intensely studied epigenetic
mechanism, DNA Methylation plays a significant role in
regulating gene expression. In mammalian somatic
tissue, DNA methylation occurs almost exclusively
(99.98%) at CpG dinucleotides. In plants, it occurs in CG,
CHG- and CHH-contexts (Bernstein et. al., 2007.Bird,
1986). However, In human embryonic stem cells, it has
been shown that 25% of all 5mC occurs in the CHG and

*Corresponding author. E-mail: zhangxg@genomics.org.cn

CHH contexts (Lister et. al.,2009). 5-
hydroxymethylcytosine (5hmC), be called sixth base, also
been reported widely (Jin et. al., 2010). More studies
began to focusing on the balance between
hydroxymethylation and methylation in the genome and
its molecular mechanism (Ficz et. al.,, 2011.Jin et. al,,
2011). But the importance of its exact function in the
genome remains largely unknown (Ku et. al., 2011).
Multiple methods have been developed to detect
methylation sites from a certain regions to whole
genome. However, the method needs large amounts of

DNA (5-10ug) which is the biggest challenge for BS-seq
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Figure 1. General pipeline of normal BS—seq (left) and MBS-seq (right) library
construction protocol including all key steps.
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(Bock et. al., 2010. Harris et. al., 2010.Laird, 2010). Many
studies have tried to use minute genomics DNA to
construct the libraries. Most of them choose capturing
methods, which Include, Reduced Representation
Bisulfate Sequencing (RRBS) (Meissner et. al., 2005), it
enriches CG-rich parts of the genome, and the similar
strategy be used in DNA immunoprecipitation (MeDIP-
seq) (Weber et. al., 2005). Most of those methods indeed
reduce the starting amount of DNA to a very low level
(Laird, 2010). But the main disadvantage of those
methods is that it is not a whole genome scale mapping.
There are also approach which have used Transposase-
based method to fragment the genome DNA to construct
minute bisulfite libraries (Adey and Shendure,2012) , but
as its needs to use the transposase modification, which
may affect the randomness of the data, at the same time
the efficiency of transposase fragmenting DNA also

needs to be further optimized. In order to provide a
simple and repeatability minute methylation sequencing
method, here we report the MBS-seq (Minute DNA
Bisulfite Sequencing) method, which adapted the normal
BS-seq and can generate whole genome bisulfite
sequencing libraries by using a minimum of 30ng
genomic DNA.

MATERIAL AND METHODS

In this study, two kinds of genomic DNA, Peripheral
Cells (PBMCs) and a human
Immunocyte cell line (human macrophages, name mDC)

Blood Mononuclear

were used as comparison to illustrate the MBS method,
both of them have the standard methylome data (from
normal BS-seq).
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Figure 2. The distribution of Methylation level on the whole genome. We chose top 3,000 genes of normal
BS-seq library with higher methylation as ‘positive’ and generate the operating characteristic curve (ROC) of
YH 100ng and YH 30ng library data. (A) The distribution of methylation level (methylated reads / methylated
reads + unmethylated reads) of cytosin on chromosome 12. The step of each window is 500bp. (B) ROC of

YH 100ng data. (C) ROC of YH 10 ng data.
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Peripheral blood was obtained from the same individual
from the YanHuang (YH) project (Wang et. al., 2008). YH
is an Asian male whose whole genome has been
resequenced previously by using genetic material from
PBMCs (Li et. al., 2010). The mononuclear cells were
separated through Ficoll-Paque (GE Healthcare) gradient
centrifugation. The total DNA was
Proteinase K/Phenol extraction.

The human

prepared by

immunocyte cells were prepared from
peripheral blood monocytes and separated by Ficoll of
healthy donors followed as previously described (Krause
et. al, 1996). To generate macrophages, 1x10°
monocytes/ml were seeded in RPMI 1640 medium
(HyClone) supplemented with 2% human pooled AB-
group serum (Cambrex IEP GmbH, Wiesbaden,
Germany) and cultured on teflon foils. The DNA of

40 0

Fa'ze Postive Rate (%)

) 100

macrophages cell lines were prepared by following the
methods described in Smith et al (Smith et. al., 2009)

The methylome data of PBMCs was generated as part of
the YH DNA methylome project (Li et. al., 2010). It is
used as a standard reference for YH MBS-seq data in
this study. The methylome of the immunocyte line (in
press) is used as the standard reference to compare the
data of MDC MBS-seq library. The methylome data of YH
and mDC was used as the standard reference to
compare with MBS-seq data, except the subject of CpG
coverage and CpG bias analysis.

As the study involves using human biological samples,
the study was first reviewed and approved by the
Institutional Review Board at the Beijing Genomics
Institute, and conducted after receiving said approval.
Reagents and equipments used for normal BS-seq and
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Table 1: Reagents used in experiments.

Reagents Catalog No. Supplier
10xpolynucleotide kinase buffer B904 Enzymatics
dNTP solution set N201L Enzymatics
T4 DNA polymerase P708L Enzymatics
Klenow enzyme P706L Enzymatics
T4 polynucleotide kinase Y904L Enzymatics
10x blue buffer BO11 Enzymatics
1 mMdATP Enzymatics
Klenow (3’-5’ exo-) P701-LC-L Enzymatics
2xRapid ligation buffer B101 Enzymatics
T4 DNA ligase (rapid) L603-HC-L Enzymatics
PE adaptor oligo mix Takara/IDT/lllumina oligo kit
Index PE adaptor oligo mix Takara/IDT/lllumina oligo kit
PCR primer PE 1.0 Takara/IDT/lllumina oligo kit
PCR primer PE 2.0 Takara/IDT/lllumina oligo kit
Index PCR primer PE Takara/IDT/lllumina oligo kit
50 bp ladder marker MD108-01 TIANGEN
DL2000 marker MD114-02 TIANGEN
A-HindIT marker D3403A TaKaRa
50bp DNA ladder N3236L NEB
EZ DNA Methylation-Gold kitTM D5005 ZYMO
Unmethylated lambda DNA D1521 Promega
JumpStartTM Taq DNA polymerase D9307 Sigma
Quant-iTTM dsDNA HS Assay kit Q32851 Invitrogen
QIAquick Gel Extraction kit 28706 Qiagen
Table 2. Equipments used in experiments
Equipments Catalog No. Supplier
PCR thermal cycler Veriti thermal cycler ABI
Agilent 2100 2100 Bioanalyzer Agilent
NanoDrop 1000 Spectrophotometer Thermo Fisher Scientific

Covaris sonication system S-2

Thermomixer

Centrifuge
Qubit Invitrogen

Thermomixer comfort

5417R

Covaris

Eppendorf

Eppendorf
Invitrogen

Table 3. Sanitation parameters to fragment the genomic DNA into 100- 400 bp.

Normal BS-seq MBS-seq

Treatment 1

Treatment 2

Treatment 3
Treatment 4
Cycle

Duty/cycle (%) 10

Intensity 5
Cycle/burst 200
Time (s) 60
Time (s) 0
Time (s) 0
Time (s) 0
10
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Figure 3. Validation of the methylation rate of MBS-seq libraries. (A) Proportion of

methylation level’s difference less than 10%. (B-C): Distribution of methylation level’s difference

of YH and mDC libraries. (D-E): Pearson correlation between MBS-seq dataset of YH and mDC

A
Difference lower than -10% Difference in (-10%~10%) Difference larger than 10%
YH 10 pg vs YH 100ng 402 8433 1.65
YH 10 ug vs YH 30ng 442 8418 1.38
YH 30ng vs YH 100ng 0.72 87.54 173
mDC 10 pg vs mDC 100ng 124 26.53 223
mDC 10 pg vs mDC 30ng 1.47 9524 229
mDC 30ng vs mDC 100ng 1.08 97.98 0.96
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MBS-seq library preparation in this study are listed in
Table 1-2.

For normal BS-seq, 10ug genomic DNA is fragmented by
using the Covaris S2 sonication system; the parameters
listed in Table 3. Following fragmentation, libraries were
lllumina Paired-End
protocol as described in Li et al (Li et. al.,2010) (Figure
1).

For MBS-seq library, it started with 30ng and 100ng of
genomic DNA of YH and mDC respectively. First, the
DNA is fragmented by Covaris S2 at the same
parameters of normal BS-seq with shorter time (Table 4).
After fragmentation, DNA end repair, and <A> base

constructed by conducting the

Methriation level of mDC 30ng

addition, after that the amount of DNA is quantified. Then
based on the amount of DNA, the corresponding amount
of MBS-seq adaptor is added (sequences information
summarized in Table 5). After adaptor ligation, 200ng
fragmented unmethylated A DNA is added into the ligated
DNA to undergo bisulfite treatment (EZ DNA Methylation-
Gold kit, ZYMO) together. PCR amplification is done
directly after bisulfite conversion.

The PCR was carried out in a final reaction volume of
50uL consisting of 20 pL purified DNA, 4 yL 2.5 mM
dNTP, 5 pL 10X buffer, 0.5 pyL JumpStart™ Taq DNA
polymerase, 2uL PCR primers and 18.5 pyL MltraPureTM
Water, and the following thermal cycling program: 94°C
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Table 4. The amount of DNA after <A> base addition and the

corresponding amounts of MBS-seq adaptor added.

Amounts of DNA after <A> base addition

MBS-seq adaptor (0.4uM)

30ng 100 ng
52ng 20.4ng
1.5pl 6l

Table 5. Sequences information of adaptor and PCR primers.

Normal BS- R ACACTCTTTCCCTACACGACGCTCTTCCGATCT

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT

seq F

adaptor P-GATCGGAAGAGCGGTTCAGCAGGAATGCCGAG

Minute R TACACTCTTTCCCTACACGACGCTCTTCCGATCT

MBS-seq F P-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC

adaptor

Normal BS- F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT
seq primer R

Minute BS- F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT
seq primer R

CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

Table 6: Data production details of normal BS-seq and MBS-seq libraries.

Sample YH 10pg  YH 100ng
Raw Data (Gbp) 103.7 2.52
Reads Number (M) 1,587 57.32
U’\;Inq Mapped reads 1,035 36.16
U'\;lnq Mapped bases 64.38 159
Mapped rate (%) 62.08 63.08
Conversion Rate (%) 99.71 99.12
Duplication rate ( %) *5.76 2.3

mDC

YH 30ng mDC 10ug 100ng mDC 30ng
231 10.36 2.06 1.35

46.34 138.15 42.09 27.63
30.94 95.83 28.18 18.99

15 7.19 1.38 0.93

66.77 69.37 66.97 68.72
99.44 99.36 99.3 99.19

2.67 4.66 1.69 1.83

30s, 11cycles for 100ng or 13cycles for 30ng, 60°C 30s,
72°C 30s then prolong with 1 min at 72°C. PCR products
were purified and 160bp-300bp range was excised from
2% TAE agarose gel to get the library (Figure 1).

RESULTS

High-throughput Pair-end sequencing was done by

lllumina’s GAIll sequencer. To determine the

reproducibility and reliability of this method, two

independent experiments using YH and mDC sample in a
scatter analysis were compared. The sequence data
were sorted according to the different DNA quantity as
10ug, 100ng, 30ng (Table 6). The raw data is processed
by lllumina’s base-calling software, i.e.Pipeline.
Subsequently all reads were aligned to the reference
genome hgl8 with SOAP Aligner (Li et. al.,2008) and
methyl cytosines were identified according to published
strategy by Li et al (Li et. al.,2010).

The concept of methylation level was calculated by

100*reads/total reads of certain cytosine types was co-
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Table 7. Details of 50M data of normal BS-seq libraries.

Sample YH 10pg  mDC 10ug
Conversion rate 99.49 99.36
Reads Number(M) 45.12 49,92

Raw Data(Gbp) 1.99 2.2

Uniq Mapped reads(M) 3256 35.05
Unigq Mapped bases(M) 1.39 1.54
Mapped rate(%) 72.17 70.22
Duplication rate(%) 5.76 1.83

vered. Considering not all of unmethylated cytosine
would be converted into uracil after bisulfite treatment.
Thus the conversion rate is very important for the bisulfite
sequencing. In this study we use the cytidine conversion
rate on non-CpG as the conversion rate, and in all
libraries, the conversation rate is larger than 99% (see
Table 6-7). Moreover, high quality raw data with a high
mapped rate and low duplication rate (less than 10%)
were produced (see Table 6).

To assess the MBS-seq method on subject of CpG
coverage and C, G bias form PCR amplification, we
randomly selected 50M reads form normal BS-seq (see
Table 7) to compare the corresponding amount data of
MBS-seq. The coverage of CpG on each chromosome
reveal that reads distributed uniformly on genome in each
sample, as we anticipated that chromosome X and Y had
coverage due to less abundance than
euchromosome.(see Supplementary Figure 1).
Furthermore, to make sure there were no bias between C
or G in MBS-seq compare with normal libray BS-seq, we
also checked the reads distribution with different CpG
observelexpect  (CPGore) (Gardiner-Garden and Frommer,

lower

1987). There was no obvious bias between the BS-seq
and MBS-seq libraries (see Supplementary Figure 2),
which also illustrated the MBS-seq library has no bias on
GC content.

We detected the MBS-seq methylation rate repeatability
of 37,576 genes from hg18 (from UCSC, 20110418). The
visual analysis of the methylation level distribution
suggested MBS-seq dataset has a good concordance to
normal BS-seq dataset (Figure 2A). Considering the
normal BS-seq data as a golden standard, we chose top

454 Int. J. Med.Med.Sci.

3000 genes with high methylaiton levels in normal BS-
seq dataset defined as ‘positive’, estimated that the MBS-
seq dataset had a sensitivity of ~80% at a specificity of
~50%, and true positive and false positive rate for MBS-
seq dataset were calculated at varying cutoff values for
the reveiver operating curve (ROC) analysis (see Figure
2 B-C and Supplementary Figure 3). This provides
evidence that the methyaltion level of MBS-seq had a
well reproducibility compare to normal BS-seq libraries.
Then, we compared the methylation rate of CG with
depth more than 4X between normal BS-seq and MBS-
seq to see the concordance between these different DNA
quantities. The cytosine’s methylation level in the MBS-
seq dataset was consistent with normal BS-seq (Figure
3). Even though there were a few biases which have
different level between MBS-seq and normal BS-seq,
most of the differences were less than 10% (Figure 3 A-
Q).

There is also high correlation of methylation level of
single CpG site between different dataset. The correlation
was 0.97 within the following sets: YH 10pg and YH
100ng, YH 10pg and YH 30ng, YH 100ng and YH30ng
(see Figure 3D and Supplementary Figure 4A-B). A high
correlation also exists in mDC sample: 0.94 between
mDC 10ug and mDC 100ng; 0.96 between mDC 10ug
and mDC 30ng; 0.97 between mDC 100ng and mDC
30ng (see Figure 3E and Supplementary Figure 4C-D). It
is predicts the randomness of sequencing error mainly
contribute to the small difference in varied dataset.

DISCUSSION

The use of large quantity of starting DNA (5-10ug)
resulted the study of BS-seq cannot be widely conducted
as it struggles to get large amounts DNA to be
sequenced. In MBS-seq method we optimize the normal
BS-seq adapter (Table 5) to improve the amplification
efficiency, and we did PCR directly after adapter ligation,
in order to avoid the DNA lost in gel cutting step. Adding
corresponding adapter to ligation system is very impor-


file:///C:/Users/Administrator/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/l
file:///C:/Users/Administrator/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/l

Sun et al. 455

tant as there is no gel cutting before PCR amplification
(Table 4).

Beyond our method there are also methods which use
WGA (Whole Genome Amplification) in bisulfite
sequencing. It uses bisulfite modification DNA as
template to do WGA amplification, in order to get enough
DNA to construct libraries. The huge defect of WGA
bisulfate sequencing is that the bisulfite modification DNA
is not suitable for genome scale amplification. Because
the templet is more complicated after the bisulfite
modification than normal DNA (no methylated C change
into U, and degradation seriously). On the other hand, the
high bias in WGA reaction also affects the accuratce of
methylated level detection.

To characterization of DNA methylation of a single
genome by bisulfite sequencing currently requires around
8 lanes of illumina platform. Follow the new MBS-seq
methods we can generate library from 30ng genomic
DNA to sequence. That means we need around 100ng
genomic DNA to do a Methylome mapping research. But
it is also different for some research to gather 30-100ng
genomic DNA. In this way, to absolutely resolve the
minute DNA quantity for the epigenetic research, we also
need a long way to go.

In conclusion, in this study we report an optimized
generating the high
quality bisulfite sequencing on whole genome with
nanogram amounts of genomic DNA (MBS-seq).
MBS-seq libraries  have been  successfully
constructed by using two different sources of genomic
DNA, ranging from 30ng to 100ng (YH and mDC).
Validation of this new method by comparing the MBS-
seq libraries (30ng and 100ng) to normal BS-seq libraries
(10ug) by associating data quality, the methylation
distribution, and the correlation of methylation level. The
high correlation between normal and minute libraries

normal BS-seq protocol for

proves that the new MBS-seq allows unambiguous
mapping of the whole genome DNA methylation from
30ng genomic DNA. The new method will be widely
accepted and can work very well on clinical samples with
nanogram DNA.
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