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Abstract

genomic information.

Background: In mammals, DNA methylation at the 5-position of cytosine is the most essential epigenetic
modification. Changes in the level of genome-wide DNA methylation (also known as overall DNA methylation) are
associated with alterations in gene expression, thereby contributing to the phenotypic and physiological diversity.
Current technologies for detecting overall DNA methylation either suffer from low sensitivity or require
sophisticated equipment. Studies on domestic animals are hampered by the lack of complete and annotated

Results: Here we report a rapid slot blot method using methyl-CpG binding protein (MBD1) to exam the level of
overall DNA methylation in pigs and chickens. Using this rapid approach, we determined the methylation status in
various DNA samples of a Chinese indigenous (Erhualian) and a Western (Large White) breed of pigs. We also chose
day 18 embryos (E18) and newly hatched chicks (D1) of a Chinese indigenous chicken breed (Wen's yellow-
feathered broiler chicken) for genome-wide DNA methylation analysis. The results revealed tissue- and breed-
specific differences, as well as age-dependent variations, in the level of overall DNA methylation.

Conclusion: The results showed that the slot blot assay is a sensitive, highly specific and convenient method for
semi-quantitative estimation of overall DNA methylation with no species specificity. This method does not require
sophisticated equipment, such as high performance liquid chromatography (HPLC), or expensive technologies like
sequencing, thus providing a useful tool for overall DNA methylation studies on domestic animals.
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Background

DNA methylation of the CpG dinucleotide is one of the
most crucial epigenetic modifications in mammals [1]. Its
feature is a modification of the 5-position of the pyrimidine
ring of cytosine that produces 5-methylcytosine (5mc). A
large body of literature demonstrates that the level of
genome-wide DNA methylation (also is referred to as over-
all DNA methylation) changes dynamically during the
course of normal development, and this epigenetic regula-
tion is critical in the determination of cell fate during em-
bryogenesis [2,3]. For example, during the preimplantation
stage, the mammalian genome becomes progressively
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demethylated, which is associated with the initiation of
cellular differentiation of somatic cells [3].

On the contrary, impairment of methylation can damage
assorted aspects of gene regulation, such as X chromosome
inactivation [1], genomic imprinting [4] and retroviral silen-
cing [5]. Additionally, environmental factors, such as ioniz-
ing radiation [6] and hormone exposure [7], could
influence the overall level of DNA methylation, which
results in altered molecular pathways and increased risk of
diseases. Thus, DNA methylation may help explain the
pathophysiology of diseases. Furthermore, the aberrant
genome-wide DNA methylation also plays a critical role in
tumorigenesis [8]. The overall DNA methylation level in
tumor-derived genomic DNA is reported to be significantly
reduced. Hypomethylation of overall DNA methylation in
tumor tissue has become a common hallmark in a variety
of malignancies, such as breast, colon, and blood cancers
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[9,10]. Recently, a large number of studies have focused on
the methylation status of specific genes to identify the can-
cer associated changes in DNA methylation at specific loci.
However, analysis of genome-wide DNA methylation could
provide an overview that may be missed in studies limited
to specific genes of interest.

In order to understand the role of overall DNA methyla-
tion in development and disease, a wide range of approaches
have been developed [11,12]. Generally speaking, there are
four groups of approaches for detecting the changes of
DNA methylation at the genome-scale level. The first
group is high-performance separation techniques, such as
high performance liquid chromatography (HPLC), HPLC-
mass spectrometry (HPLC-MS), high performance capil-
lary electrophoresis (HPCE), etc. The separation techni-
ques require expensive and sophisticated equipment and
significant experimental experience to obtain reproducible
results. In addition, the DNA samples have to be hydro-
lyzed. The second group is based on enzymatic/chemical
approaches such as the methyl-acceptor assay and the
chloroacetaldehyde assay. These methods are not as sensi-
tive as the high-performance separation techniques, and
sometimes their resolution is limited to endonuclease cleav-
age sites and incomplete DNA digestion. The third group
is bisulfite sequencing, which relies on bisulfite treat-
ment to deaminate the unmethylated cytosine into uracil,
thus allowing differentiation of methylated (protected
from deamination) and unmethylation cytosine by deep
sequencing. Although this technique allows whole gen-
ome analysis, it is costly and requires significant bioinfor-
matics expertise and well annotated genomic information
of the species. The fourth group is mentioned in literature
in which DNA samples are immobilized on membranes
and the methylation level is detected by the anti-5mc anti-
bodies. But in order to expose the epitopes, DNA must be
denatured into single strand.

The methyl-CpG binding domain (MBD), on the con-
trary, can detect native double-stranded CpG-methylated
DNA [13]. MBD is a family of mammalian proteins whose
original function is to recruit transcriptional repression
complexes to silence gene expression [14]. MBD1, MBD2,
MBD4 and MeCP2 have high affinity to a symmetrically
methylated CpG motif [15], and MBD1 binds more effi-
ciently to densely methylated DNA [16,17] with sequence
preference in the neighboring nucleotides [18]. Methods
using the MBD family protein provide an advantage com-
pared to the previously discussed ones because no pre-
treatment or conversion of the sample DNA is required.
Large numbers of detection protocols have focused on ap-
plying the methyl binding proteins to capture the methy-
lated DNA, such as methylated-CpG island recovery assay
(MIRA) [19], and MBD-isolated Genome Sequencing
(MiGS) [17]. Because high-throughput DNA sequencing is
employed, these approaches have extremely high sensitivity
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and can provide information about DNA methylation for
specific DNA loci at a resolution of nearly 50-100 bp.
However, high-throughput sequencing is expensive, time
consuming and most importantly, depends on substantial
species-specific genomic database, which is not always
available for domestic animals.

Previous studies used MBD1 protein to determine the
methylated lambda phage DNA (ADNA) with slot blot
assay [20,21]. Here we extend the application of the assay
for detecting the relative percentage of genomic DNA
methylation by using the same MBD1 protein. The assay
does not require high-performance separation equipment
or methylation-sensitive restriction enzymes, yet provides a
quick, simple and inexpensive semi-quantitative technique
for the detection of methylated DNA. Using this rapid ap-
proach, we measured genome-wide DNA methylation
levels in different DNA samples of a Chinese indigenous
(Erhualian) and a Western (Large White) breed of pigs.
Also, we chose day 18 embryo (E18) and newly hatched
chicks (D1) of a Chinese indigenous chicken breed (Wen’s
yellow-feathered broiler chicken) for this methylation level
analysis. The semi-quantitative analysis revealed tissue-
and breed-specific differences, as well as age-dependent
variations in the overall DNA methylation level.

Results

Specificity of the slot blot assay

As shown in Figure 1a, the specificity of the MBD1 protein
was tested against M.Sss[-methylated and non-methylated
ADNA following the method described previously [20,21].
Serial dilution of methylated ADNA samples demonstrated
increasing band intensity, indicating the status of DNA
methylation (Figure 1c). The assay demonstrated high spe-
cificity, as signals were obtained only in the slots containing
the methylated ADNA, which is consistent with previous
publications [20,21]. A linear regression analysis showed
quantitative recovery across the entire methylation range
(0-100%), with a R* of 0.9705 (Figure 1d). The blot stained
with methylene blue demonstrated equal loading of total
DNA on each slot (Figure 1b).

Sensitivity of the slot blot assay

We examined the sensitivity of methyl-CpG-binding by in-
cubating recombinant MBD1 protein with membranes car-
rying different quantities of genomic DNA. Genomic DNA
extracted from the muscle of D1 chicken was used, and the
result suggested that the slot blot routinely allowed detec-
tion of genomic DNA to a sensitivity of 0.5 pg (Figure 2).

Differences of overall DNA methylation levels among
different tissues of two pig breeds

We utilized the slot blot assay to assess the level of overall
DNA methylation among three types of tissues (liver, ad-
renal gland and psoas muscle) of two breeds of newborn
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Figure 1 Specificity of the slot blot assay using MBD1 protein. (a) Methylation status of the ADNA assessed by Hpall endonuclease restriction
analysis shows that in vitro methylated ADNA (M+) was resistant to endonuclease cleavage, but unmethylated ADNA (M-) was not. (b) Methylated
ADNA (100%) was added in increasing amounts to unmethylated ADNA (0%) to create a dilution series of methylated DNA from 0% to 100% in a
total amount of 500 ng. The blot was stained with methylene blue to ensure the equal loading of total DNA. (c) The same blot detected by
MBD1. (d) The observed band intensity was plotted against the methylation percentage. The regression equation with an adjusted R? of 0.9705
was presented on figure.

piglets (n=6). Increasing amounts of porcine genomic
DNA (a mix of all the samples detected) were blotted onto
the membrane (Figure 3a) to plot a standard curve with
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Figure 3 Utilizing the slot blot assay to detect the overall DNA methylation level of newborn piglets. (a) Increasing amount of porcine
genomic DNA (a mix of all the samples detected) ranging from 0.5 to 7 pg (marked underneath each band) was blotted onto the membrane. (b)
The observed band intensity was plotted against the amount of DNA blotted. (c) The logarithm of band intensity was plotted against the
amount of DNA blotted. (d) 4 ug of genomic DNA from three types of tissues of male Large White and Erhualian piglets was used (n=6). Data
are presented as means + SE. * means significant difference between pig breed (p < 0.05).

the DNA methylation level did not exhibit significant dif-
ference among the tissues.

Verification by using anti-5mc antibody

To confirm our slot blot assay, we compared two of the
results with conventional Southern blotting with commer-
cial anti-5mc antibody. We chose the DNA samples of the
liver of two pig breeds, and D1 chicken tissues as examples.
Genomic DNAs were denatured in a 95°C water bath and
put on ice immediately. Then they were immobilized on
nitrocellulose membranes and detected with commercial
anti-5mc antibody (1:5000) followed by HRP-anti-mouse
antibody. The pattern of overall DNA methylation in

different tissues was consistent with that detected by our
method (Figure 5a, b).

Discussion

In this study, we demonstrated the feasibility of immobil-
izing genomic DNA on membranes with slot blotting fol-
lowed by interaction with MBD1 protein for quantifying
overall DNA methylation. Most of the currently available
methods require DNA to be denatured by heating in order
to fully expose the epitopes [22,23]. The assay developed
in this study can avoid subjecting the specimen to rough
denaturing conditions, as MBD1 could recognize 5mc in
duplex DNA. The sensitivity of this assay is similar to
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Figure 4 Utilizing the slot blot assay to detect the overall DNA
methylation level of chickens. 3 jig of genomic DNA from 18 day
embryo (E18) and new hatched (D1) chicken (n=6) was used. Data
are presented as means + SE. Different superscripts indicate
significant difference between bars (p < 0.05).
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Figure 5 Verification by using Anti-5mC antibody. (a) The same
genomic DNA from liver of male Large White and Erhualian piglets
(n=6) was detected by the anti-5mc antibody. (b) The identical
genomic DNA of different tissues of chicken (D1) was detected by
the anti-5mc antibody. The results are consistent with that detected
by the MBD1 protein. The data are presented as means + SE.
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other Southwestern immunoblotting assays with anti-5-
methylcytosine antibody [24]. Although the sensitivity of
the slot blot using MBD1 protein is relatively lower com-
pared to methods such as HPLC or HPEC [11], it would
meet the needs of those studies in which an semi-
quantitative estimation is adequate and quantity of the
DNA samples is not restricted.

Levels of methylated DNA are known to be tissue- and
species-specific [6,25,26], and change during development
[27]. Analysis of the overall DNA methylation level
revealed that in normal human tissue, the most highly
methylated DNA was from thymus and the least was from
sperm [28]. Gama-Sosa [26] analyzed the overall DNA
methylation extent in rats, mice and four types of mon-
keys, and they demonstrated that there were some similar-
ities among tissues in mammals that they examined. For
example, brain and thymus DNA were hypermethylated
compared to most other organ DNA. Our result showed
that in pig, muscle had the highest methylation level com-
pared to the liver and adrenal gland. The physiological sig-
nificance of these marked differences in overall DNA
methylation level among the organs of a given species is
not yet clear. Several lines of evidence demonstrate that
high levels of DNA methylation are associated with gene
silencing [1]. However, no apparent correlation is observed
in the tissue-specific differences in levels of human overall
DNA methylation and the extent of transcriptional activity
[28]. Variations in the overall DNA methylation level of
a certain type of tissue might indicate, to some extent,
the net change of the transcriptional activity of all the
genes in all the cell types and thus, could be related to
differentiation and function of these tissues [26]. Our
results also indicate that the overall DNA methylation
level in the liver of swine differs between breeds; other
tissues showed the same tendency, but no significant
change was observed.

Developmental changes in DNA methylation will be
helpful to understand the molecular basis of age-related
physiological and pathological changes [29]. It has been
illustrated that the overall DNA methylation levels de-
crease with age in human and mouse [30]. All the chicken
tissues detected in the present study showed a decrease
from E18 to D1. The reduction of the overall DNA level is
a net effect of increases and decreases in methylation that
occur across the whole genome [31]. The age-related de-
crease of methylation in CpG islands seems uncommon
[32], whereas the age-related demethylation of repetitive
sequence was common in human and other animals
[33-35]. However, illustration of DNA methylation changes
with age at specific loci is far from complete, and beyond
the scope of our present study. In our study, the kidney
showed a significant developmental change. Previous stud-
ies suggest that some organs, such as lung and kidney,
underwent significant biochemical changes after birth
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[36-38]. Such biochemical changes are regulated by hor-
mones [37] and may be related to the overall DNA methy-
lation changes.

It is noted, however, that our assay is limited in offering
the absolute values for the proportion of methylated cyto-
sine, because fully methylated and unmethylated control
DNA for swine and chicken are not available. However, an
absolute percentage is not always necessary. For example,
one research study aimed to analyze the relationship be-
tween an overgrowth phenotype of bovine fetuses and
DNA methylation, and they compared the overall DNA
methylation level of liver and placental cotyledon between
the overgrowth groups and controls by using HPCE [39].
HPCE offered an absolute percentage of methylation, but
actually a semi-quantitative analysis like our assay is ad-
equate to serve the purpose.

The slot blot assay with MBD1 protein may also be useful
for many different methylation detection applications that
were not explored in this study. Its sensitivity, specificity
and ease of use would allow for enhancing our understand-
ing of the role of DNA methylation in different tissues of
various species of animals under different situations.

Methods

Ethical statement

The slaughter and sampling procedures complied with
the "Guidelines on Ethical Treatment of Experimental
Animals" (2006) No. 398 set by the Ministry of Science
and Technology, China and the Regulation regarding the
Management and Treatment of Experimental Animals"
(2008) No.45 set by the Jiangsu Provincial People's
Government. The experiment was conducted following
the guidelines of Animal Ethics Committee at Nanjing
Agricultural University, China.

DNA sample preparation

Genomic DNA was extracted from tissues by incubation
in lysis buffer (20 mM Tris (pH 8), 20 mM EDTA, 2%
SDS and 0.5 mg/ml Proteinase K) overnight at 55°C fol-
lowed by phenol:chloroform extraction and ethanol pre-
cipitation. The extracted DNAs were quantified using the
NanoDrop™ 1000 Spectrophotometer (Thermo Scien-
tific, USA). Each sample was diluted with distilled water
into a final concentration of 100 ng/pl.

Preparation of ADNA

We methylated 1 pg ADNA (Promega D1521) with
4U of the CpG methyltransferase SssI in 20 pl reac-
tion volumes with 1xNEBuffer2 and 160 pmol/l S-
adenosylemthyionine for 2 h at 37°C (all reagents
from New England Biolabs). To confirm the complete
methylation, both the native double-stranded mock-
and M.SssI-methylated ADNA were digested by Hin-
dlll, and then they were subjected to restriction
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analysis using the methylation sensitive enzyme Hpall
(all the enzymes from New England Biolabs) on 1%
agarose gel.

Methylated ADNA (100%) was diluted with unmethy-
lated ADNA (0%) to create a dilution series of 100%, 80%,
60%, 40%, 20%, 0% in a total amounts of 500 ng. We then
used duplicate DNA dilutions to do the slot blot. One
membrane was measured the methylation percentage as
described, and the other was immersed in methylene blue
stain for 5 min at room temperature and wash the mem-
brane three times with water.

Recombinant protein

Prof. Adrian P. Bird at the Welcome Trust Centre for Cell
Biology University of Edinburgh, UK kindly donated the
plasmid of 1xMBD (pET-1x MBD). We transformed the
plasmids to BL21 (DE3). Two hundreds mls BL21 (DE3) cul-
tures were induced by 1 mM IPTG and the recombinant
His6-tagged MBD1 proteins were prepared by denaturation-
renaturation procedure as previously described [20,21].

Slot blot assay

The slot blot apparatus (Cleaver Model, 48 slots) was
assembled using Whatman 3 MM filter and a pre-wetted
nitrocellulose membrane, and it was connected to a vac-
uum pump. For slot blotting, 40 ul of DNA samples at the
concentration of 100 ng/ul were taken and brought up to
200 ml with water, the unused slots were filled with 200 ml
distilled water, and then drawn by vacuum and immobilized
by heating at 80°C for one hour. The membrane was
blocked for 2 h at room temperature in 5% skim milk pow-
der in Tris—HCl buffered saline containing Tween-20
(0.025 M Tris—HCI, 0.15 M NaCl, pH 7.6, 0.05% Tween-20,
TBST). The membrane was then incubated with TBST buf-
fer containing 5% skim milk and 20 pg/ml purified recom-
binant MBD1 protein for 2 h at room temperature or,
alternatively overnight at 4°C. The membrane was washed
three times with TBST. The bound protein was detected by
incubation with HisProbe-HRP (Thermo Scientific, USA)
working solution (1:5000 of stock in 2.5% BSA TBST) for
1 h. Again, the membrane was washed three times with
TBST and the blot was processed using the Supersignal
West Dura Extended Duration Substrate (Thermo scien-
tific, USA) according to the manufacturer’s introductions.
Chemiluminescence was detected with Versa Doc™ im-
aging system (BIO-RAD, USA) and intensity of each band
on the slot was measured using the Quantity One Analysis
Software (BIO-RAD, USA).

Statistical analysis

All data are presented as the mean + SEM. All statistical ana-
lyses were performed with two-way analysis of variance
(ANOVA) using the general linear model (GLM) procedure
of SPSS 17.0 for Windows, followed by post-hoc analysis
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using the S-N-K method. For single factor studies, compari-
son was performed with Students7 test for independent
samples. Differences were considered significant when
p<0.05.

Conclusion

In conclusion, the slot blot assay is a sensitive, highly specific
and inexpensive method for semi-quantitative estimation of
overall DNA methylation. This assay does not require
sophisticated equipments, or expensive technologies like se-
quencing, and also does not have the species specificity, thus
providing a useful tool for the overall DNA methylation
studies on domestic animals.
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