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Individual di#erentiated somatic cells and undi#erentiated stem cells have common genome, although their functions or
morphological characters are very di#erent. These di#erences are derived from di#erence of gene expression pattern. DNA
methylation is generally key factor of suppression of gene and its level is globally change during mammalian early
development. But, in birds, whether genome-wide changes in DNA methylation occur during embryonic development is still
unknown. Here, we show that genome-wide DNA methylation to assess occurrence during early chick embryonic
development. We found that the methylation status at stage + was approximately /1ῌ, after which it gradually decreases,
reaching a minimum at stage +* (--ῌ). After stage +*, DNA methylation gradually increased. These results should contribute to clarify the epigenetic mechanisms in birds.
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Introduction
Methylation of CpG dinucleotides is a heritable
epigenetic mechanism that is involved in a broad range of
biological processes in vertebrates, plants, and fungi
(Bird, ,**,). DNA methylation is the most common
modiﬁcation of vertebrate genomes and is primarily
associated with transcriptional repression (Chen and Li,
,**.). In mammals, DNA methylation is coordinately
regulated by three DNA methyltransferases, DNMT+,
DNMT-A and DNMT-B (Ballestar and Wol#e, ,**+),
and it plays a crucial role in the regulation of gene
expression, silencing of parasitic elements, genomic imprinting, and embryogenesis (Bird, ,**,). The mouse
genome is highly methylated, whereas this modiﬁcation is
virtually absent or very infrequent in some invertebrate
species, including Drosophila melanogaster and
Caenorhabditis elegans. Some invertebrates, however,
have signiﬁcant levels of methylcytosine (Regev et al.,
+332). For example, in the invertebrate chordate Ciona
intestinalis, genes seem to be methylated and transposable
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elements non-methylated, which contrasts with the usual
situation where methylation appears to silence repetitive
sequences and transposable elements.
Global methylation levels di#er not only between species but also between di#erent stages of embryonic development. In the mouse, genome-wide demethylation
occurs in the fertilized egg, just before zygotic transcription starts at the two-cell stage (Monk et al., +321; Kafri
et al., +33,; Mayer et al., ,***; Oswald et al., ,***). This
hypomethylated state is gradually reversed following implantation. The function of these global changes in
methylation status, however, is still unknown, but it may
be related to reprogramming of the epigenetic marks
before embryonic development. Alternatively, global
demethylation may serve to derepress the genome on a
global scale at the stage where the embryonic genome
becomes transcriptionally active for the ﬁrst time. In
agreement with this hypothesis, Stancheva and Meehan
(,***) reported that depletion of DNA methyltransferase
leads to premature onset of embryonic gene transcription
in the frog Xenopus laevis. Both hypotheses predict that
developmental demethylation occurs globally in species
with highly methylated genomes. In the zebraﬁsh Danio
rerio, however, genome-wide changes in DNA methylation are not observed during embryonic development
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(Macleod et al., +333).
In birds, the expression of some genes which is controlled by CpG methylation (Kransdorf et al., ,**0;
Ramachandran et al., ,**1) changes in DNA methylation
are known to occur during embryonic development. But,
in birds, whether genome-wide changes in DNA methylation occur during embryonic development is still unknown. Here, we report that the genomic DNA methylation in the chick changes on a global scale during embryonic development.
Materials and Methods
Experimental Animals
All procedures described within were reviewed and
approved by the Animal Care and Use Committee of
Shinshu University, and were performed in accordance
with the Guiding Principle for the Care and Use of
Laboratory Animals.
Freshly laid fertilized eggs from White Leghorn chickens were used in the present studies. The developmental
stages of the embryos were determined as described by
Hamburger and Hamilton (+3/+).
Ruby Script Analysis
Chick genomic sequence data was obtained from the
University of California Santa Cruz (UCSC) Genome
Browser (http://genome.ucsc.edu/). Consider the following: Ruby script was used for the initial determination
of the number of CpG dinucleotide and CCGG sites. To
determine the number of CpG dinucleotides and CCGG
sites around the proximal transcription start site, we
randomly selected the following genes from the GenBank
database (http: / / www. ncbi. nlm. nih. gov / Genbank /):
Collagen alpha-+ (M+-.30), AANAT (U.0/*,), BMP.
(X1/3+/), FGF2 (U.+.01), (b-actin (L*2+0/), RPLP*
(L,21*.), PGK+ (L-1+*+), CDH+ (M,,+3*), POMC
(AB*+3///) and EDNRB (AF.1,0+0).
Isolation of Genomic DNA
Staged embryos were gently homogenized in homogenization bu#er (+* mM Tris-HCl (pH 2.*), ,/ mM
ethlenediamine tetraacetic acid (pH 2.*), +** mM NaCl,
*./ῌ sodium dodecylsulphate and *.0 mg/ml proteinase
K), and the homogenate was incubated for more than +0
h at /*῏. An equal volume of phenol/chloroform (+: +)
was added to the incubated samples. The samples were
centrifuged for +* min at ++,3-/῎ g after which the aqueous layer was transferred to a new tube, and ethanol
precipitation was performed to collect the genomic DNA.
Restriction Enzyme Digestion
Digests with HpaII and MspI (New England BioLabs,
Inc., Beverly, MA, USA) were carried out using +* mg
DNA and +** U of each enzyme in NEBu#er + or , for +*
h at -1῏. Digestion of the DNA was veriﬁed by +.*ῌ
agarose gel electrophoresis.
Quantitation of DNA Methylation
Methylated l DNA was obtained by incubating l DNA
(Takara Bio, Inc, Shiga, Japan) with - U/mg SssI
methylase (New England BioLabs) and +0* mM of S-
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adenosylmethionine at -1῏ for - h. The methylated l
DNA was resistant to HpaII, conﬁrming completion of
the methylation reaction. DNA digested with HpaII and
MspI was subjected to phenol/chloroform extraction and
ethanol precipitation. Puriﬁed DNA was incubated with ,
U/mg of Klenow fragment (FERMENTAS CANADA
INC, Burlington, Canada) in the presence of /* nM Cy-./
-dCTP (GE Healthcare Amersham Biosciences Corp,
Piscataway, CA, USA) and + mM dGTP (Invitrogen,
Carlsbad, NJ, USA) at -1῏ for , h. For the removal of
excess dye, the reaction mixture was puriﬁed twice using a
Microcon ultraﬁltration unit with a YM--* membrane
(Amicon, Inc., Beverly, MA, USA). Puriﬁed DNA was
analyzed for the incorporation e$ciency of Cy-./-dCTP
by measuring absorption at ,0* nm and /2+ nm.
Results and Discussion
Using Ruby script which was originally made, we ﬁrst
investigated the number of the CpG dinucleotides and
CCGG sites in the chick genomic sequence. These sites
should be recognized by the methylation-sensitive restriction enzymes HpaII, whereas MspI whick is isoschizomer
of HpaII and not the methylation-sensitive restriction
enzymes. The frequency of the CpG dinucleotides was
about +ῌ in the chick genomic sequence, which is slightly
higher than the frequency of the CpG dinucleotides in the
human genome sequence. Each chromosome had constant CpG dinucleotide and CCGG sites (Fig. +A and B).
The frequency of CCGG/CpG sites was approximately
0ῌ in each chromosome.
We next determined the number of CpG dinucleotides
and CCGG sites around the proximal transcription start
site of randomly selected genes in the chick genome. We
found that both CpG dinucleotides and CCGG sequences
are concentrated around the transcription start site (Fig. +
C and D). These results suggest that DNA methylation is
a control mechanism used to control expression in the
chick genome DNA and that it would be possible to use
CpG dinucleotides within CCGG sites to evaluate DNA
methylation in the chick genome.
Genomic DNA was isolated and analyzed using two
methylation-sensitive restriction enzymes. Both HpaII
and MspI cut the sequence CCGG, but if the CpG sequence in the middle is methylated, only MspI can cut the
sequence.
Chick genomic DNA was found to be
hypomethylated irrespective of the developmental stage,
although there seemed to be a slight change in the level of
methylation (Fig. ,).
To quantify the change in methylation, digested DNA
was tagged with Cy-./-dCTP and dGTP using Klenow
fragment (Fig. -A-C). The labeled, digested DNA absorbed at /2+ nm, allowing quantitation of DNA digestion. To verify that this method was e#ective, we
employed l DNA. When the l DNA was completely
methylated in vitro with SssI methylase, Cy--./ dCTP was
incorporated with high e$ciency (Fig. .A). Next, we
tested the genomic DNA isolated from chick embryos
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Analysis of chick genomic sequence by Ruby script. A: The number
of CpG site in each chromosome. B: The number of CCGG site in each
chromosome. C: The number of CpG site around proximal transcription start
site. D: The number of CCGG site around proximal transcription start site.

Fig. +.

using this method. The level of DNA methylation was
/1ῌ to 0.ῌ between stages + and 1, and --ῌ to .*ῌ
between stages +* and +1 (Fig. .B). These results suggest
that DNA methylation changes during embryonic development in birds.
We ﬁrst established initial data on the frequency of CpG
dinucleotides in the chick genome. We found that the
chick genome has a higher frequency of CpG dinucleotides than the human genome, suggesting that, as in
humans, DNA methylation controls gene expression in
birds.
Moreover, we established a method for quantifying
genome-wide DNA methylation. Using this method, we
determined that global changes in genomic DNA methylation occur during chick development. Previous studies
have examined genome-wide DNA methylation by elec-

trophoresis (Mayer et al., ,***; Stancheva and Meehan,
,***). At ﬁrst, we also examined by electrophoresis (Fig.
,). But it was unclear that the dynamically change of
genome-wide DNA methylation occurred in early development. DNA damage in the DNA extraction process
could be caused the results. On the other hand, our
method appears to be more sensitive, so that it may be able
to detect small changes in methylation that would otherwise be missed.
Unexpectedly, the lowest level of DNA methylation was
at stage +* of chick development; we had expected the
lowest level to be at stage +, as the stage + was the most
undi#erentiated status after laid eggs and the avian blastoderm was equivalent to mammalian blastocyst (Naito et
al., +33*; Bird, ,**,; Etches, ,**0). This suggests that
the change in DNA methylation in the chick di#ers from
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Fig. ,. DNA mathyaltion during chick embryo development. The genomic DNA
was derived from stage+(St.+)-+1(St.+1). The methylation status of genomic
DNA was tested by MspI-digested DNA (M) and HpaII-digested DNA (H). It
was observed by ethidium bromide staining.

Fig. -.

A schematic diagram of the novel method for quantiﬁcation of genome
wide DNA methylation. A: Genomic DNA was digested by MspI and HpaII. B:
Fragmental DNA which was digested restricted enzyme was ﬁlled Cy--./ dCTP
and dGTP. C: Filled DNA had a speciﬁc absorbance (/2+ nm), as Cy--./ had a
speciﬁc absorbance.
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methylation changes during the di#erentiation of chick
primordial germ cells into gonads.
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Quantiﬁcation of genome wide DNA methylation in l DNA and chick embryonic genome DNA. A:
l DNA was completely methylated in vitro with SssI
methylase. The completely methylated DNA (+**ῌ)
and unmethylated DNA (*ῌ) were mixed by +: (,/ῌ), +: + (/*ῌ) and -: + (1/ῌ). The e$ciency of
Cy--./ dCTP incorporation was plotted by each
methylation parcentage and there were made approximated curve. Date represent ﬁve independent
experiments. B: Developmental change of DNA methylation in stage+ (St. +)-stage+1 (St. +1).

that in mammals. Further analysis by individual stage of
chick development is needed to characterize the changes
in more detail.
In conclusion, we developed a novel method for quantiﬁcation of genome-wide DNA methylation that appears
to be more precise than previous electrophoretic methods.
Using this method, we show for the ﬁrst time that the state
of DNA methylation changes during embryonic development of the chick. In further studies, we will use this
method, along with our previously established method for
isolating circulating primordial germ cells (Yamamoto et
al., ,**1), to investigate whether, as in mammals, DNA

Ballestar E and Wol#e AP. Methyl-CpG-binding proteins:
targeting speciﬁc gene repression. European Journal of Biochemistry, ,02: +ῌ0. ,**+.
Bird A. DNA methylation patterns and epigenetic memory.
Genes and Development, +0: 0ῌ,+. ,**,.
Chen T and Li E. Structure and function of eukaryotic DNA
methyltransferases. Current Topics in Developmental Biology, 0*: //ῌ23. ,**..
Etches RJ. The hard cell(s) of avian transgenesis. Transgenic
Research, +/: /,+ῌ/,0. ,**0.
Hamburger V and Hamilton H. A series of normal stages in the
development of the chick embryo. Journal of Morphology,
22: .3ῌ2,. +3/+.
Kafri T, Ariel M, Brandeis M, Shemer R, Urven L, McCarrey J,
Cedar H and Razin A. Developmental pattern of genespeciﬁc DNA methylation in the mouse embryo and germ
line. Genes and Development, 0: 1*/ῌ1+.. +33,.
Kransdorf EP, Wang SZ, Zhu SZ, Langston TB, Rupon JW and
Ginder GD. MBD, is a critical component of a methyl
cytosine-binding protein complex isolated from primary
erythroid cells. Blood, +*2: ,2-0ῌ,2./. ,**0.
Macleod D, Clark VH and Bird A. Absence of genome-wide
changes in DNA methylation during development of the
zebraﬁsh. Nature Genetics, ,-: +-3ῌ+.*. +333.
Mayer W, Niveleau A,Walter J, Fundele R and Haaf T.
Demethylation of the zygotic paternal genome. Nature, .*-:
/*+ῌ/*,. ,***.
Monk M, Boubelik M and Lehnert S. Temporal and regional
changes in DNA methylation in the embryonic, extraembryonic and germ cell lineages during mouse embryo
development. Development, 33: -1+ῌ-2,. +321.
Naito M, Nirasawa K and Oishi T. Development in culture of the
chick embryo from fertilized ovum to hatching. Journal of
Experimental Zoology, ,/.: -,,ῌ-,0. +33*.
Oswald J, Engemann S, Lane N, Mayer W, Olek A, Fundele R,
DeanW, Reik W and Walter J. Active demethylation of the
paternal genome in the mouse zygote. Current Biology, +*:
.1/ῌ.12. ,***.
Ramachandran K, van Wert J, Gopisetty G and Singal R.
Developmentally regulated demethylase activity targeting
the betaA-globin gene in primary avian erythroid cells.
Biochemistry, .0: -.+0ῌ-.,,. ,**1.
Regev A, Lamb MJ and Jablonka E. The role of DNA methylation in invertebrates: developmental regulation or genome
defense? Molecular Biology and Evolution, +/: 22*ῌ23+.
+332.
Stancheva I and Meehan RR. Transient depletion of xDnmt+
leads to premature gene activation in Xenopus embryos.
Genes and Development, +.: -+-ῌ-,1. ,***.
Yamamoto Y, Usui F, Nakamura Y, Ito Y, Tagami T, Nirasawa
K, Matsubara Y, Ono T and Kagami H. A novel method to
isolate primordial germ cells and its use for the generation of
germline chimeras in chicken. Biology of Reproduction, 11:
++/ῌ++3. ,**1.

