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Lessons from zebrafish on reprogramming the epigenetic
code after fertilisation
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M ethylation of cytosine bases encodes
epigenetic information that governs
lineage-specific patterns of gene expression.
Remodelling the methylated genome accom-
panies major transitions during embryo
development, including fertilisation, blastu-
lation and gastrulation. The first whole gen-
ome epigenetic maps of this modification
across these embryonic transitions in a
metazoan has been reported in the zebrafish,
and shows surprising differences from the
long-accepted models developed from more
limited analyses of mammalian embryos.
The analysis of the zebrafish shows a pri-
macy of the sperm’s epigenome as a
blueprint for creating the embryonic epigen-
ome. The study illustrates the strengths of
comparative approaches to complex bio-
logical questions.

Epigenetic information is considered to be
encoded within the structure of chromatin.
This information provides for lineage spe-
cific, mitotically heritable patterns of gene
expression that define a cell’s structure, func-
tion and ontological fate. An understanding
of the nature of this epigenetic information
and how its lineage specificity is encoded is
central to understanding all developmental
processes. It is generally thought that normal
embryo development requires extensive
reprogramming of the epigenetic informa-
tion inherited from the gametes. One of the
most extensively investigated epigenetic sig-
natures is the 5'-methylation of cytosine
bases (5meC) within the genome, particularly
at cytosine-guanine (CpG) dinucleotides.
Methylation of regulatory regions of the gen-
ome is typically associated with their low level
of gene expressivity.'
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Developmental epigenetics in mammals
has been dominated for the last couple of
decades by a classical model of reprogram-
ming of methyl-CpG within the genome
during embryo development. This model
holds that fertilisation triggers a process of
active global demethylation of the paternally-
inherited genome which is followed by a
process of passive demethylation of the
maternally-derived genome over subsequent
mitoses. These processes are considered to
‘cleanse’ the epigenetic information inherited
from the fertilizing gametes (except at
imprinted loci) by the end of the preimplan-
tation phase, so that a new embryonic form of
epigenetic information can then be imposed
upon the genome soon after implantation.’

The results of two reports on changes to
5meC during zebrafish (Danio rerio) embryo
development™* paint a strikingly different
picture of reprogramming. The great advan-
tage of these new studies are that they analyses
all CpGs within the genome and the methyla-
tion levels were distinguished from another
important epigenetic mark, 5’-hydroxy-
methylcytosine. This analysis showed the
genome of sperm was more hypermethylated
(91%—average methylation level across the
whole genome) than oocytes (80%), and that
there were a large number of regions of the
genome that were differentially methylated in
sperm and oocytes. The zygote and early
cleavage stages of development were not
assessed but by the 16-cell stage embryos
had a level of methylation that approximated
the average between the sperm and eggs. The
net level of methylation increased as embryos
approached the mid-blastula transition (the
time of embryonic genome activation), and
by the time of gastrulation, the levels of
methylation had increased to the level and
pattern observed in sperm. The study con-
cludes that at the 16-cell stage both paternally
and maternally inherited DNA maintain the

methylation patterns inherited from the
gametes. Thereafter, there is progressive con-
version of differentially methylated regions of
the maternally derived genome to resemble
the pattern in sperm. Remarkably, the methy-
lation status of the maternally-derived gen-
ome was reset to the male pattern as one
unit.® Of the large number of loci that were
differentially methylated in the sperm and
oocyte, most were resolved to the sperm-
specific pattern by gastrulation. Many of the
loci that were differentially methylated encoded
genes known to be involved in early embryo-
genesis, so this provides some reassurance
that these reprogramming events are develop-
mentally relevant.

This extensive analysis of reprogramming
in the zebrafish shows a profoundly different
pattern to the classical model in mammals.
This comes at a time when the classical model
is undergoing a fundamental re-evaluation.
The classical model was built largely on data
derived from use of genome-wide analyses by
immune localisation of 5meC or limited and
highly selective base-level chemical analyses.
Recently, the interpretation of these forms of
analyses has been questioned.

The widely reported large loss of 5meC
antigen staining in the paternally-derived
pronucleus in the mouse zygote> (which has
served as the primary evidence for active glo-
bal demethylation) was shown to be
accounted for by a progressive masking of
the antigen during zygotic maturation.®”
This masking was caused by changes in nuc-
lear proteins and could be reversed by brief
tryptic digestion of fixed zygotes. When
5meC staining was performed under condi-
tions favouring antibody binding under ther-
modynamic equilibrium and after antigen
retrieval by a combination of acid-induced
denaturation and tryptic digestion of chro-
matin, 5meC (and 5hmC) were found to per-
sist throughout zygotic maturation and there
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was no evidence of a preferential loss of 5meC
staining from the paternally inherited gen-
ome compared to that inherited from the
oocyte.®” In the mouse zygote, 5meC tends
to accumulate at heterochromatic regions
and the differing organisation of heterochro-
matin in the paternally- and maternally-
derived genomes,® giving the appearance of
differing patterns of methylation.

Base-level analyses of approximately 5% of
the CpG sites in the mouse zygote (using
reduced representation bisulphite sequen-
cing) confirmed that similar levels of methy-
lation exist in the male and female pronuclei,
although they were both lower than in
sperm.” No global pattern of passive
demethylation during subsequent mitoses
was evident, but there was some loss of
methylation in the cells of the inner cell mass
and increased methylation after implanta-
tion. While these studies showed that the glo-
bal patterns of change to methylation in the
mouse embryo differed markedly from the
predictions of the classical model, they do
show that there was evidence of substantial
remodelling at many bases. This was particu-
larly evident in CpG regions associated with
LINE and LTR elements of the paternally
derived genome, but this was not reported
in the zebrafish model.’

The interpretation of the functional signifi-
cance of these base-level 5meC analyses in the
mouse embryo is complicated by the recent
discovery that the ‘gold standard” methods of
chemical analysis of 5meC (bisulphite con-
version and differential restriction analysis)
actually provide a net measure of all-known
covalent modifications of cytosine (5meC,
5hmC, 5'-formylcytosine and 5’-carboxylcy-
tosine).'® It is also recognized that each of
these modifications can provide different epi-
genetic information to the cell and each have
different localisation within the genome.!
These limitations have been overcome in the
zebrafish analysis by use of modified forms of
bisulphite analysis that allow 5meC to be dis-
tinguished from other modifications,” but
this is not possible with the small amounts
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of DNA available from the mammalian
embryo. There is much scope for uncertainty
about the true pattern of 5meC reprogram-
ming in the mammalian embryo and much
caution is warranted if using the classical
model as a hypothetic basis for understanding
of developmental epigenetics.
Notwithstanding these limitations in
methodology, some information of 5meC
remodelling can be gleaned from the current
literature, and this does point to some
marked differences between mammals and
the zebrafish. There is an overall reduction
in the net levels of the cytosine modifications
as the mouse zygote develops to the blasto-
cysts stage.” It is likely that this will include
loss of 5meC, particularly at repeat elements.
By contrast, the level of 5meC increased over
the first embryonic transitions in zebrafish. In
the mouse, cytosine modifications undergo
remodelling to a pattern broadly similar to
the oocyte (although there are many base-
level differences), whereas in the zebrafish,
the remodelling is towards the sperm’s pat-
tern. Much remodelling occurs at the time of
the mid-blastula transition (the time of
activation of new transcription from the
embryonic genome) in zebrafish, yet in the
mouse, this activation occurs at the two-cell
stage and there seems to be a relatively modest
amount of 5meC remodelling at this time.
Our understanding of the processes of epi-
genetic reprogramming of the embryonic
genome is clearly in a state of flux. The elegant
zebrafish model shows a surprising dom-
inance of the paternally derived genome as a
blueprint for the epigenome of the developing
embryo, but this is unlikely to be the case in
mammals. The finding that such functionally
and morphologically divergent structures as
the sperm and the gastrulation stage embryo
have the same base-level 5meC patterns raises
new questions on the role of this epigenetic
mark in lineage specification. The zebrafish
will be a powerful model for addressing
such questions. Models for reprogramming
in mammals are undergoing a major re-
assessment, yet, the aspects of that model that

are reliable do suggest that there are likely to
be major divergences in the patterns and pro-
cesses of epigenetic reprogramming between
zebrafish and mammals. If this proves to be
the case it may indicate limited evolutionary
conservation of this process, a finding entirely
consistent with a current view that these
processes are highly plastic and provide a
major source of phenotypic variation within
populations. Further detailed comparative
analyses of model species across phyla will
provide powerful new insights into deve-
lopmental epigenetics.
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