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Abstract. Transcription onset in the early animal
embryo is a fundamental process required for proper
embryonic development. Depending on the species,
transcription onset occurs at what specifically appears
to be different developmental stages. However, stud-
ies in early embryos from different animal models
have shown that components of the basal transcription
machinery play fundamental and highly regulated
roles at the onset of transcription. The state of the
basal transcription machinery in the embryo seems to

be equivalent in different organisms at transcription
onset. The dynamic balance between putative activa-
tors and repressors as well as the chromatin/cytoplas-
mic ratio seem to be coordinated with basal tran-
scription factors in order to activate zygotic tran-
scription. Here we discuss and compare the regulation
of the basal transcription machineries and their
activation in early embryos of different model organ-
isms.
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Introduction

The transition dynamics of a transcriptionally active
oocyte to a silenced one and transcription activation in
the early animal embryo after fecundation are fasci-
nating phenomena. They require that the basal tran-
scription machinery and the chromatin structure be
modulated at different levels so that transcription can
be tuned on in the embryo, a mechanism coordinated
with the specific developmental characteristics of each
animal and generally established by maternal factors
[1]. Although many clues have been uncovered as to
how this process might be regulated, definitive
answers remain elusive. Over the past 20 years,

researchers have learned a great deal about the
function of the transcription machinery involved in
eukaryotic cells. However, signals and pathways
responsible for activating these mechanisms for the
first time at the beginning of animal development are
still not completely understood. As we have men-
tioned, the earliest events in animal embryo develop-
ment are controlled by maternal factors produced
during oogenesis. However at specific developmental
times that are characteristic for each species, zygotic
gene activation (ZGA) becomes fundamental for
proper embryo development. Here we review and
compare what is known regarding the role of the basal
transcription machinery at transcription onset in
embryos of four classical animal models in which it
has been best studied: Drosophila, Caenorhabditis
elegans, Xenopus laevis and the mouse.* Corresponding author.
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A quick overview of the basal transcription machinery
for mRNA synthesis in eukaryotic cells
Research for the identification and functional char-
acterization of the components required for RNA
polymerase II (RNPII) transcription has generated a
detailed view of how this process occurs, although it is
far from finalized. Since in this review we discuss what
is known of the role of some RNPII transcription
factors in ZGA, we will start by describing in general
fashion, the function of some of the more relevant
factors during transcription activation. However, for a
more detailed discussion, we recommend two excel-
lent recent reviews [2, 3].

The pre-initiation-complex
Many factors are involved in RNA synthesis in
eukaryotic cells. Transcription of mRNA involves
the assembly of multiple protein factors responsible
for the formation of the pre-initiation-complex (PIC)
[2 – 4] (Fig. 1). The principal general factors involved
in assembly of the PIC are TFIIA, TFIIB, TFIID,
TFIIE, TFIIF, TFIIH, RNPII and Mediator. These
factors, together with RNPII, are required to initiate
transcription [3]. A summary of the PIC components
and its protein composition are presented in Table 1.
The function of each individual factor has been
experimentally determined, mostly in reconstituted
in vitro assays [3]. TFIIA functions to stabilize binding
of TFIID to the target DNA. It can also act as an anti-
repressor and coactivator [5]. TFIIB helps determine
the position of transcription initiation, stabilizes the
TBP-TATA complex, is required for the recruitment
of TFIIF and selects the transcription initiation site [6,
7]. TFIID contains the TATA-binding protein (TBP)
and at least 14 TBP-associated factors (TAFs),
although in human cells about 20 different TAFs
have been found. These factors collectively bind DNA
proximal to the transcription start site (at the TATA
box motif in some promoters) and act as a platform for
the incorporation of TFIIA and TFIIB. Among the
components of TFIID, some TAFs show tissue-
specific variants, and some animals have TBP-related
factors (TLFs) that have specific and in some cases
equivalent functions to TBP [2, 4, 8]. Some TAFs can
also be found in complexes other than TFIID, and
TBP can also be found as a component of complexes
involved in transcription activation by RNPI and
RNPIII such as SL1 and TFIIIB, respectively [2, 9]. In
addition, TFIID may work as a coactivator and several
enzymatic activities have been found, such as protein
kinase, ubiquitin-activating and -conjugating activities
as well as histone acetyl transferase activity. All these
activities are necessary at some point in different
promoters for their transcriptional activation [2 – 4].
TFIIE stabilizes the open complex, recruits TFIIH

and facilitates the formation of an initiation complex
allowing promoter clearance [10]. TFIIF acts in
concert with other basal factors to recruit RNPII
and is involved in the formation of the open complex
[11]. TFIIF is also involved in the recruitment of
TFIIE and TFIIH. TFIIF together with TFIIB partic-
ipates in the selection of the transcription initiation
site and facilitates RNPII elongation [12]. TFIIH is a
multifunctional complex that also participates in
DNA repair and cell cycle control [13]. During
transcription initiation, TFIIH facilitates the forma-
tion of the open complex by the action of two ATP-
dependent helicases XPB and XPD and the Cdk7
kinase subunit that phosphorylates the RNPII large-
subunit carboxy-terminal domain (CTD) allowing the
polymerase to escape from the promoter. Recently
the p44 subunit of TFIIH has also been reported to
have a ubiquitin ligase activity [14].

The RNPII large-subunit CTD domain
The function of all the above-mentioned factors
allows RNPII to initiate and elongate transcription.

Figure 1. Schematic representation of the RNA polymerase II pre-
initiation complex (PIC). Based on different experimental con-
ditions, two models have been proposed for assembly of the PIC on
class II gene promoters (RNPII promoters). In the first model, the
different basal factors are sequentially assembled on the promoter.
The second model postulates the existence of an RNPII holoen-
zyme containing most of the basal factors except TFIID, with
promoter recognition by TFIID triggering recruitment of the
holoenzyme to the promoter. The figure represents the PIC at the
moment of the open complex, when a bubble is formed in the DNA
and the RNPII large subunit CTD is phosphorylated. In brief, the
components and functions of PIC are as follows: TFIIA blocks
TAF1 transcription inhibition and may also participate as positive
and negative regulator; TFIIB is important to define the tran-
scription initiation site; TFIID helps the binding of TFIIB and
RNPII and is the target of repressors and activators; TFIIF
stabilizes the binding of RNPII with the promoter and is important
for the open complex formation; TFIIE stabilizes the open
complex and interacts with TFIIH; TFIIH is fundamental for the
melting of the DNA around the transcription initiation site and
phosphorylates the RNPII large-subunit CTD domain; Mediator
binds the RNPII and acts as transducer of activators and repressors
to the PIC. For more details consult the text and Table 1. Tissue-
specific transcription factors and chromatin remodeling complexes
are not considered to be part of the PIC.
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RNPII is composed of 12 subunits that are highly
conserved in all eukaryotic cells. RNPII was first
identified by Roeder and Rutter in 1969 [15] together
with RNPI and RNPIII. Five of the RNPII subunits
are also present in RNPI and RNPIII. The CTD of the
largest RNPII subunit contains tandem repeats of the
heptapeptide, YSPTSPS. The number of repeats of
this amino acid sequence differs among species, with
the Drosophila and human CTDs containing 42 and 52
repeats, respectively. The CTD may be phosphory-
lated at two serine residues (S2 and S5) of each repeat.
It is generally accepted that a non-phosphorylated
CTD is involved in PIC assembly and transcription
initiation, while the hyper-phosphorylated form is
required for transcription elongation. Phosphoryla-
tion and dephosphorylation of the CTD occur during
the assembly and disassembly of the PIC, and different
phosphorylation patterns are required to recruit the
capping, splicing, transcription termination and 3�-end
processing factors during transcription. Thus, the
stage of RNPII-CTD phosphorylation in a given
promoter may define the transcriptional status of the
associated gene [16, 17].

Mediator
Another complex that has recently been the subject of
studies about transcription initiation by RNPII is
Mediator. Mediator is a general cofactor that trans-
duces signals from different transcription factors to
the PIC. Mediator is composed of complexes com-
prising 11 to 14 different proteins in animals, or 24 in
yeast. In human cells, two forms of Mediator have
been identified, under different purification protocols
[18]. Structural and biochemical studies have shown
that Mediator has three structural modules, namely
the head, middle and tail. The head module interacts
with RNPII and is thought to modulate conforma-

tional changes in RNPII. The head also interacts with
specific transcriptional activators. The middle con-
tacts RNPII at the place where it intersects with the
tail module. This interaction seems to allow conforma-
tional changes to take place in Mediator, facilitating
recruitment of the RNPII. In addition, a subgroup of
four proteins form a specific module that can some-
times be identified as component of Mediator. This
module includes a cyclin-dependent kinase (CDK8)
along with cyclin C, which modulates CDK8 kinase
activity. CDK8 can phosphorylate serines 2 and 5 in
the CTD as well as cyclin H (a component of TFIIH),
inactivating the kinase activity present in TFIIH,
suggesting that it negatively regulates the PIC. The
Mediator complex that contains the CDK8 module
can repress transcription in vitro and there is evidence
that CDK8 may be involved in the negative regulation
of specific genes. In addition, CDK8 also phosphor-
ylates specific transcription factors having a locus-
specific effect [19, 20]. Thus, Mediator may act as both
a negative regulator and a stimulatory cofactor for
transcription. In addition to its (CDK8) kinase
activity, it has also been found to have histone acetyl
transferase activity in yeast, but so far this has not been
identified in other organisms [21– 23]. Other multi-
protein factors may also participate in general tran-
scription. Examples of these are SAGA and SLIC
complexes in yeast and the TBP-free TAFII-contain-
ing complex (TFTC) and STAGA in animals, which
have multiple enzymatic activities and contain several
TAFs that stimulate transcription by interacting with
the PIC [for review see refs 2, 3].

From silencing to activation
During oogenesis, an important transition takes place
at the level of gene expression, as transcriptionally
active chromatin changes to silenced chromatin dur-

Table 1. Components of the RNPII Pre-initiation-complex.

Factor Number of
subunits

Functions

TFIIA 3 stabilizes TBP-TATA complex; co-activator and anti-repressor

TFIIB 1 binds TBP; selection of the transcription Initiation site; binds RNPII

TFIID TBP
TAFs (around
14)

promoter binding factor. Recognition of promoter elements; histone-acetyl-transferase activity; ubiquitin
activating and conjugating activities

TFIIE 2 formation of the initiation complex; interacts with TFIIH; facilitates RNPII promoter escape

TFIIF 2 binds RNPII; recruits TFIIE and TFIIH; participates in RNPII promoter escape and elongation.

TFIIH 10 allows RNPII promoter escape and elongation; helicase, ATPase, kinase and ubiquitin ligase activities.
Also involved in DNA repair and cell cycle control

RNPII 12 transcription initiation, elongation and termination; CTD can be phosphorylated, ubiquinated and
glycosylated.

Mediator 12 –24 positive and negative modulator; transduces signals from different transcription factors to the pre-initiation
complex.
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ing meosis. This implies that chromatin is modified
and transcription factors, in general, are excluded
from the compacted chromosomes. This is even more
dramatic in spermatogenesis where the entire genome
is shut down and hyper-compacted. Only after fertil-
ization and at different developmental stages, specific
for each species, is transcription activated again, but
now in totally undifferentiated and totipotential cells,
in some cases, as in mouse transcription, beginning at
the two-pronuclei stage, while in the fly it starts after
the 13th mitotic division.

The onset of transcription at ZGA
The analysis of different models has demonstrated
that maternal factors are deposited in the oocyte
cytoplasm with all the necessary components, includ-
ing proteins and mRNAs, necessary for the transition
from silent to transcriptionally active chromatin. For
example, about 50% of the mRNAs encoded in the
Drosophila genome are present in the early embryo by
maternal contribution [24] and in mice, maternally
deposited mRNA composes about 40 % of the total
genome encoded transcripts [25].
In the case of Drosophila, after pro-nuclei fusion, the
embryo goes through 13 synchronic nuclear divisions
without cell divisions, resulting in the formation of a
syncytium. However, during the first 8 divisions, only
the S and M phases of the cell cycle are completed
and there is no evidence of transcription. During
nuclear divisions 8 – 10, however, a weak transcrip-
tional wave initiates and histone, GAP, pair rule and
sex determination genes are expressed. After nuclear
division 13, cellularization of the embryo takes place,
the cellular blastoderm forms and widespread tran-
scription is activated in somatic cells [26] (Fig. 2).
The rate of mRNA transcription between the syncy-
tial blastoderm and the cellular blastoderm are
different as it has been clearly demonstrated that
there is only low mRNA synthesis until the cellular
blastoderm [27, 28] , and that polyA+ containing
RNA transcription is dramatically increased in
cellularized nuclei when compared to syncytial
blastoderm nuclei [29, 28].
In the case of early embryo development of the
nematode C. elegans, which has asymmetrical and
asynchronous cell cleavages, maternal factors are
segregated and then become involved in ZGA. The
first signals of zygotic transcription are detectable at
the four-cell stage (Fig. 2). Intriguing experiments
showed that inactivation of RNPII using RNAi or a-
amanitin only affected post-gastrulation transcription
[30] (Fig. 2), thus indicating that maternally contrib-
uted factors mediate the development of C. elegans
embryos until the 100-cell stage, without requiring any
new transcripts.

An important point that has to be considered is that in
Drosophila and C. elegans, the activation of tran-
scription in germ cells occurs later in development
than in the somatic cells. Transcriptional repression in
the germ cells of both organisms is maintained at the
level of RNPII elongation [31]. In the case of
Drosophila, this repressed state in the germ cells
requires the PCG peptide as well as Nanos and
Pumillo [32]. In C. elegans, transcriptional repression
requires the product of the gene PIE-1 and the Nanos
homologs NOS-1 and NOS-2 [33]. The repressed state
in the germ cells correlates with the absence of tri-
methylated lysine 4 in the histone H3 (H3K43me) in
the germ cell chromatin [31], which is a marker for
active chromatin, linked to RNPII elongation and
suppression of cryptic transcription [34].
Xenopus has been a classical vertebrate model for the
study of transcription onset in the early embryo. In
1935, Lanclos and Hamilton [35] showed that high
transcriptional activity occurred during Xenopus oo-
genesis, but transcription was inactivated at oocyte
maturation. Similar to post-fertilization Drosophila
embryos, the Xenopus embryo undergoes 11 rapid
mitotic cycles that are essentially transcription free
[36], with maternally contributed factors mediating
embryonic development. Although a small amount of
transcriptional activity can be detected after the sixth
mitotic division in Xenopus embryos [36], global
ZGA begins at the mid-blastula transition (MBT),
when the embryo is at the 4000-cell stage (Fig. 2). At
this point, a shift from synchronous to asynchronous
divisions takes place. Therefore, for the African frog
also, two transcriptional waves can be postulated.
In mammals, ZGA occurs at different developmental
stages depending on the species. In mouse, high
transcriptional activity occurs during early oogenesis,
then after germinal vesicle breakdown, the oocytes
arrest at metaphase II and no transcription is detected
[37]. This process takes about 14 h; transcription can
then be detected only about 10 h later, after fertiliza-
tion and only when the pro-nuclei are already formed.
During this time, several cytoplasmic processes take
place, including the translation and systematic degra-
dation of maternally deposited mRNAs [38]. From
the one-cell stage to the two-cell stage, a degradation
of about 90 % of the stored RNA in the oocyte takes
place [39]. Thus, some of the basal transcription
factors or their corresponding mRNAs are maternally
contributed and used to activate embryo transcrip-
tion. For still unknown reasons, most of the tran-
scription that occurs at the one-cell stage happens in
the male pro-nuclei [39] (Fig. 2). A recent review
indicates that the mouse genome is activated in the
embryo at the two-cell stage [40]; however, there is
evidence that the first signals of transcription, al-
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though at low levels, occur even before the fusion of
the two pro-nuclei [38]. Therefore, also in the mouse
embryo, two transcriptional stages have been identi-
fied, a minor transcriptional wave at the one-cell stage
and a second major transcriptional wave at the two-
cell stage [41]. This conclusion is supported by experi-
ments that have shown that at the one-cell stage, there
is an important RNPII-dependent incorporation of
bromouridine triphosphate (BrUTP), and at two-cell
stage, the RNA synthesis has a clear increase in
BrUTP incorporation. The BrUTP incorporation
during the one-cell stage is only 40% of the total
BrUTP incorporation at the two-cell stage, again
indicating two different stages of transcriptional
activation. The higher levels of BrUTP incorporation
acquired in the two-cell stage are maintained in
subsequent developmental stages [41, 42]. Therefore

in the mouse, the basal transcription machinery is
ready to activate, after fertilization, the transcription
of characteristic genes such as those encoding heat
shock proteins, transcription factors, components of
the translational machinery and factors involved in
splicing [38, 41, 42].
A relatively new and useful tool for the identification
of the initial genes transcribed is the DNA microarray
in Drosophila. These have been applied to mice and C.
elegans but unfortunately in Xenopus, only very
recently has robust genomic data become available.
In the case of C. elegans, studies analyzing lineage-
specific zygotic transcripts have shown that there are
at least 275 genes that increase their transcription rate
at the 12-cell stage, compared with the 4-cell stage
[43]. This suggests that even if ZGA activation begins
in C. elegans at the 4-cell stage, later in development,

Figure 2. Comparative diagram of transcription onset in Drosophila, C. elegans, Xenopus and mouse during the early developmental
stages. In the case of the fly, C. elegans and Xenopus, the initial mitotic divisions occur without transcription. In the mouse embryo,
transcription initiates at the one-cell stage, at the male pro-nuclei, in a process that requires several hours. All organisms seem to have two
transcriptional waves. The first one only involves a few selected genes, and the second establishes somatic gene expression.
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higher transcriptional activity ensues. With this in-
formation it can be proposed that in C. elegans there
are also two transcriptional waves as in the case of
Drosophila, Xenopus and mice: the first wave at the 4-
cell stage and a second wave of broad transcription at
the 100 cell stage, required for the continuity of
embryo development (Fig. 2).

Maternal mRNA degradation and ZGA
An important point that has only been considered
recently is the switch between maternally encoded
mRNAs and the activation of zygotic transcripts. In
Drosophila it has been shown that maternal mRNA
degradation takes place simultaneously with gene
activation. In the fly, maternal mRNA degradation
occurs by two mRNA degradation pathways. One
occurs before the MBTand is maternally encoded and
some maternal mRNA 3� untranslated regions
(UTRs) contain cis-acting elements are required for
this degradation pathway. The second mechanism is
activated just before the MBT. Both mechanisms are
essential for embryo development [44]. In the fly, also
about 20 % of the degradation of these transcripts is
dependent on the multitranslational regulator
SMAUG, which is modulated by cell cycle regulators
like PAN GU [24]. On the other hand, a recent elegant
study in Drosophila using chromosome ablation and
microarrays demonstrates that that expression of
some of the first zygotic transcripts correlates with
the concomitant maternal mRNA degradation. The
zygotic transcripts are especially enriched in tran-
scription factors that modulate the subsequent differ-
entiation program. Interestingly, the earlier zygotic
transcripts come from intronless genes that are
regulated by a specific transcription factor that
enhances its expression at ZGA [45]. Based on these
results, De Renzis et al. , [45] postulate that the
absence of introns in the first genes that are tran-
scribed has an evolutionary advantage that facilitates
the fast mitotic divisions of the 10 – 13 stages. These
results demonstrate a coordinated relationship be-
tween ZGA and maternal mRNA steady-state levels
and suggest the role of a specific activator (we will
discuss later the role of repressors and activators). The
analysis of how this activator is regulated will be an
interesting challenge for future experiments.
The mice early embryo also has been the subject of
study to identify the first genes transcribed at ZGA.
Two recent reports that use microarrays compare the
transcript profile of one-cell to two-cell embryos
treated with or without a-amanitin reported intriguing
results. In one case, mRNA transcripts sensitive to a-
amanitin in the one-cell stage were not found [46]. In
the second, only one transcript sensitive to a-amanitin
was detected [47]. A possible explanation is that in the

a-amanitin-treated embryos, BrUTP incorporation at
the one-cell stage is due to the transcription of polyA—

RNPII-dependent RNAs like small nuclear RNA,
small nucleolar RNA and histone transcripts. It is also
possible that in the methods used, mRNAs with very
short polyA+ tails could not be detected. Based on
these results, it can be speculated that de novo
transcription (RNPII-dependent BrUTP-RNA incor-
poration) in the one-cell-stage embryo only includes a
small fraction of the total mature mRNAs detected in
the microarray experiments. It is likely that most of
them are maternal transcripts that encode compo-
nents used in mRNA metabolism and protein syn-
thesis that are required for the embryo to continue and
maintain development from the one cell to the two cell
stage, but not further, since about 90 % of the oocyte-
stored RNA is degraded by the end of the two-cell
stage [42, 48] and later developmental stages [47].
Recently the role of microRNA (miRNA) in the
transition from maternal to zygotic mRNA has been
the focus of attention. For example, in early zebrafish
embryos, the degradation of some maternal mRNAs is
controlled by a miRNA that is expressed at ZGA. This
miRNA also promotes deadenylation of target
mRNAs, suggesting that this pathway may have
some control over the translation from maternal to
zygotic transcripts in the early embryo [49]. During
mouse oogenesis, miRNAs are expressed and stored
in the mature oocyte. Indeed Dicer is required for
oocyte maturation [50]. Intriguingly, about the 60 %
of the maternal miRNAs are degraded between the
one-cell to two-cell embryo [51], a stage in which most
of the maternal mRNAs are also degraded. Later, at
the four-cell stage, miRNA levels rise again. These
interesting results suggest a dynamic role for the
miRNA machinery at the transition from maternal to
zygotic transcripts and thus is supported by the finding
that Dicer-deficient embryos were not able to develop
from the one-cell to the two cell stage [51]. Therefore,
the miRNA and RNAi machineries may have a role in
the transition from maternal to zygotic mRNA in the
early animal embryo.
Although these studies identify the transition from
maternal to zygotic RNA, it is important to point out
that it is not only maternal RNA that is stored in the
early embryo, but maternal proteins as well, that in
many cases function in early and late developmental
stages. This is the case of homozygous lethal mutants
in several basal transcription factors in Drosophila, in
which the protein stored in the oocyte allows embryo
development until larval stages [52, 53]. Related to
this point, some maternal transcripts and their trans-
lated protein products are present and act to ensure
transcription during the first cell division in mice. One
of these, cyclin A2, modulates the kinase activity of
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CDK2 (CycA2-CDK2), as shown by studies revealing
that inactivation of cyclin A2 inhibited transcriptional
activation at the one-cell stage [54]. Although the
CycA2-CDK2-specific transcription-activating tar-
gets are not yet known, it seems possible that this
kinase activity is required to activate transcription
factors that may include members of the basal tran-
scription machinery.

PIC players and CTD phosphorylation at ZGA

A number of researchers have sought to analyze ZGA
in different models by identifying the components and
dynamics of the basal transcription machinery and its
influence in CTD phosphoryaltion. Immunostaining,
RNAi and protein ablation have been used in early
embryos to study how PIC formation is regulated at
transcription onset.

Nuclear translocation of PIC components
Different studies have collectively shown that the
subunits of RNPII, as well as other components of the
basal transcription machinery, are maternally contrib-
uted to the cytoplasm of the early embryo and are
translocated from the cytoplasm to the nuclei just
before ZGA. For example, in Drosophila, the RNA-
PII large subunit can be detected in the nuclei of the
syncytial blastoderm at mitotic cycle 7, but its
phosphorylated active form is detected only at the
cellular blastoderm stage, which correlates with the
high transcriptional activity seen at this stage [55]. In
the fly also, TBP may be initially detected in the nuclei
at mitotic cycle 8, just before expression of the first
zygotic genes [56]. On the other hand, TFIIH, which is
also deposited in the early embryo cytoplasm by
maternal contribution, can be detected in the cyto-
plasm of the syncytial blastoderm before the onset of
transcription [57]. However, not until after nuclear
division 9 are the core and CDK-activating kinase of
TFIIH translocated into the nuclei, where they are
positioned at active gene promoters for ZGA [57].
As in other animals, the mouse oocyte contains large
amounts of RNPII; the levels of phosphorylated CTD
decrease during oocyte maturation and increase after
fertilization at the end of the one-cell stage, showing
good correlation with ZGA [58]. Interestingly, a
transitory phosphorylated form of the large RNPII
subunit may be detected prior to zygotic transcription
[58]. Most of the transitory phosphorylated form is
cytoplasmic, while the hypo-phosphorylated form is
present both in the cytoplasm and the nucleus and the
persistent form of hyper-phosphorylated RNPII is
mostly nuclear. Translocation of RNPII from the
cytoplasm to the nuclei takes place at the late one-cell

stage, about 9 h after fertilization and preferentially in
the male pro-nucleus. This nuclear translocation does
not require the de novo synthesis of RNA or proteins,
and therefore follows a program established during
oocyte development. Based on these results, it seems
logical to believe that the nuclear translocation of
RNPII and its CTD phosphorylation are a major level
of developmental regulation for ZGA in the mouse
embryo [58]. In addition, components of the TFIID
factor like TBP and TAF1 are practically undetectable
in the pro-nuclei after fertilization. TBP can be
identified inside the male mouse pro-nuclei after 4 h
post-fertilization and TAF1 after 6 h. Therefore, the
nuclear localization of TBP and TAF1 together with
RNPII translocation from the cytoplasm to the nuclei
correlates with ZGA. The evidence observed in
Drosophila and mice suggests that activation of the
basal transcription machinery is a limiting step for
ZGA [59, 60]. However, these experiments cannot
distinguish if the regulated translocation of the basal
transcription machinery causes transcription onset or,
due to transcriptional activation, the basal transcrip-
tion components accumulate in the early embryo
nuclei.

TAF�s and Mediator in CTD phosphoryaltion
C. elegans is probably the organism in which the most
studies on the role and dynamics of the basal tran-
scription machinery at ZGA have been done. The
CTD-phosphorylated RNPII form can be detected in
the somatic nuclei at the four-cell stage. The relation-
ship between CTD phosphorylation and some TAFs
has been documented. For example, TAF5 can be
identified in the nuclei at the two-cell stage, whereas
TAF10 and TAF11 are present in four-cell-stage
nuclei [61]. By the time gastrulation occurs, all three
of these maternally derived TAFs are located inside
the nuclei. RNAi inactivation of these three TAFs and
TFIIB showed that Ser5 CTD phosphorylation was
reduced by TFIIB RNAi, only slightly affected by
TAF5 RNAi, and not affected by TAF10 and TAF11
RNAi, while Ser2 phosphorylation was largely re-
duced by inactivation of TFIIB or TAF5 and partially
reduced by inactivation of TAF10 and TAF11 [61].
These results indicate that Ser5 phosphorylation,
which is critical to open-complex formation, requires
TFIIB and has some need for TAF5, but not TAF11
and TAF10, whereas Ser2 phosphorylation, which is
required for RNPII-based elongation, requires TAF5
and TFIIB and has some need for TAF10 and TAF11.
On the other hand, TAF5 is required for general gene
expression, while TAF10 and TAF11 are only in-
volved in the expression of a fraction of genes at these
stages. This may correlate with the observation that
TAF5 can be found inside nuclei at the two-cell stage,
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while TAF10 and TAF11 do not show nuclear local-
ization until the four-cell stage. In future experiments,
it could be interesting to determine if the early nuclear
localization of TAF5 is related to its broad role in
transcription. Intriguingly, the TAF10 and TAF11
transcriptionally associated genes were found to be
metazoan-specific genes [50], suggesting that loci-
specific functions may be conferred to different
TFIID-related complexes during ZGA.
In addition, studies using RNAi against TAF1 and
TAF2 in early embryos have shown that both proteins
are required for mRNA transcription of several genes
in early C. elegans embryos and, furthermore, the total
RNPII-CTD phosphorylation levels were dramatical-
ly reduced as a consequence of the RNAi knock-down
[62]. Altogether these studies indicate that an impor-
tant component for transcription activation in the C.
elegans embryo is TFIID, although it seems that there
are TAFs that are dispensable for the expression of
some genes at ZGAwhile others are not. On the other
hand, the demonstration that TFIID -pecific TAFs
like TAF1 and TAF2 are necessary for gene expres-
sion at ZGA in C. elegans, at least for most of the genes
that have been analyzed, is intriguing, since it has been
demonstrated that these proteins are not required for
the expression of about 86% and 97 % of yeast genes,
respectively [63]. This implies that the complexity of
ZGA in metazoans requires the ordered action of
TFIID including the sequential use of most of its
TAFs.
A recent study in Xenopus on a new TBP-related
factor named TBP2, which is only present in verte-
brates, shows that in some genes it has redundant roles
with TBP during ZGA in regulating their expression,
but not in others [64]. Knock-down and ChIP experi-
ments demonstrated that TBP2 is positioned in
promoters of genes expressed in early embryos, in
particular at the elongation factor 1a promoter. TBP2
is required for the transcription of a subset of genes in
the early embryo and can substitute the role of TBP in
some promoters, but it is restricted to early develop-
ment. Therefore, different TBPs may have various
functions in controlling different genes at the point of
ZGA.
On the other hand, both in the mouse embryo as in
Xenopus, it seems that some TBP-related factors can
substitute or have a redundant TBP function for the
expression of some genes in early development.
Homozygous early embryos that have been knocked
out for the TBP gene have active transcription by
RNPII [65]. In these embryos, the TBP-related factor
3 (TRF3) appears to be one of the redundant factors
involved in RNPII transcription at ZGA. TRF3 is
expressed in oocytes and early embryos, and ChIP
experiments demonstrated that although there is

selectivity for some promoters between TBP and
TRF3, depending on their relative amount, these
factors can be redundant for the activation of some
promoters at ZGA [65]. However, in these TBP
knock-out experiments, the presence of enough TBP
deposited in the egg by maternal contribution may
mask the TBP requirements in the early embryo.
In C. elegans, CTD phosphorylation at Ser2 and Ser5
is affected when the highly conserved RGR-1 subunit
of the Mediator complex is knocked down [66].
Therefore, the connection that has been reported
between Mediator activities and CTD phosphoryla-
tion in yeast is also a key element in ZGA in C.
elegans [66] . In addition, a TBP-like factor (CeTLF)
was found to be located in nuclei at the two-cell stage
and its inactivation by RNAi prevented CTD phos-
phorylation and the expression of specific early
patterning genes. The fact that it is present in similar
amounts with TBP suggests that it has a specific
function in the activation of specific genes at ZGA
[67, 68] .

CTD kinases
Studies of the kinases responsible for phosphorylating
the CTD have identified the involvement of CDK9,
which together with cyclin T forms the p-TEFb
complex and phosphorylates Ser2 of the CTD [69].
It has been proposed that this modification coordi-
nates the capping and elongation of RNPII transcripts.
Notably, p-TEFb is essential for the expression of
early embryonic genes and the phosphorylation of Ser
2 in the CTD and the elongation factor SPT-5.
Experiments in C. elegans have shown that p-TEFb
and SPT-4/SPT-5 have opposing functions during
RNPII elongation, and p-TEFb is thought to mediate
several different post-initiation pathways [69]. How-
ever, it is not yet known how p-TEFb functions in
these differential pathways. In addition, the role of p-
TEFb in early gene expression has not yet been
analyzed in the four-cell C. elegans embryo, when
ZGA occurs.
Another kinase identified as being involved in CTD
phosphorylation is CDK7, which phosphorylates the
CTD Ser5 and is a component of TFIIH [13, 70, 71].
Since zygotic transcripts are not required in the early
C. elegans embryo until the 100-cell stage, a condi-
tional mutant and RNAi were used to determine the
roles of CDK7 in embryonic transcription and cell
cycle control. Interestingly, CDK7 inactivation at the
50-cell stage led to developmental arrest, demonstrat-
ing that CDK7 plays a role in cell cycle control. Similar
results have been found in Drosophila either using
Cdk7 mutants or by the microinjection of early
embryos with anti-CDK7 antibodies [57, 72 – 74]. In
addition, a conditional CDK7 mutant showed changes
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in the early expression patterns of the zygotic genes,
reduced CTD phosphorylation and a longer cell cycle
[73, 74]. Thus, in the early C. elegans and in Drosophila
embryos, CDK7 appears to participate in both cell
cycle control and transcription onset [72 –76]. Future
studies will be required to determine how CDK7
simultaneously and differentially participates in both
functions at the same time.
Based on the analysis of the dynamics of CTD
phosphorylation during C. elegans oocyte silencing
and its subsequent transcription activation in the
embryo, Walker and colleagues [77] proposed a very
attractive model that suggests that transcription
activation is prepared during oocyte maturation.
This model is based on experiments that show that
RNAi inhibition of the CTD phosphatase Fcp-1 in
oocytes that have entered diakinesis, and which are
inactive in transcription, accumulate large amounts of
Ser 5-phosphorylated CTD in the nuclei. Intriguingly,
RNAi inhibition of components in the ubiquitination
pathways produces the same effect. In addition, RNAi
inhibition of Cdk7 and other components of the PIC,
together with the inhibition of Fcp-1, does not show
CTD Ser5 phosphorylation, suggesting that the CTD
phosphorylation occurs in the context of the PIC. Thus
this model proposes that at the beginning of diakine-
sis, gene expression is silenced due to aborture tran-
scription processes. The basal transcription machi-
nery, however, is already positioned at gene promoters
that require rapid activation at ZGA. Supporting this
hypothesis is the fact that when oocyte maturation is
stimulated, there is also an increase in the Ser5-
phosphorylated CTD. Another important point con-
tributed by this work is that the balance and regulation
between CTD phosphatases and CTD kinases plays a
major role in ZGA. However, other components of
the PIC are required for CTD phosphorylation and it
has not been demonstrated that phosphorylated
RNPII and the rest of the basal transcription machi-
nery are positioned in chromatin that is going to be
transcribed at ZGA. Demonstrating this will be a
major task, since the system is highly dynamic.
In addition, substantial evidence indicates that
CTD phosphorylation is a key aspect in the initia-
tion of mRNA synthesis in Xenopus [78] . After
fertilization, the CTD is rapidly dephosphorylated
in the Xenopus embryo. This unphosphorylated
state is maintained throughout several divisions,
and then the CTD is rapidly phosphorylated at the
MPT [79] . Although the dynamics and roles of the
TFIIH and p-TEFb complexes have not yet been
analyzed in Xenopus, experiments in other models
have shown that these factors play fundamental
roles in CTD phosphorylation. Additional work will
be required to examine the mechanisms governing

post-fertilization CTD dephosphorylation in Xen-
opus and other organisms.
Taking together the accumulated knowledge about
the dynamics and functions of PIC components at
ZGA, it is clear that PIC formation is a key element
for the transition of a silent to an active genome. On
the other hand, the CTD phosphorylation is an
important marker that determines the transcription
activation state in the animal embryo. However,
techniques with more resolution, such as chromatin
immunoprecipitation, will be required to identify the
PIC status in specific genes at ZGA.

Repressors, activators and the chromatin/cytoplasm
ratio

The regulation of PIC components to activate tran-
scription has to be coordinated with the modulators
that selectively activate gene expression. One of the
more interesting hypotheses about transcription acti-
vation in early embryo development has been the
influence of repressors and activators. In general,
these ideas come from studies in which the introduc-
tion of exogenous DNA accelerates ZGA, probably
by the titration of a global repressor as well as the fact
that some activators are necessary for the transcrip-
tional activation of specialized genes. In initial studies,
specific exogenous DNA templates capable of being
assembled as nucleosomes were injected into Xenopus
embryos, in an effort to determine at what point in
development they were transcribed [80]. These ex-
periments revealed that templates carrying RNPIII
promoters were transcribed prior to the MBT and
further suggested that their transcription was activat-
ed by a shift in the ratio between chromatin and
transcription factors [80]. An interpretation of this
model suggests that as cell division progresses, in-
creased DNA assembly into chromatin titrates a
repressor (i.e. a global repressor, histones or some
other structural chromatin factor), allowing transcrip-
tion of the newly relaxed chromatin.
This hypothesis was challenged by Almouzni and
Wolfe [81], who demonstrated that the introduction of
an exogenous DNA template containing a RNPII
promoter (CMV), was only transcribed after the
MBT. Interestingly, when they simultaneously inject-
ed their promoter construct along with a non-specific
DNA (e.g. l DNA), they observed histone titration
but no transcription from the RNPII promoter.
However, they observed transcription following co-
injection of template DNA along with non-specific
DNA and TBP. They also corroborated that the
activation of RNPIII promoters can occur before the
MBT in the absence of TBP, but showed that the
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RNPII promoter required TBP [81]. To complement
these experiments, the authors used the minimal
adenovirus E4 promoter under the control of the
yeast GAL4 transcriptional activator and found that
introduction of exogenous GAL4 activated transcrip-
tion of the exogenous DNA template prior to the
MBT. Based on these observations, it was proposed
that activation of transcription in the early Xenopus
embryo is not only due to the DNA-based titration of
repressors, but is also mediated by the limiting activity
of transcription factors, such as TBP [81]. This
interesting hypothesis seems to explain the observed
results and may indicate that TBP acts as a limiting
factor for activating transcription at the MBT in the
Xenopus system. However, activation of the minimal
adenovirus E4 promoter by GAL4 did not require
extra TBP under their experimental conditions.
Supporting the hypothesis that TBP may be a limiting
factor, another study showed that TBP protein levels
are minimal in the early embryo and increase prior to
the MBT, when ZGA begins [82]. Therefore, beside
the DNA/chromatin ratio, the levels of active compo-
nents of the basal transcription machinery (e.g. TBP)
are also important for mediating transcription activa-
tion at the MBT. Interestingly, TBP is essential for
continued development after gastrulation, and a TBP-
like factor (TLF/TRF2) is essential for continued
development after the MBT [83]. However, it was also
shown that transcription is repressed before the MBT,
even if a transcriptional activator is positioned at its
DNA-binding element; this seems to indicate that the
activator is unable to recruit the basal transcription
machinery at this developmental stage. After MBT,
the histone/DNA ratio approaches its normal somatic
value and the PIC can be assembled [84]. Therefore, it
can be concluded that the ratio of transcriptional
activators and repressed chromatin is a major deter-
minant for ZGA in Xenopus.
Interestingly, early studies showed that ZGA is not
initiated simultaneously in all nuclei of the Drosophila
embryo [85]. For example, the fushi taratzu gene (ftz)
is initially transcribed in some nuclei at mitotic cycles
8 – 9, with ftz transcription seen in an increasing
number of nuclei during later rounds of division. It
has been shown that the ratio between the number of
nuclei and the concentration of a repressing tran-
scription factor is critical for triggering zygotic tran-
scription in Drosophila. This is the case for ftz, which is
repressed by tramtrack. It has been proposed that as
the nuclei/cytoplasm ratio increases across sequential
nuclear divisions, a titration effect stochastically
decreases the effective concentration of the transcrip-
tional repressor in each nucleus, allowing gradual
transcription activation [85]. This model is highly
attractive if we assume that all the genes activated at

the point of ZGA have a titratable repressor which
may be specific or not. Since it is obvious that many
genes do not have a known specific repressor, and this
model implies that the repressor binds to the control
region of genes, it seems alternatively possible that a
global repressing chromatin structure exists in the
earliest embryo and eventually becomes titrated
through successive nuclear divisions, thus obviating
the need for specific repressor factors
In Drosophila, some of the genes encoding the earliest
zygotic transcripts (e.g. those involved in sex deter-
mination and patterning) share a DNA motif called
the TAGteam. This motif is required for their
expression at mitotic cycles 8 – 10, suggesting the
action of an activator [86]. Interestingly, in the
previously mentioned work in Drosophila by De
Renzis et al. [45], a similar element was identified
upstream of the gene promoter encoding the early
transcribed genes. This cis motif is about seven base
pairs long and is recognized by the bicoid stability
factor (BSF), which was previously identified as a
factor that binds the bicoid mRNA. BSF can activate
transcription in early embryos in constructs containing
this 7-bp motif upstream of a reporter gene, demon-
strating that it operates at ZGA. This discovery is
highly relevant, since for the first time the existence of
a general activator for ZGA has been demonstrated.
Since putative BSF homologs are present in other
organisms, it will be imperative to know if BSF has an
equivalent function in early vertebrate embryos.
Taking into account the above-mentioned repressor
and activators activity, it has been proposed that the
balance between repressors and activators may de-
termine the early expression of some genes [86].
However, while these are important arguments for the
regulation of genes expressed in specific cells of the
early embryo, additional work will be required to
determine how these processes are coordinated with
the basal transcription machinery. In addition, it is
important to note that in the fly, most of the genes
activated in the syncytial nuclei at mitotic cycle 10
continue to be expressed during and after cellulariza-
tion, suggesting that establishment of molecular
memory around some promoters allows continued
transcription. Interestingly, TFIID is maintained in
active promoters during mitosis, and the presence of
maternal BSF [45] in the different early fly embryo
stages suggests that a memory mark may be estab-
lished [87].
To make the process a little more complex in the fly,
the overexpression in Drosophila embryos of the
Nanos (Nos) protein, which is a translational repress-
or of Hunchback mRNA, required for the establish-
ment of posterior embryo development, appears to
have a global repressing role in transcription by
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reducing the CTD phosphorylation levels in early
somatic cells [88]. These data suggest that Nos may
inhibit the translation of factors required for CTD
phosphorylation in the posterior embryo, thus main-
taining reduced levels of global transcription that may
be required for posterior development. However,
which factors involved in CTD phosphorylation are
regulated by Nos are unknown. Some of the possible
Nos targets could be mRNAs encoding different
TFIIH subunits. However, it has been demonstrated
that different TFIIH protein subunits are already
present in the early embryo by maternal contribution
[57]. Therefore, it is also possible that the Nos targets
may be mRNAs encoding other components of the
basal transcription machinery required for RNPII
activation and, as a consequence, a reduction in
phosphorylated CTD levels. Thus in Drosophila,
Nos not only participates in the regulation of ZGA
in the germ cells, but also in somatic cells.
An intriguing hypothesis making a link between
maternal mRNA degradation and activators like
BSF that bind both RNA and DNA, could be that
the activator is titrated by maternal RNA in the early
embryo and that when it becomes degraded, the
activator is released and thus allowed to activate
transcription. A simple experiment to test this hy-
pothesis could be to enhance maternal mRNA degra-
dation and thus analyze whether ZGA becomes
accelerated under these conditions.

Chromatin and epigenetic markers at transcription
onset

Transcriptional activation in the embryo requires
additional processes beyond the coordinated activa-
tion of the basal transcription machinery. For exam-
ple, epigenetic changes occur in chromatin during the
transition from a transcriptionally silent to a tran-
scriptionally active genome. During early Xenopus
development, DNA methylation is required for tran-
scriptional silencing before the MBT, and inactivation
of maternal DNA methyltransferases was shown to
cause transcriptional activation two cell divisions
earlier than normal [89]. In addition, the promoters
of genes that are activated at the MBT, such as TFIIA
and c-Myc, show reduced methylation at this stage,
whereas repetitive DNA elements remain methylated
[90]. These data collectively indicate that DNA
methylation plays an important role in the onset of
transcription in the early embryo.
Global chromatin changes at the onset of transcription
have been observed in early Drosophila. During the
first nuclear divisions, the condensed chromatin
preferentially contains the high-mobility-group pro-

tein, HMG-D, but not the H1 histone. In contrast, H1
accumulates after nuclear division 7, when the nuclei
become more compact and transcription is activated
[91]. Therefore, a correlation exists between the
HMG-D/H1 and nuclei/cytoplasm ratios at the point
of ZGA. It has been speculated that this change in
chromatin composition is needed because more con-
densed chromatin is required to permit the next
nuclear divisions. However, during these stages, the
chromatin structure around the activated genes must
be relaxed, or at least in a configuration that allows
activators and the basal transcription machinery to
access their promoters.
The heterochromatin domains in the chromosomes of
the Drosophila embryo seem to be established early in
development. It has recently been discovered that a
complex that contains the proteins Su(var)3-3 and
Su(var) 3-9, which are a histone H3-lysine 4 demethy-
lase and a histone H3-lysine 9 methylase respectively,
coordinate the demethylation of lysine 4 and the
methylation of lysine 9 of histone 3. These H3
modifications are part of the signals that determine
the limits between heterochromatin and euchromatin
during cellularization [92]. Therefore, at the same
time as transcription activation, the epigenetic boun-
daries between transcribed and silenced chromatin
have to be established (Fig. 3).
Chromatin rearrangements, nucleosome modifica-
tions and changes in protein composition have also
been shown to occur before zygotic transcription in
mammals [93]. It is intriguing that the male pro-
nucleus is transcriptionally active before the female
pro-nuclei. To achieve this, male pro-nuclei suffer a
drastic chromatin remodeling process including the
change from protamines for histones that are mater-
nally supplied. During this process, histone modifica-
tions seem to be required to activate transcription
[92]. For example, in the one-cell mice embryo, there
are differences in the amount of histone H3-lysine 9
methylation between male and female pro-nuclei. In
contrast to the female pro-nuclei, the male pro-
nucleus has practically no H3-Lys9 methylation and
its H3-Lys4 methylation is increased, correlating with
its higher transcriptional activity [94, 95]. Later, at the
four-cell stage, the H3-Lys9 methylation is similar
between the two parental genomes. In addition,
histone acetylation is increased in the male pronuclei
and at the same time reduced in the female one. This
process occurs by the action of histone acetyl trans-
ferases and deacetylases supplied by the oocyte [94,
95].
A recent study using a combination of techniques
including Cre-loxP gene targeting and RNAi dem-
onstrated that the SWI/SNF2 remodeling complex
subunit, BRG1 (a homologue of the Brahma protein
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in Drosophila), was required for activation of zygotic
transcription in mice [96]. The transcribed genes
comprised cell cycle regulators, transcription factors
and components of the RNA-processing machiner-
ies, and inactivation of BRG1 led to embryonic arrest
at the two-cell stage. Reduced BRG1 was concom-
itant with reduced methylation of Lys4 in histone H3,
which marks transcriptionally active chromatin. No
global reduction in histone acetylation was detected,
but only a few acetylation markers were tested. A
more detailed analysis will be required to determine
if reduced BRG1 activity affects other histone
modifications. Based on these results, a model has
been proposed in which the BRG-containing SWI/
SNF chromatin-remodeling complex acts together
with histone acetyl transferases to methylate K4 in
histone H3 and activate transcription via the PIC

[96]. This model of ZGA is attractive, but does not
yet account for coordination with other chromatin-
remodeling factors and the basal transcription ma-
chinery. Indeed, there is evidence that other factors
participate with the chromatin-remodeling machi-
nery at ZGA in mice. One of these factor is the
transcription intermediary factor 1a (TIF-1a) that is
required for the proper chromatin localization of
BRG1, SNF2H and the RNPII [97]. TIF-1a has been
identified as a transcription regulator and it can be
associated with chromatin-remodeling factors [98].
TIF-1a ablation using RNAi affects the expression of
genes that are activated just after ZGA in the mouse
one-cell embryo. These genes include proteins that
may be involved in RNA processing [97]. It is
intriguing that in the microarray assay studies for
the identification of a-amanitin-sensitive mRNAs at

Figure 3. General mechanisms for transcription onset in animal embryos. (a) Maternal factors required for the activation of transcription
are deposited in the egg cytoplasm, both in the form of mRNA and protein. These factors include components of the basal transcription
machinery, chromatin remodeling and modification factors, transcriptional repressors, transcription activators and chromatin structural
components (histones and other chromatin proteins). At this stage, no transcriptional activity is detected and the chromatin is in a
repressed state. (b) During the first stage of transcription activation, specific repressors and structural chromatin components are titrated
by nuclear division, while transcription activators and components of the basal transcription machinery (e.g. RNPII) are translocated into
the nuclei. In some cases, such as Drosophila, the basal factors translocate at various nuclear division stages, but are all present inside the
nuclei at the time of transcription onset, when the CTD is phosphorylated and transcription elongation takes place at a few specific zygotic
genes. (c) Later in development and in some organisms at the MBT, global transcription is activated, correlating with increased CTD
phosphorylation levels. At this stage, the first epigenetic marks are established.
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the one-cell stage, none of these transcripts were
identified [47, 48].

Conclusions and perspectives

Even though ZGA occurs at different developmental
stages in various species, it seems that the factors
required for transcription activation, including com-
ponents of the basal transcription machinery (e.g.
RNPII), chromatin-remodeling factors and histone
modification complexes, are in general deposited
during oogenesis. In Drosophila and Xenopus and
perhaps other organisms, unknown factors may gov-
ern ZGA by regulating translocation of maternally
derived factors from the cytoplasm to the nuclei.
Another commonality is that CTD phosphorylation
and its subsequent effects on transcription are central
cues that determine the basal transcription factor
status in ZGA in all animals. A paradox is that in
Drosophila, CTD phosphorylation is not detected at
the mitotic cycles 8 – 10 in the early embryo, when the
first zygotic genes are transcribed. However, since
only few genes are transcribed at this point, it is
possible that the immunostaining experiments have
not been sensitive enough to detect the few RNPII
large-subunit molecules that are actually phosphory-
lated at the CTD. We think that this is probably the
case, since together with the RNPII, CDK7 is posi-
tioned at the promoters of the genes to be transcribed
at mitotic cycles 8 – 10 [53].
The four organisms discussed here seem to have two
transcriptional waves during ZGA. In the first wave,
transcription of a selected few genes occurs early in
development (at the one-cell stage in mice, mitotic
division rounds 8 – 10 in the fly, the four-cell stage in C.
elegans and the sixth mitotic division in the frog);
these genes are likely required for the continuance of
cell division and/or for the activation of the second
transcription wave, which involves the expression of a
larger number of genes (Figs 2, 3). Although the
possibility that the higher levels of transcription in the
second wave are a consequence of a general and
continuous increase of transcription during develop-
ment cannot be discarded, the finding in Drosophila of
a gene activator specific for the early stages supports
the two-wave hypothesis.
Although various studies suggest that DNA/chroma-
tin and/or DNA/repressor ratios control transcription
activation during early embryonic development, the
generality of this model is not yet fully accepted in all
animal models. Future work will be required to assess
the participation of activators for transcription of
large gene sets, as well as the coordination of repress-
ors and activators with the basal transcription machi-

nery and various chromatin remodeling factors
(Fig. 3).
The more we learn about the onset of transcription in
different animal models, the more similar the path-
ways appear. The observed differences like the differ-
ent transcriptional activation timings, seem largely
superficial, and probably reflect an escalation effect
caused by differences in cytoplasm volume and the
chromatin/cytoplasm ratio. For example, we have to
take into account that in the fly, the activator BSF is
produced during oogenesis, and is only active until
mitotic division 10. When this ratio is low at the time of
fertilization, more synchronous replication cycles will
be required to trigger induction of global and space/
time-regulated somatic transcription. To address this
possibility, it would be interesting to study ZGA
carefully in organisms that have very small chromatin/
cytoplasm ratios, such as chicken and zebrafish.
Another possible basis for the observed differences
in transcription onset among species could be evolu-
tionary adaptation of the basal transcription machi-
nery to various developmental conditions and/or the
development of species-specific transcription factors
(activators and repressors) responsible for coordinat-
ing the balance between transcriptionally permissive
or repressive chromatin.
It will also be valuable to study how factors that
activate ZGA at the correct time are coordinated with
the basal transcription machinery, and how chromatin
structure and its regulation determines the activation
of a somatic nucleus introduced into an early embryo
[99]. The latter experiments may help us understand
why so few cloned organisms develop to maturity, and
may be of primary importance for future progress in
somatic cell cloning, dedifferentiation and tissue
engineering. Therefore, new studies using updated
genomic approaches (e.g. ChIP on chip and new
imaging techniques) will be useful for investigating
early transcription requirements at the genome-wide
level, as well as for identifying and characterizing the
roles of global repressors, activators and components
of the basal transcription machinery during ZGA.
Before ZGA some maternal mRNAs are degraded
while others can remain until late developmental
stages, particularly in Drosophila. Therefore, the
mechanisms involved in the selectivity of mRNA
degradation and the possible role of miRNA and
RNAi machineries are just beginning to be explored.
On the other hand, we know very little about the genes
that are differentially transcribed in the two transcrip-
tional waves at ZGA. Therefore similar microarray
experiments to those performed in one cell and two
cell mice embryos, in the presence and absence of a-
amanitin, will be highly relevant if they are integrated
with ChIP on chip experiments.

224 M. Zurita, E. Reynaud and J. Aguilar-Fuentes Zygotic gene activation in animals



In summary, from the information discussed here,
three models compatible with the available data can
be proposed. (1) There are general transcription
repressors and activators that are deposited during
ovogenesis either as mRNA or as proteins and they
are translated or postranslationally modified in an
orderly way during early development to activate
gene transcription. (2) There are general transcription
repressor or repressors that are simply titrated as the
chromatin/cytoplasmic ratio diminishes. (3) Compo-
nents of the basal transcription machinery are depos-
ited in the egg cytoplasm, their translocation into the
nuclei is then tightly regulated in order to start zygotic
transcription. It is important to stress that these
possible mechanisms are not mutually exclusive and
all of them may be involved in some form in ZGA.
These models open several exciting new questions. For
example: How is the nuclear translocation of the PIC
components regulated before ZGA? How are the cell
cycle and ZGA coordinated? What is the role of
chromosome condensation in gene expression during
early nuclear divisions? How does the activator BSF
initiate ZGA? Is there a mechanism that links the
RNAi machinery with maternal mRNA degradation
and P-body formation? Thus the problem of how
ZGA is achieved in the early animal embryo still
requires many answers and is far from resolved.
However with all the accumulated knowledge in these
four model organisms and the viability of new
techniques, the time is ripe to look forward to the
solution of this problem.
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