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Activation of transcription enforces the formation of distinct nuclear bodies
in zebrafish embryos
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ABSTRACT
Nuclear bodies are cellular compartments that lack lipid bilayers and harbor specific RNAs and proteins.
Recent proposals that nuclear bodies form through liquid-liquid phase separation leave the question of
how different nuclear bodies maintain their distinct identities unanswered. Here we investigate Cajal
bodies (CBs), histone locus bodies (HLBs) and nucleoli – involved in assembly of the splicing machinery,
histone mRNA 30 end processing, and rRNA processing, respectively – in the embryos of the zebrafish,
Danio rerio. We take advantage of the transcriptional silence of the 1-cell embryo and follow nuclear body
appearance as zygotic transcription becomes activated. CBs are present from fertilization onwards, while
HLB and nucleolar components formed foci several hours later when histone genes and rDNA became
active. HLB formation was blocked by transcription inhibition, suggesting nascent histone transcripts
recruit HLB components like U7 snRNP. Surprisingly, we found that U7 base-pairing with nascent histone
transcripts was not required for localization to HLBs. Rather, the type of Sm ring assembled on U7
determined its targeting to HLBs or CBs; the spliceosomal Sm ring targeted snRNAs to CBs while the
specialized U7 Sm-ring localized to HLBs, demonstrating the contribution of protein constituents to the
distinction among nuclear bodies. Thus, nucleolar, HLB, and CB components can mix in early
embryogenesis when transcription is naturally or artificially silenced. These data support a model in which
transcription of specific gene loci nucleates nuclear body components with high specificity and fidelity to
perform distinct regulatory functions.
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Introduction

Recent evidence has highlighted the importance of cellular
compartments that lack lipid bilayers yet concentrate specific
molecular components and enhance their interactions.1-3 These
nuclear bodies and cytoplasmic granules are often RNA-rich
and are characterized by protein constituents that have intrinsi-
cally disordered or low complexity regions. An emerging model
for their assembly is that these protein constituents undergo
liquid-liquid phase separation (LLPS) and thereby form drop-
let-like, round objects in cells that can move, split, and fuse.2,4

Numerous recent in vitro studies have begun to catalog the pro-
teins and their domains that are capable of undergoing LLPS.
While these studies are essential to our understanding of bio-
chemical and biophysical mechanisms, the simultaneous pres-
ence of multiple bodies and granules in vivo – each containing
numerous specific protein and RNA constituents – raises the
question of how such cellular compartments maintain their
integrity from one another. For example, nucleoli – the sites of
rDNA transcription and rRNA processing – arise as rDNA
transcription is activated, and it is well-known that multiple
small nucleoli fuse into a bigger nucleolus as the cell cycle pro-
ceeds.5,6 However, nucleoli do not fuse over time with other

distinct nuclear bodies. How does specificity among mem-
braneless compartments arise? How is integrity maintained?

The nucleolus, the Cajal body (CB) and the histone locus body
(HLB) are well-studied nuclear bodies that have distinct functions
in ribosome biogenesis, spliceosomal small nuclear ribonucleopro-
tein (snRNP) assembly, and histone mRNA 30 end formation,
respectively.7 CBs are scaffolded by the low complexity protein, coi-
lin, and concentrate snRNAs, snoRNAs, and protein components
of both snRNPs and snoRNPs.3,7-9 CBs are the sites of snRNP
assembly and knock down of coilin is lethal in zebrafish due to a
splicing deficit.10,11 HLBs contain the machinery required for 30
end cleavage of replicative histone mRNAs: U7 snRNP with a spe-
cialized Sm ring containing Lsm10 and Lsm11 proteins, stem loop
binding protein (SLBP) and 2 low complexity proteins – FLASH
and NPAT – that also have roles in transcription.12-15 Interestingly,
the protein and RNA constituents of CBs and HLBs sometimes
overlap; for example, U7 snRNA is sometimes present in CBs.7 In
transformed tissue culture cells like HeLa, CBs and HLBs are usu-
ally combined in a single body.16 However, in non-transformed
cells – ES cells, embryonic cells of flies and fish, and in fly tissues –
CBs and HLBs are separate spatially and vary independently in
number and size.15,17-20 Thus, the overlap between HLBs and CBs
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in transformed cells may indicate a tendency for association that
might take place under certain, possibly abnormal, physiological
conditions. For example, nucleoli under stress accumulate CB com-
ponents.21 Taken together, the data indicate that components of
these distinct nuclear bodies can indeedmix.

Here we take advantage of the early zebrafish embryo to
investigate how CBs, HLBs and nucleoli are established as sepa-
rate entities. We investigate the hypothesis that transcription of
genes encoding the RNAs recognized by nuclear body compo-
nents could serve as nucleation sites that potentially drive sepa-
ration of related nuclear bodies. Previous studies have shown
that nucleoli, CBs and HLBs are localized at transcription sites
and at least partially transcription-dependent in tissue culture
cells.1,15,16,22,23 Indeed, ectopic expression of histone genes and
U2 gene arrays in HeLa cells are sufficient for nucleation of
additional CBs and HLBs, respectively.16,24,25 In the embryo,
we investigate the architecture of the nucleus before, during
and after zygotic genome activation (ZGA), which entails the
transcriptional activation of the genome after a period of
maternal control and transcriptional silence.26 The 1-cell
embryo can be injected with inhibitors of transcription, nucleo-
tide analogs, fluorescent RNAs and other reporters; our previ-
ous study utilizing metabolic labeling of the first zygotic
transcripts has identified the precise cell cycle at which tran-
scription begins.27 This system enables us to investigate the
question of nuclear body integrity in the context of normal and
disrupted cellular function during vertebrate development.

Results and discussion

Fibrillarin resides in CBs until rDNA transcription
activation

We sought to investigate the behavior of shared components of
nucleoli and CBs with respect to rDNA transcription in early
zebrafish embryos. About 700 human proteins co-purify with
nucleoli,28 including many protein components – such as fibril-
larin – of snoRNPs. Interestingly, hundreds of snoRNAs as well
as fibrillarin pass through CBs en route to the nucleolus where
they guide modifications of rRNA.9,29,30 Thus, both nucleoli
and HLBs contain major components that also display minor
localization to CBs in tissue culture cells. Nucleoli are transcrip-
tion-dependent in somatic cells23; they form at the end of mito-
sis, coalesce into fewer and larger nucleoli in S-phase, and
disassemble before M phase. The oocyte is packed with mater-
nally provided rRNA and ribosomes,26,31 and rDNA transcrip-
tion is undetectable at the 512-cell stage.27 However, when
nucleoli form and when rDNA becomes active in the zebrafish
embryo is unknown.

To determine the localization of nucleolar and CB compo-
nents before, during, and after ZGA, early zebrafish embryos
were co-immunostained for fibrillarin and coilin (Fig. 1A). We
found that fibrillarin exclusively colocalized with coilin until
early gastrulation stages (6hpf), indicating its association with
CBs rather than independent nucleoli. Similarly, we found that
fluorescently-labeled U8 snoRNA colocalizes with U85
scaRNA, another CB marker ([19] and data not shown). To
determine whether rDNA was transcriptionally active at these
time points, RT-qPCR was employed to quantify the levels of

unprocessed pre-rRNA over 1-hour intervals of early develop-
ment (Fig. 1B). The data indicate no maternally supplied
unprocessed pre-rRNA; detection of unprocessed pre-rRNA
above background levels was only possible with samples pre-
pared from embryos at early gastrulation. De novo transcription
of rDNA at 6hpf is consistent with our observation that fibril-
larin is present in CBs and a second nuclear body – likely the
nucleolus – at 6hpf (Fig. 1A). We conclude that activation of
rDNA transcription in zebrafish takes place several hours after
RNA pol II becomes transcriptionally active and that canonical
nucleoli are absent from pre-gastrula zebrafish embryos.
Instead fibrillarin resides inside CBs during pre-gastrulation
stages.

Zygotic transcription is required for HLB formation

To visualize and distinguish between nuclear bodies in the early
embryo, probes for fluorescent imaging are necessary. Injection
of GFP-tagged constructs is not well suited for imaging nuclear
bodies before ZGA, because 2.5 hours are required for transla-
tion and maturation of the GFP.19 Previously, we and others
have employed injection of in vitro transcribed, fluorescent
snRNAs and snoRNAs into tissue culture cells and 1-cell zebra-
fish embryos.11,19,32-34 Co-injection of mRNA encoding mRFP-
Lsm11 and U7 snRNA results in colocalization in a discrete
number of foci separate from coilin, suggesting that CBs and
HLBs are separate entities at 3 hours post-fertilization (hpf),
several hours after ZGA begins.19 Similarly, co-injected fluores-
cent U2 and U7 snRNAs localize to distinct CBs and HLBs at
the 128- and 512-cell stages (Fig. 2A) and after zygotic genome
activation (Fig. S1). Moreover, we could validate that the
nuclear bodies marked by WT U7 are HLBs by co-staining
with a-SLBP and are clearly separated from CBs (Fig. 2B,
Fig. S1); SLBP binds to the stem loop of the nascent histone
transcripts and exhibits diffuse nuclear staining as well as
colocalization with HLBs in mammalian tissue culture cells.15

To investigate the relationship of the HLB to transcriptional
activity during the first rapid cell cycles, early time points were
examined (Fig. 2A). Confirming that CBs are present in the
embryo in large numbers from fertilization onwards,19 CBs
were readily detected from the 4-cell stage onwards. The first
detection of U7 snRNA foci in our assay was at the 128-cell
stage, coinciding with the transcriptional activity of zebrafish
embryos.27 Specific examination of metabolically labeled his-
tone mRNA transcripts during the 128- to 512-cell stage, con-
firms that histone genes are transcriptionally activated during
this time window (Fig. 2C). Detection of U7 snRNA foci at later
stages was more robust, suggesting that increasing histone gene
transcriptional activity during ZGA enhances HLB formation.
Taken together, our data indicate that the HLB forms at the
onset of zygotic transcription.

In contrast to HLBs, CBs are present in large numbers just
after fertilization and before ZGA ([19] and Fig. 2). To deter-
mine whether the HLB is indeed transcription-dependent we
blocked RNA Pol II activity in the embryo by a-amanitin injec-
tion and immunostained for coilin and SLBP (Fig. 3). Note that
coilin is a definitive marker of CBs, which we have character-
ized extensively in previous studies.11,19 Although CBs were still
present in transcription blocked embryos, SLBP foci were
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undetectable. To test if other HLB components also disperse or
fail to coalesce, microinjected U7 snRNA and U4 snRNA foci
were examined with and without transcription block. Upon
loss of transcription, U7 snRNA colocalizes significantly more
often with CBs marked by U4 snRNA (Fig. 3B). Note that
a-amanitin treatment leads to developmental arrest.35 How-
ever, the strength of transcription block might differ between
individual cells of the embryo, which may explain why re-local-
ization is not 100%. All of the data are quantitated in Fig. 3D,
which shows a modest effect of a-amanitin treatment on CB
numbers (13/cell vs 9/cell), dramatic effects on HLB numbers
(3/cell vs 0) and a significant increase in the overlap between
CB and HLB components (22% vs 71%). Taken together these
data imply that – in contrast to CBs – HLBs in early embryos
are transcription-dependent and their formation coincides with
histone gene transcription. Furthermore, inhibition of tran-
scription causes U7 snRNA to relocalize to CBs, despite the
presence of its HLB targeting sequence and Sm-ring.

U7 snRNP targeting to HLBs depends on the Sm-ring

The accurate sorting of snRNAs to CBs and HLBs can also be
appreciated in Fig. 4A, where fields of nuclei labeled with U2
and U7snRNAs are shown in 3 dimensional reconstructions
at 4hpf. How does snRNA localization to either specific body
occur? The results of the previous section suggest that U7
snRNA may be targeted to HLBs through base-pairing to
nascent histone transcripts. The 50 region of U7 snRNA is
complementary to downstream sequences in canonical histone
genes and base pairs with newly transcribed, still uncleaved
histone RNA.12,36 To determine whether base pairing with
nascent histone RNA is required to target U7 snRNA to
HLBs, we generated mutated U7 snRNAs in vitro and tested
their localization after injection. Two mutant U7 snRNAs har-
boring alterations in the sequence of the histone RNA base-
pairing region were constructed (Fig. 4B): the HDE mutant –
replacing most of the uracils with other nucleotides – and the
A-mutant – replacing a stretch of adenines with uracils. We
would expect these mutants to be dispersed throughout the
nucleus if base-pairing is important for HLB targeting. How-
ever, we observe colocalization of the A-mutant and the
HDE-mutant with U7 WT in HLBs (Fig. 4D and E), indicat-
ing that U7 snRNA is recruited to HLBs without base-pairing
to nascent histone RNA.

An alternative determinant of snRNA localization is the Sm-
ring. Assembly of a heptameric ring of Sm-proteins onto a

Figure 1. Activation of rDNA transcription recruits fibrillarin from the CB. (A)
Immunostaining for the CB marker coilin (green) and the snoRNP component
fibrillarin (magenta) over a developmental time course from the 64-cell stage
to 8 hours post-fertilization (hpf). Insets magnify (2x) 2 representative bodies
in the same nucleus (indicated by gray and yellow arrowheads). All scale
bars, 10 mm. A Gaussian blur filter was applied for display reasons. (B) Detec-
tion of the onset of rDNA transcription through RT-qPCR amplification of pre-
rRNA. Primers complementary to the 50 external transcribed spacer (ETS) of
18S RNA were used to amplify pre-rRNA; signal (y-axis) was normalized to
RT-qPCR values for pre-mitochondrial RNA, which was previously shown to be
constant over these time points.27
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single-stranded Sm-site within snRNAs stabilizes snRNAs
within snRNPs.37 The canonical Sm-ring on spliceosomal
snRNPs binds to coilin and may be required for targeting to
CBs,33,34,38 suggesting that the specific type of Sm-ring assem-
bled on the snRNA might determine targeting specificity. Pre-
vious studies have shown that knockdown of spinal motor
neuron protein (SMN) that participates in Sm-ring assembly
causes loss of CBs19,39,40; this could either be due to reduced
snRNP biogenesis or to a direct role for SMN in CB assembly.
A requirement for the Sm ring in CB and HLB localization has
not been rigorously tested. Sequence alignments of U7 snRNA
with other snRNAs revealed that U7 snRNA harbors an atypi-
cal Sm-ring binding site.41 This unique Sm-ring binding site
promotes the assembly of a specialized Sm-ring where the 2
proteins SmD1/D2 are substituted with Lsm10 and Lsm11.42,43

Lsm11 binds the HLB component FLASH, suggesting a possi-
ble mechanism for U7 snRNP localization to HLBs.12,44

To determine whether the identity of the Sm ring deter-
mines nuclear body localization, we next changed the special
Sm-ring site of U7 to the consensus sequence of the spliceoso-
mal snRNAs termed SmOPT.45,46 U7 SmOPT RNA was shown
to assemble the Sm-proteins found on the spliceosomal
snRNAs U1, U2, U4, U5 and to render the U7 snRNP inactive
for histone mRNA 30 end processing.12,46,47 If the Sm-ring
determines the localization of U7 snRNA, we would expect U7
SmOPT to show distinct localization compared to WT U7
snRNA. Indeed, co-injections of U7 SmOPT and U7 Sm-WT
revealed that those 2 RNAs indeed localize to distinct nuclear
foci (Fig. 4F). To test if U7 SmOPT localizes to CBs, as expected
for spliceosomal snRNAs,11,19 injected embryos were co-stained
with a-coilin. Indeed, U7 SmOPT colocalizes with coilin, a
marker of CBs (Fig. 4G). We conclude that the Sm-ring identity
determines the specificity of snRNA localization to CBs and
HLBs.

Model for the formation and maintenance of discrete
nuclear bodies during embryogenesis

Our current findings allow us to generate a comprehensive
picture of nuclear architecture in a developing vertebrate
embryo, incorporating the role that transcription plays in
establishing nuclear compartments (Fig. 5). During tran-
scriptional silence before ZGA, the nucleus harbors about
20 CBs that also contain the nucleolar factors, like fibril-
larin. HLBs are absent at these initial stages and emerge as
histone transcription starts at ZGA. Localization of the
snRNAs to CBs or HLBs depends on the kind of Sm-ring
assembled on the Sm site. If transcription is blocked, HLBs
disperse and U7 snRNA re-localizes to CBs. We speculate
that U7 snRNP may join CBs due to the shared protein
components of both types of Sm ring, which have affinity
for coilin.9,38 Because U7 snRNA does not concentrate in
CBs before transcription onset, we presume that another
HLB component – perhaps FLASH which binds the Lsm-
ring component Lsm1112-14– may buffer a tendency for U7
to localize to CBs early or alternatively promote colocaliza-
tion late. As there are many components of CBs and HLBs
to test with regard to this activity; unfortunately, most anti-
bodies specific for HLB components like FLASH are non-
reactive in zebrafish. In Drosophila, fibrillarin positive bod-
ies form during cleavage stages, but these are variable in
size and number before stabilization by transcription.5 In
zebrafish, fibrillarin foci – spatially distinct from CBs –
form much later during gastrulation, reflecting the late
onset of rDNA transcription and likely nucleolus formation.
Taken together, these observations suggest that transcription
of histone and rDNA genes drives the nucleation of specific
nuclear bodies at their respective chromosomal sites.
Nuclear body components are then recruited away from

Figure 2. HLB assembly coincides with the onset of zygotic transcription. (A) Embryonic nuclei imaged at the indicated stages after injection of fluorescent U2 snRNA (red)
to mark CBs and U7 snRNA (green) to mark HLBs. Upper panel: DIC image from in vivo imaging of whole zebrafish embryos with 10x magnification. Scale bar equals
100mm. Middle panel: Single confocal sections of in vivo imaging of zebrafish embryos labeled with microinjected U7 and U2 snRNA. Scale bar equals 10mm. Arrowheads
point to the nuclear body shown 2x magnified in bottom panel. A Gaussian blur filter was applied for display reasons. (B) Immunostaining for SLBP (red in the merged
panel) shows the concentration of SLBP in the same foci as those marked by injected U7 snRNA (green). Scale bar equals 10 mm (C) Scatterplot showing the levels in
FPKM of individual transcripts metabolically labeled by 4s-UTP injection into 1-cell embryos and purified from 128-cell (x-axis) and 512-cell (y-axis) embryos; histone genes
with a fold change in transcript level of log2 � 2 are displayed in red, showing that transcription of histone genes begins between the 128-cell and 512-cell stage. Data
taken from ref. 27.

RNA BIOLOGY 755



previous, less stable sites of segregation, such as the zebra-
fish embryonic CB. It is currently unclear how segregation
into one nuclear body and resorting into a distinct nuclear
body is compatible with LLPS. Alternatively, newly trans-
lated protein must perform this function. However, previous
work has shown that the molecular components of nuclear
bodies are exchangeable with nucleoplasm, providing oppor-
tunities for re-sorting after nuclear body formation.48-50

Materials and methods

Zebrafish maintenance

Wildtype AB strain zebrafish embryos were raised in E3
embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2,

0.33 mM MgSO4, 10
-5 % Methyl blue in ddH2O) and staged as

previously described.51

In vitro transcription of RNA

In vitro transcription of RNA was done according to published
methods.11,19 In brief, the MEGAshortscriptTM T7 Kit was used
for the production of snRNAs according to manufacturer instruc-
tions. For the production of fluorescent RNA modified ribonu-
cleotides (Alexa488-UTP, Alexa546-UTP or Cy5-UTP) were used
at a ratio of 1:4 to unmodified UTP. The reactions for U2, U4 and
U7 snRNA (and variants) were supplemented with m7G(50)ppp
(50)G cap analog (Ambion) at a final concentration of 1 mM (1:4
ratio of rGTP: m7G(50)ppp(50)G). For zfU7 snRNA, mMU7

Figure 3. Separation of CBs and HLBs is transcription-dependent. Zygotic transcription was blocked by injection of a-amanitin into 1-cell embryos. Single Z-stacks of con-
focal series from fixed blastula stage embryos. Untreated (- amanitin) and treated (+ amanitin) embryos are labeled with antibodies specific for SLBP (A) or coilin (C); co-
injection of U4 (red) and U7 snRNAs (green) provides an independent view of CBs and HLBs, respectively (B). White square indicates area shown magnified in each inset
(4x magnification). Scale bars equal 10 mm. (D) Quantification of CBs per nucleus (coilin immunostaining, as in C; data from n=18 embryos from 3 independent experi-
ments at 4hpf), HLBs per nucleus (SLBP, as in A; data from n D 18 untreated and n D 17 a-amanitin injected embryos from 3 independent experiments at 4hpf), and of
the overlapping signals between HLBs and CBs (U4 and U7 snRNAs, as in B; n D 31 nuclei from untreated embryos and n D 16 nuclei from a-amanitin injected embryos
at 3hpf). Distribution, mean number (dashed line) and median number (bold line) are shown. Asterisks indicate statistical significance (Welch 2-sample t-test,
P D 0.004702 for CBs, P D 1.043e-10 for HLBs and P D 7.208e-05 for U4/U7 snRNA).

756 P. HEYN ET AL.



snRNA, U7-A mutant and U7-HDE mutant an oligo with the
reverse complementary sequence of the T7 promoter fused to the
reverse complementary of the respective sequence was annealed
to a primer with the T7 promoter sequence. For U7smOPT an
oligo with the reverse T7 promoter sequence and the reverse mU7
sequence, where the Sm-binding site was changed to the
U7smOPT sequence was annealed with a complementary oligo
and used as the IVT template. Human U2 and U4 snRNA IVT
template were generated by PCR with hU2 snRNA or hU4
snRNA primers from a vector containing the human U2 snRNA
orU4 snRNA gene respectively. See Table S1 for all primers.

Indirect Immunofluorescence

Staining was performed as previously described19with minor
modifications. In brief, embryos were manually dechorionated
and fixed in small containers containing 4%PFA in 0.2 M Pipes
pH6.9 for 20min or 30min (SLBP or Coilin/Fibrillarin detection
respectively). All incubation steps were performed in a wet
chamber under agitation at room temperature. After fixation
embryos were washed 3 times with MgPBS (10 mM MgCl in
PBS). Permeabilization of membranes was achieved by incuba-
tion for 20 or 30 min (SLBP/Fibrillarin or Coilin detection
respectively) in MgPBS supplemented with 0.2% Triton

TM

X-
100. Blocking of unspecific binding was realized by incubation
with 5% BSA supplemented with 0.2% b-Glycerol phosphate
disodium salt pentahydrate for 15min. After a quick single
MgPBS wash step embryos were incubated for one hour with
the respective primary antibodies (anti-SLBP S-18 (Santa Cruz
sc-26522) in a 1:100 dilution or anti-Fibrillarin (monoclonal
autoantibody 72B952) in a 1:100 dilution or anti-Coilin

Figure 4. Sm ring composition specifies snRNA localization to CBs and HLBs. (A)
Co-injection of U2 (magenta) and U7 (green) snRNAs shows independence of CBs
and HLBs in 3 dimensions. Projection of the fluorescent data collected by confocal
imaging is shown in the left panel; rendering of CB and HLB centers of mass,
obtained through the use of Imaris analysis software, is shown in the right panel.
(B) Scheme for testing the contribution of base-pairing to histone transcripts
through mutational analysis of the U7 snRNA HDE site is shown. To test the contri-
bution of the Sm-ring, the specialized Sm site of mouse U7 (mU7) was mutated to
Sm-OPT, previously shown to target the spliceosomal Sm ring to U7 snRNA.47 (C-G)
Confocal sections showing the localization patterns of wild-type U7 snRNA com-
pared to other markers and mutants, as indicated. Scale bars equal 10 mm. Arrow-
heads point to foci magnified 2x in the insets.

Figure 5. Transcription-dependent changes in embryonic nuclear architecture.
Working model showing that between fertilization and ZGA, fibrillarin initially con-
centrates in CBs while U7 snRNA is not present in foci. Upon transcription activation
of histone loci, U7 and SLBP are recruited to HLBs that are separate from CBs in
zebrafish embryos. If Pol II transcription is inhibited, U7 accumulates in CBs. Fibril-
larin remains associated with CBs until activation of rDNA transcription at 6hpf.
Thus, the integrity and composition of each nuclear body depends on transcription.
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9EA2–319 in a 1:2000 dilution) in 3% BSA supplemented with
0.2% b-Glycerol phosphate disodium salt pentahydrate. For
double staining, embryos were fixed for 30min and incubated
simultaneously with both primary antibodies. Next, embryos
were washed 3 times with MgPBS and incubated with second-
ary antibodies (anti–goat conjugated with FITC, anti-mouse
conjugated with FITC and anti-rabbit conjugated with TRITC,
Jackson ImmunoResearch Laboratories for SLBP, Fibrillarin or
Coilin respectively) diluted at 1:200 in 3% BSA supplemented
with 0.2% b-Glycerol phosphate disodium salt pentahydrate.
Before mounting to microscope glass slides embryos were again
washed twice with MgPBS and once with ddH2O and then left
to dry on the glass slide. For mounting 80% Glycerol supple-
mented with 25 mg/ml DABCO and 2mg/ml Hoechst 33342
was applied and cover slips placed on top.

Microinjections

Embryos were injected into the cell at 1-cell stage (fluorescent
RNAs) or into the yolk at 1-to 2-cell stage (drugs). The injected
material was solved in Danieu buffer (0.4 mM MgSO4, 0.6 mM
CaCl2, 0.7 mM KCl, 58 mM NaCl, 5 mM Hepes pH D 7 .6)
One to 4 nl were injected into the embryo. Between 100 pg and
300 pg per embryo of fluorescent RNA. To block transcription
2 nl (0.4 mg/ml) of a-amanitin were injected. For co-injection
with fluorescent U7 snRNA and U4 snRNA 2 nl of a-amanitin
(0.2 mg/ml) were injected.

Microscopy

Indirect immunofluorescence microscopy slides, in vivo imag-
ing of embryos and fixed specimens were imaged on the Olym-
pus FluoView1000 confocal microscope. The following 2
objectives were used: UPLSAPO 10X NA:0.40 (in vivo whole
embryo images) and UPLSAPO 60X Oil NA:1.35.

Image processing

Microscopic images were processed using Fiji.53 The image was
analyzed with the 3-D object counter to detect 3-D objects by a
2-passes connexity analysis with manual threshold setting.54 For
counting of CBs immunostained by coilin the threshold was set
to 3-times the background in the nucleoplasm and objects fil-
tered for a diameter of at least 0.5 mm. Data of at least 2–3 nuclei
were averaged per embryo for 18 embryos from 3 independent
experiments. HLBs immunostained by SLBP were manually
counted. Data of 2–3 nuclei were averaged per embryo for 18
untreated and 17 a-amanitin injected embryos from 3 indepen-
dent experiments. For colocalization the objects maps produced
of the 3-D object counter were overlaid and colocalization of
pixels assigned to objects in the 2 channels manually inferred.
Display figures from fluorescent RNA injections or immunos-
tainings are representative single z-stacks. Images were contrast
and brightness adjusted for display purposes.

Detection of pre-rRNA by RT-qPCR

Groups of 5 staged embryos were quickly washed 3 times with
PCR-grade water, homogenized in Trizol and total RNA was

extracted according to manufacturer’s instructions. Residual
DNA was removed with TurboDNAse. Total RNA was con-
verted into cDNA with Superscript III and random hexamers
as primers, including a no Reverse Transcriptase (RT) control.
For Pre-rRNA quantification qRT-PCRs were performed on a
MxPro3000 Stratagene system with the Absolute qPCR SYBR
Green Mix. All primers used (Table S1) were optimized for a
working concentration of 100% (+/- 5%) efficiency of amplifi-
cation. The experiment was performed twice in 3 biological
replicates per developmental time point. The mean Pre-rRNA
levels (2-(DCT) of 50ETS-18S-rRNA normalized to ND3-ND4I
mtRNA) and standard deviations were calculated and plotted
with Prism 6.

Analysis of histone gene transcription onset

To analyze the onset of histone gene transcription we inter-
sected annotated canonical histone genes with the first zygoti-
cally transcribed genes as published in Heyn et al., 2014. The
normalized expression levels (as in Heyn et al., 2014) were
compared between the 128-cell and 512-cell stage and histone
genes that showed an increase in expression greater or equal to
log2 of 2 were highlighted.
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