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Summary

Membrane-less organelles are intracellular compartments specialized to carry out specific cellular 

functions. There is growing evidence supporting the possibility that such organelles form as a new 

phase, separating from cytoplasm or nucleoplasm. However, a main challenge to such phase 

separation models is that the initial assembly, or nucleation, of the new phase is typically a highly 

stochastic process, and does not allow for the spatiotemporal precision observed in biological 

systems. Here we investigate the initial assembly of the nucleolus, a membrane-less organelle 

involved in different cellular functions including ribosomal biogenesis. We demonstrate that the 

nucleolus formation is precisely timed in D. melanogaster embryos and follows the transcription 

of rRNA. We provide evidence that transcription of rRNA is necessary for overcoming the highly 

stochastic nucleation step in the formation of the nucleolus, through a seeding mechanism. In the 

absence of rDNA, the nucleolar proteins studied are able to form high concentration assemblies. 

However, unlike the nucleolus, these assemblies are highly variable in number, location and time 

at which they form. In addition, quantitative study of the changes in the nucleoplasmic 

concentration and distribution of these nucleolar proteins in the wild-type embryos is consistent 

with the role of rRNA in seeding the nucleolus formation.
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Introduction

Cells are composed of different membrane-less organelles that provide specialized 

environments for cellular functions. However, not much is known about the mechanism by 

which their constituent macromolecules assemble to form them. The nucleolus is a 

quintessential membrane-less organelle that forms around the ribosomal DNA (rDNA) 

repeats. Different steps of ribosomal biogenesis occur in the nucleolus including 

transcription of rRNA by RNA polymerase I, processing of pre-rRNAs and the assembly of 

mature rRNAs with ribosomal proteins. Other functions of the nucleolus include response to 

cellular stresses and the regulation of the cell cycle [1–3]. Despite such pivotal roles of the 

nucleolus, mature eggs lack this organelle. Instead, at a precise time during embryogenesis 

the numerous components of the nucleolus including more than 700 different proteins [4–6] 

and RNAs assemble at a specific region of the rDNA repeats called the nucleolus organizer 

region (NOR). The assembly of the nucleolus is then repeated during the interphase of every 

subsequent cell cycle following its disassembly during mitosis.

In all metazoans studied thus far, the re-assembly of nucleolar proteins following cell 

division initiates with the formation of transient high concentration foci that are dispersed 

throughout the nucleoplasm [7–13]. These high concentration assemblies behave like liquids 

that are immiscible in the nucleoplasm [14]. Therefore, a model has been proposed in which 

nucleolus formation can be regarded as a liquid-liquid phase separation [15]. Based on this 

model, proteins with certain biophysical properties can separate out from the nucleoplasm to 

make a distinct environment specialized for particular cellular functions. Such 

thermodynamically-driven phase separations provide a means to concentrate certain proteins 

and RNAs that is energetically inexpensive compared to active assembly. In addition, unlike 

other multivalent assemblies, the liquid nature of the nucleolus allows for fast diffusion of 

components including substrates and products in and out of the organelle. Despite such 

advantages, the kinetics of the phase separation process is typically limited by the initial 

nucleation event, a highly stochastic process that does not allow for the spatiotemporal 

precision observed in biological systems.
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In any first order phase transition process, the initial nucleation step is a stochastic event in 

which thermal fluctuations in the system result in the formation of small assemblies of the 

new high-concentration phase (e.g. the nucleolus). In early stages, when these assemblies are 

smaller than a critical size, growth of the new phase results in an increase in the free energy, 

making this new phase unstable (Figure 1). This instability typically imposes a rate-limiting 

step on early nucleation in phase transitions, with classical examples being ice formation 

[16, 17] and in vitro assembly of microtubules [18]. However, the instability of the 

nucleation step can be circumvented if a seed is provided. In the presence of a seed, the 

formation of the new phase becomes growth-limited and the diffusion of constituent 

molecules governs the kinetics of self-assembly. In the case of membrane-less organelles, 

the kinetics of the initial nucleation step is widely unexplored. Previous studies have shown 

that exogenous transcription units can introduce new sites for the formation of different 

nuclear organelles [19–22]. However the necessity of such transcription sites in surmounting 

the stochastic nucleation step in the formation of nucleolar assemblies is not clear.

In the present study, we investigate the initial nucleation step in the nucleolus assembly by 

performing a quantitative study in D. melanogaster embryos. We demonstrate that nucleolus 

formation is indeed precisely timed, and temporally follows the activation of rDNA 

transcription. To evaluate the contribution of rRNA in bypassing the stochastic nucleation 

step, we quantified the distribution of the nucleolar proteins in mutant embryos lacking 

rDNA repeats. Interestingly, the nucleolar proteins studied can still form high concentration 

assemblies in the absence of rDNA. However, higher variability is observed in the number, 

position, and time at which such assemblies form in the mutant embryos. Moreover, the 

observed changes in the concentration of the nucleolar proteins and the spatiotemporal 

pattern of the emergence of high-concentration foci in the wild-type embryos are also 

consistent with a model in which transcription of rRNA alters the assembly of the nucleolar 

components from a stochastic nucleation-limited process to a high-precision growth-limited 

event.

Results

Earliest Localization of Fibrillarin and RNA pol I to NORs at Nuclear Cycle 13

In order to visualize the de novo formation of the nucleolus in Drosophila embryos, we 

generated transgenic lines expressing two nucleolar markers tagged with fluorescent 

proteins: a subunit of RNA pol I, RpI135, tagged with eGFP, and fibrillarin tagged with 

TagRFP (hereafter RpI135-GFP and RFP-Fib). The transgenic flies expressing these two 

proteins were used to characterize the pattern of nuclear localization of RNA pol I and 

fibrillarin during early embryogenesis.

Figure 2A shows representative images of embryos expressing RpI135-GFP and RFP-Fib 

during nuclear cycles (n.c.) 10-14. Prior to n.c. 13, the fluorescent signal of RpI135-GFP is 

diffuse and uniform in the nucleus. The first localization of RpI135-GFP to bright sub-

nuclear foci occurs at 6 ± 0.5 minutes into interphase of n.c. 13. A diffuse nucleoplasmic 

RpI135-GFP signal remains after the appearance of these bright foci. A similar behavior is 

observed for fibrillarin, which is involved in the processing of pre-rRNA (Movie 1) [23]. In 

all cycle 13 embryos, an initially uniform nuclear RFP-Fib fluorescent signal concentrates to 
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sub-nuclear bright foci 5 ± 0.5 minutes into interphase and is seen in all subsequent cycles. 

In a small fraction of embryos (8 of 31 examined), a smaller, less easily detectable focus can 

be transiently observed in late cycle 12. In double labeling experiments, the initial bright 

foci of RpI135-GFP and RFP-Fib colocalize from the earliest points when localized signal is 

detected. The number of foci is consistent with the presence of one NOR per X and Y 

chromosome in Drosophila [24]. Our localization data with RpI135-GFP and RFP-Fib are 

similar to that of GFP-Nopp140 [25] and indicate that the large-scale recruitment of the 

nucleolar proteins to NORs happens at n.c. 13.

Transcription of rDNA Initiates prior to Nucleolus Formation in Drosophila Embryos

To investigate whether the formation of a visible nucleolus is necessary for transcription of 

rDNA, we examined the expression of pre-rRNA during early embryogenesis. The maternal 

versus zygotic origin of the pre-rRNA was assessed by comparing the unfertilized eggs and 

0-1 hr old embryos, where RNAs are mostly maternally provided, with embryos 3-4 hr post-

fertilization in which zygotic genes are active [26, 27]. To measure pre-rRNA expression, 

cDNA from each group of embryos was analyzed by PCR for the presence of a segment of 

pre-rRNA, the internal transcribed segment 1 (ITS1), which is absent from the mature rRNA 

(Figure 3A). As depicted in Figure 3B, the ITS1 band is absent in the unfertilized eggs or in 

the 0-1 hr collection, and is only present in the 3-4 hr embryos. As controls for embryo 

staging, we measured expression of maternally-supplied hsp83 and zygotically-expressed 

fruhstart (z600) transcripts [27, 28], in comparison with ubiquitously expressed tubulin as a 

loading control. Our results indicate that in Drosophila embryos pre-rRNA is predominantly 

of zygotic origin.

To determine more precisely when the transcription of rDNA is initiated we used fluorescent 

in situ hybridization (FISH) of ITS1 to detect pre-rRNA expression in n.c. 10-14 embryos. 

As shown in Figure 3D, pre-rRNA expression begins in one or two foci per nucleus starting 

at n.c. 11. We quantified the levels of nascent pre-rRNA in visually staged, precisely timed 

single embryos by quantitative real-time PCR (qRT-PCR) using primers complimentary to a 

region of 5′ external transcribed spacer (5′ETS, Figure 3A). There is a significant increase 

in the amount of pre-rRNA transcripts starting from n.c. 11 compared to unfertilized 

embryos (Figure 3C, P < 0.05 by Student's t-test). These results show that the transcription 

of rDNA starts at or prior to n.c. 11. The formation of a visible nucleolus at n.c. 13 coincides 

with an approximately 30-fold increase in the amount of pre-rRNA transcripts. 

Immunolabeling of fibrillarin followed by FISH of ITS1 in embryos at this stage indicates 

that the ITS1 puncta colocalize with fibrillarin bright foci (Figure 3E) confirming that the 

earliest visible accumulation of fibrillarin occurs at sites of pre-rRNA transcription.

Spatiotemporal Regulation of Nucleolus Formation by rDNA

To investigate the necessity of rDNA in overcoming the stochastic nucleation step in the 

formation of nucleolar assemblies, we followed the distribution of RpI135-GFP and RFP-

Fib in embryos with compound chromosome X (C(1)DX/0, see Supplemental Experimental 

Procedures) that lack rDNA repeats. The amount of pre-rRNA in mutant embryos at n.c. 14 

is < 0.4% of the amount observed in wild-type embryos (Figure 3C), and the expression 

level of the nucleolar proteins is unchanged (Figure S2B). Interestingly, even in the absence 
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of rDNA, both RNA pol I and fibrillarin can form high-concentration assemblies that are 

similar to nucleoli, although smaller in size and initially less frequent (Figure 4A, Movie 2).

Nucleoli are very dynamic structures, with high rates of exchange of proteins with the 

nucleoplasm [29]. To test whether the high-concentration assemblies of nucleolar proteins 

(HANPs) observed in the absence of rDNA have dynamic properties associated with 

nucleoli, or are kinetically arrested aggregates, we performed fluorescence recovery after 

photobleaching (FRAP). As depicted in Figure 4B, both HANPs and nucleoli recover within 

seconds, showing their dynamic nature.

Despite shared similarities, HANPs and bona fide nucleoli differ in some aspects (Movies 

1-2). Firstly, the size of HANPs is smaller than that of the nucleoli, suggesting a role for 

rDNA in stabilizing the assembly of the nucleolar proteins through increasing favorable 

interactions between the nucleolar components (Figure 4C). Secondly, the nucleoli have an 

irregular structure, and appear to be punctate, whereas HANPs are round, as expected for a 

liquid phase. The irregularity in shape of the nucleolus may be due to the fact that only a 

small fraction of the rDNA genes at NORs are active at n.c. 14 in Drosophila embryos [30]. 

The small yet visible distance between the active rDNA genes would result in a punctate 

appearance, if each active site were to nucleate assembly of the nucleolar components.

Another difference is that the number of HANPs varies from zero to five per nucleus (Figure 

4D). In wild-type embryos, only one or two nucleoli are observed per nucleus consistent 

with the number of NORs present. Moreover, while all nucleoli in the wild type embryos 

form at a distinct position, at the apical side of the nucleus, in the absence of rDNA, HANPs 

are more broadly dispersed throughout the nucleoplasm (Figure 4E). The normal position of 

the nucleolus in the wild type embryos is consistent with spatial organization of 

chromosomes in the blastoderm nuclei and the apical localization of the centromeric 

sequences that contain the NORs [31]. The seemingly random positioning of the HANPs in 

embryos that lack NORs suggests that these foci are not associated with specific sequences 

of DNA.

Even more remarkable is the difference in the time within which the assemblies form in the 

absence or presence of rDNA. Developmental events are precisely timed [32], including the 

formation of the nucleolus (Figure 4F). The variation in time at which the nucleoli form in 

the wild-type embryos is within the measurement errors (± 0.5 min, n = 10). However, in the 

absence of rDNA, this precision is lost by 10 fold at n.c. 14, and the time at which HANPs 

form varies between different embryos (variance = 6.66 ± 0.5 min, n = 10), and even 

between the nuclei of individual embryos (Figure 4F). This variability reduces the likelihood 

that HANPs will form during the short interphase of n.c. 13. Therefore in the absence of 

rDNA, the accumulation of the nucleolar proteins to sub-nuclear bodies becomes a highly 

stochastic event resulting in variable positioning and variable timing of the formation of 

HANPs.

Super-Saturation Concentrations of Nucleolar Proteins prior to Nucleolus Formation

In first order phase separation processes, the formation of the new high concentration phase 

(the nucleolus) is concentration dependent (Figure 5A). This means that below a critical 
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concentration (Ccr), only one low concentration phase should exist (the nucleoplasmic 

phase), whereas above Ccr an additional high concentration phase should form. However, if 

nucleation of the new phase is limiting, nucleoplasmic concentrations higher than Ccr 

(super-saturation levels) can be reached before formation of the nucleolus, and upon a 

successful nucleation or seeding event, the nucleolus will grow until the nucleoplasmic 

concentration reaches Ccr.

We have characterized the concentration dependence of nucleolus formation by measuring 

nucleoplasmic concentrations of the two nucleolar proteins fibrillarin and RpI135 during 

early embryogenesis. We obtained these measurements at different time-points during n.c. 

10-14 in terms of the nucleoplasmic intensities excluding the nucleolus, per unit volume for 

RpI135-GFP or RFP-Fib, denoted by ζ (arbitrary units / μm3). Time-lapse images of 

transgenic lines coexpressing H2Av were used to mark the progression of nuclear cycles. As 

shown in Figure 5B, there is a gradual increase in the nucleoplasmic concentrations of 

fibrillarin and RNA pol I during the late syncytial cycles. This increase continues until n.c. 

13 when the nucleolus forms. These observations are consistent with a phase separation 

model in which the nucleolus is only observable at higher nucleoplasmic concentrations.

Interestingly, despite the constant increase in the total nuclear accumulation of fibrillarin and 

RNA pol I during the interphase of n.c. 13, the nucleoplasmic concentrations of these 

proteins decrease concurrently with the formation of the nucleolus (Figure 5B). No decrease 

in the nucleoplasmic concentration is observed for a control protein, GFP-NLS, which 

continues to rise and remains at high levels as the nucleolus forms until the onset of mitosis 

(Figure 5B). These results indicate that the nucleoplasmic concentrations of RNA pol I and 

fibrillarin are super-saturated prior to nucleolus formation, which is a characteristic of a 

nucleation-limited process. Following a triggering event –e.g. seeding by rDNA–the super-

saturated proteins coalesce to form the nucleolus.

Local Inhomogeneities Emerge prior to the Nucleolus Formation at Cycle 14 but Not Cycle 
13

rDNA could seed nucleolus formation either by a direct mechanism or through an 

intermediate. In the direct model, rDNA is a structural element of the seed, and therefore 

high-concentration assemblies of nucleolar proteins would be observed exclusively at NORs. 

Alternatively, if intermediate molecules such as rRNA transcripts were involved in 

decreasing the nucleation barrier, then it would be likely to observe high-concentration 

assemblies at places other than NORs. Resolving these two models requires detection of the 

nucleoli as well as quantification of local inhomogeneities in the distribution of the nucleolar 

proteins in the nucleoplasm prior to and during nucleolus formation. To facilitate detection 

of nucleoli in very early stages, we have developed an automated image analysis algorithm 

that detects the nucleoli at later time points when they can be detected unambiguously, and 

tracks them in preceding frames of the movie. We combined this algorithm to a method for 

calculating local inhomogeneities in the distribution of nucleoplasmic fluorescent intensities, 

based on gray-level co-occurrence matrix (GLCM) (see Supplemental Experimental 

Procedures) [33]. As depicted in Figure 6, at n.c. 14 the distribution of the nucleolar proteins 

becomes inhomogeneous prior to nucleolus formation, which means that at this cycle, high 
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concentration assemblies emerge ubiquitously in the nucleoplasm. Upon progression of 

interphase, some of these small inhomogeneities disassemble (Figure S3A) while others 

coalesce to give rise to the nucleolus (Figure S3B). However, at n.c. 13 the decrease in the 

homogeneity coincides with nucleolus formation, and there is no detectable decrease in the 

homogeneity of the nucleoplasm, excluding the nucleolus. Therefore, although the initial 

assembly of the nucleolar proteins at n.c. 13 is strictly detectable at NORs, at n.c. 14 high 

concentration assemblies are observable throughout the nucleoplasm. This suggests that a 

product of rDNA rather than the template itself may be involved in seeding the formation of 

the nucleolus.

Previous studies have shown that several types of RNAs can nucleate de novo assembly of 

histone locus bodies, nuclear speckles, paraspeckles, and nuclear stress bodies [20]. To 

examine whether the loss of precision observed in the absence of rDNA emerges from the 

loss of rRNA transcripts or from the loss of the rDNA itself, we studied the effects of 

blocking rRNA synthesis in embryos with normal rDNA. Wild type fly embryos were 

injected with dsRNA against a subunit of RNA pol I, RpI12, resulting in an RNAi-mediated 

knockdown of RpI12 mRNA (Figure 7A). Reducing Rpl12 expression results in a two-fold 

decrease in the amount of nascent pre-rRNA transcripts in injected embryos (n = 25, P < 

0.005 by Student's t-test, Figure 7B). In RpI12 RNAi embryos, the nucleoli are small or 

absent during n.c.13 (Figure 7C,E), and formation of the nucleolus is delayed by one cell 

cycle, to n.c.14 (Figure 7F). Therefore, the reduction in the rRNA transcription is concurrent 

with a delay in the nucleolus formation in embryos injected with anti-RpI12 RNAi (Figure 

7F). In contrast, embryos injected with RNAi against RpI135 do not show reduction in the 

amount of pre-rRNA transcripts, possibly due to high levels of the maternal protein, and 

nucleolus formation remains unchanged (Figure 7A-D). The observed changes in nucleolus 

formation for embryos injected with RNAi against RpI12 is not likely to be due to altered 

cell cycle since the length of n.c. 13 is not affected [34]. We conclude that the observed 

delay in the formation of the nucleolus is due to the reduction in pre-rRNA transcripts that 

are key players in seeding the nucleolus formation.

Discussion

Formation of membrane-less organelles requires coordinated recruitment of tens to hundreds 

of different macromolecules. Several features of the formation of such membrane-less 

organelles including P granules [35], centrosomes [36] and nucleolus [37, 38] are consistent 

with a phase transition model. However, phase separation processes are often limited by the 

initial nucleation event that is highly stochastic. We provide evidence that nucleolus 

formation in the wild-type embryos is not a highly variable nucleation-limited process. 

Rather, the transcription of rDNA renders the assembly process a well-controlled, growth-

limited process. This accounts for the spatiotemporal precision of nucleolus formation 

observed in Drosophila embryos. In the absence of rDNA, the emergence of high 

concentration assemblies of the nucleolar components reduces to a nucleation-limited 

process with high spatiotemporal variability. Also, apparent supersaturated levels of 

fibrillarin and RNA pol I prior to nucleolus formation at n.c. 13 are consistent with the 

presence of a nucleation-limited process.
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Several observations strongly suggest that pre-rRNA is the key player in seeding nucleolus 

formation. In all cases where nucleolus formation has been studied in metazoa, recruitment 

of nucleolar proteins occurs in the presence of unprocessed pre-rRNA. Our results show that 

the transcription of rDNA precedes the large-scale recruitment of the nucleolar proteins in 

Drosophila embryos. A similar chronological order has been observed for mouse embryos 

[39]. X. laevis embryos drive nucleolus formation prior to any detectable transcription by 

RNA polymerase I by loading eggs with maternally provided pre-rRNA [11, 40]. Likewise 

when nucleoli re-assemble after mitosis in mammalian tissue culture cells, pre-rRNA 

transcribed in the previous interphase is present [41]. Interestingly, the assembly of a 

synthetic nucleolus on an exogenous rDNA gene also requires transcription [19], and 

reducing transcription by RNA pol I can abolish nucleolus assembly in C. elegans [38], or 

delay the formation of the nucleolus in Drosophila embryos (Figure 7F-G here). Therefore 

pre-rRNA seems to play a pivotal role in seeding the assembly of the nucleolar proteins.

The presence of local inhomogeneities throughout the nucleoplasm during early n.c. 14 and 

their absence at n.c. 13 is consistent with the role of pre-rRNA in nucleating the assemblies 

(Figure 6). The amount of pre-rRNA at n.c. 13 is ≈30 times higher than n.c. 12 (Figure 3C), 

and a fraction of these transcripts may be carried over in the nucleus until the next cycle 

[41]. Therefore, far more rRNA transcripts are present at the beginning of n.c. 14 compared 

to n.c. 13. These “left-over” transcripts located throughout the nucleoplasm at n.c. 14 can 

seed the formation of assemblies ubiquitously in the nucleoplasm. Upon progression of 

interphase though, these local inhomogeneities are replaced by only two prominent 

assemblies located at NORs (Figure S3A-B). A subset of such small inhomogeneities 

disassemble during this time which could be due to the turnover of the seeding rRNA 

transcripts into ribosomes. Alternatively, in a process known as Ostwald ripening, 

reactivation of transcription can result in accumulation of further rRNA transcripts at NORs, 

which can in turn recruit more nucleolar components and destabilize smaller assemblies.

Our data on fibrillarin and RNA pol I identify intriguing differences in their localization 

patterns during early cleavage cycles. While fibrillarin localizes to the nucleus during 

interphase and is excluded from the nuclei undergoing mitosis, RNA pol I has a peak of 

concentration with the onset of mitosis in these early nuclear cycles (Figure 5B). Starting 

from n.c. 13 when the nucleolus forms, the dynamics of these two proteins overlap, and 

RNA pol I becomes enriched in the nuclei during interphase. However, although both 

fibrillarin and RNA pol I localize to the nucleolus, their involvement in the phase separation 

process appears to be different. After the nucleolus formation at n.c.13, the nucleoplasmic 

concentration of fibrillarin reaches a constant level, Ccr (Figure 5C), which is indicative of a 

phase separation occurring and reaching equilibrium. In contrast, RNA pol I does not reach 

an equilibrium concentration, and its nucleoplasmic levels increase toward the end of n.c. 

13. In addition, the localization of RNA pol I to HANPs relative to the nucleolus is much 

weaker than fibrillarin (Figure 4C). These suggest that RNA pol I may not be a structural 

component of nucleolar phase separation, but instead may be recruited by other factors.

Although the changing concentration of certain critical components and posttranscriptional 

modifications like phosphorylation [42] may play broad roles in timing the formation of the 

nucleolus, our data suggest that seeding by rRNA may be the main mechanism regulating its 
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temporal precision. A detectable nucleolus is not necessary for the initial transcription of 

rDNA. In mutants that lack rDNA however, although fibrillarin and RNA pol I can still form 

high concentration assemblies, the assembly process becomes variable and delayed. A 

similar loss in precision is observed when RNA pol I dependent transcription is reduced in 

embryos possessing normal rDNA, suggesting that it is the accumulation of rRNA 

transcripts, rather than the presence of the DNA itself, that drives nucleolar formation. By 

seeding the phase transition, this rRNA appears to dictate the spatiotemporal precision in the 

assembly, thereby turning an otherwise stochastic nucleation-limited process into a growth-

limited event whose occurrence can be coordinated with other aspects of development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nucleation and growth in phase separation processes
Birth of a new phase is called nucleation. Smaller size assemblies are unstable due to their 

large surface to volume ratio, which increases the negative effect of surface tension. 

Therefore, smaller assemblies shrink rather than grow. However, if the assemblies reach a 

critical size, they will readily grow. If the nucleation barrier is large, then the formation of 

new assembly becomes nucleation-limited. Otherwise, this process becomes growth limited.
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Figure 2. De novo nucleolus formation at n.c. 13
A Representative images of embryos expressing RpI135-GFP and RFP-Fib at n.c. 10-14. 

The nuclear signal for these two proteins is diffuse throughout the nucleus during n.c. 10-12, 

but both proteins colocalize to the nucleolus (bright foci) from n.c. 13. Asterisks show auto-

fluorescence. Scale bar 10 μm. Numbers show the time in minutes from the end of mitosis. 

B. Schematic representation of the distribution of the nucleolar proteins during early 

embryogenesis. The nucleolus forms for the first time during mid-blastula transition (MBT), 

which coincides with the large-scale zygotic genome activation. Prior to MBT, no nucleolus 

can be detected in the Drosophila embryos. See also Movie 1.
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Figure 3. The transcription of rDNA starts prior to the nucleolus formation in the Drosophila 
embryos
A. A schematic view of pre-rRNA, and the fragments used for detecting pre-rRNA. B. The 

pools of RNA present in wild-type embryos from three different collections were tested for 

the presence of pre-rRNA (ITS1), and three controls. The unfertilized embryos (UF) have 

only maternal RNA, the 0-1 hr collection has largely maternal or early zygotic RNA, and the 

3-4 hr collection has mostly zygotically transcribed RNA. RT+ represents the samples that 

were reverse transcribed, while RT- is the negative control. hsp83 and fruhstart are maternal 

and zygotic, respectively. Tubulin is the loading control. C. The real-time PCR 

quantification of cDNAs from single embryo RNA extracts at different time points tested for 

the presence of 5′ETS shows a significant increase compared to the unfertilized embryos 

starting from n.c. 11. Data are presented as mean ± SEM of triplicate samples. Embryos 

were collected at seven minutes after the telophases of n.c. 10-12, 10 minutes of n.c. 13, and 

10 and 20 minutes of n.c. 14. The mutants lacking rDNA were collected at n.c. 14. D. 

Likewise, FISH of ITS1 at n.c. 10-14 shows the emergence of bright foci starting from n.c. 

11. For the purpose of presentation, the images in D and E have adjusted contrasts and 

changed saturation values, with the insets having lower saturation values. E. 
Immunolabeling of fibrillarin followed by FISH of ITS1 in embryos at n.c. 13. Scale bars 10 

μm.
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Figure 4. Fibrillarin and RNA pol I form high concentration assemblies in the absence of rDNA
A. Representative images of the nuclei for wild type versus mutant embryos lacking rDNA 

at n.c. 14 show that both RFP-Fib and RpI135-GFP can form high concentration assemblies 

in the absence of rDNA. B. FRAP of Fibrillarin assemblies for the nucleoli and HANPs 

show that both are dynamic structures (rate constant for unbinding is 0.34 ± 0.03 s-1 for 

nucleoli and 0.27 ± 0.04 s-1 for HANPs). C. Histogram of the integrated intensity of 

nucleolus and HANPs normalized to the mean intensity of HANPs is shown for RFP-Fib 

(top) and RpI135-GFP (bottom). The probabilities for the case of RpI135-GFP in nucleolus 

is multiplied by 10 for better visualization. D. The fraction of nuclei showing different 

numbers of nucleoli in the wild-type or HANPs in the absence of rDNA is depicted for 

embryos after 15 minutes into n.c. 14. E. Top: Lateral view of the wild type and mutant 

embryos lacking rDNA at n.c. 14, expressing RFP-Fib. Bottom: quantification of the 

distance from the chorion of the nucleoli in a wild-type and HANPs in the mutant embryos 

lacking rDNA. F. Formation of fibrillarin high concentration assemblies for ten wild type 

(bottom) and ten mutant embryos lacking rDNA (top) over time at n.c. 13-14. Each color 

depicts an individual embryo. Time zero marks the end of mitosis. Scale bars 10 μm. See 

also Movie 2 and Figure S1.
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Figure 5. Nucleolus formation is concentration dependent
A. Phase separation processes are concentration dependent. The prediction of a first order 

phase separation is that at lower concentrations, only one low concentration phase, the 

nucleoplasm, should exist. After reaching a critical concentration (Ccr) a new high 

concentration phase, the nucleolus, should appear. The formation of this new phase is either 

nucleation-limited (ii) or growth-limited (iii). B. The normalized nucleoplasmic intensities 

(arbitrary units) per unit volume, excluding the nucleoli, for RFP-Fib, RpI135-GFP and 

GFP-NLS are shown as ς. The shaded areas in B and C depict the times that the nucleolus 

forms and coincides with a decrease in the nucleoplasmic concentration of RNA pol I and 

fibrillarin. C. Comparison of the ς for fibrillarin at n.c. 13 shown in B with its total intensity 

per nucleus. Although total nuclear amounts of fibrillarin increases until 14 min into n.c. 13, 

the nucleoplasmic concentration (ς) decreases upon nucleolus formation to reach a steady 

state. Both nucleoplasmic concentrations and total nuclear intensities have been normalized 

to their maximum values for presentation purposes. Zeros mark the end of mitosis (M) and 

the beginning of the interphase (I). Data are represented as mean ± SEM (n=10 for RpI135 

and fibrillarin and n=3 for GFP-NLS). See also Figure S2.
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Figure 6. Local Inhomogeneities prior to the Nucleolus Formation at Cycle 14, but Not Cycle 13
A. The emergence of local inhomogeneities in the whole nucleus and the nucleoplasm 

excluding the nucleolus has been calculated for fibrillarin as described in Supplemental 

Experimental Procedures. A decrease in the homogeneity shows the appearance of local 

inhomogeneities. As a comparison, the time at which the nucleoli are detectable are shown 

in terms of percent of nuclei with nucleolus (purple). Shaded areas highlight the time prior 

to nucleolus formation. The detectable decrease in the homogeneity at n.c. 13 is only due to 

the nucleolus formation, while at n.c. 14, inhomogeieties arise prior to nucleolus formation. 

B-C. Representative images of nuclei at n.c. 14 during the initial steps of nucleolus 

formation. While the only detectable bright foci at n.c. 13 are at NORs (C-C′), at n.c. 14 

high-concentration assemblies appear ubiquitously in the nucleoplasm (D-D′). The nuclei in 

B′-C′ show the higher magnification of the regions depicted by red square in B-C, 

respectively. For the purpose of presentation, images have adjusted contrasts and saturation 

values. Scale bar for B-C, 10 μm and for B′-C′, 2 μm. See also Figure S3.
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Figure 7. Reduction in rRNA transcription delays nucleolus formation
A. Injection of wild-type embryos with RNAi against RpI12 reduces the amount of this 

transcript to approximately 45% of that of un-injected embryos (Control-1) or embryos 

injected with RNAi against RpI135 (Control-2). B. The amount of pre-rRNA is determined 

by RT-qPCR on 25 individual control-1 embryos, 25 embryos injected with RNAi αRpI12, 

and nine of Control-2 embryos at 10 min into n.c. 13. The amount of pre-rRNA is reduced 

by nearly 2 fold in the embryos injected with RNAi for RpI12 compared to the two controls 

(P < 0.005 by Student's t-test). Red diamonds in A-B show mean ± SEM for each group. 

Representative images of n.c. 13 for a Control-2 embryo with normal nucleolus formation 

(C) and RpI12 RNAi embryo with delayed nucleolus formation (D). Scale bars, 10 μm. E. 
Formation of assemblies was measured for 39 individual RpI12 RNAi embryos (orange) and 

39 un-injected embryos (blue) at 10 min into n.c. 13. Images shown in C and D score 0.9 

and 0.3 for Formation of Assembly. F. Time evolution of formation of fibrillarin assemblies 

in the wild-type embryos (n=10, reproduced from Figure 4F) and G. RpI12 RNAi embryos 

(n=28) during n.c. 13-14. Each line depicts an individual embryo. Time zero marks the end 

of mitosis.
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