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Most RNA-protein condensates are composed of heterogeneous immiscible
phases. However, how this multiphase organization contributes to their bio-
logical functions remains largely unexplored. Drosophila germ granules, a
class of RNA-protein condensates, are the site of mRNA storage and transla-
tional activation. Here, using super-resolution microscopy and single-
molecule imaging approaches, we show that germ granules have a biphasic
organization and that translation occurs in the outer phase and at the surface
of the granules. The localization, directionality, and compaction of mRNAs
within the granule depend on their translation status, translated mRNAs being
enriched in the outer phase with their 5’end oriented towards the surface.
Translation is strongly reduced when germ granule biphasic organization is
lost. These findings reveal the intimate links between the architecture of RNA-
protein condensates and the organization of their different functions, high-

lighting the functional compartmentalization of these condensates.

Membraneless biomolecular condensates have recently emerged as
fundamental in cell biology favoring the coordination and efficiency of
biochemical reactions by concentrating substrates and enzymes in a
common space. Their assembly depends on a demixing process that
involves multivalent interactions between proteins and nucleic acids
once their concentrations reach a specific threshold'. RNA-protein
(RNP) condensates, also called RNA granules, exist in both the nucleus
and cytoplasm and are linked to most aspects of RNA biology**. Yet,
although the biophysical properties and assembly mechanisms of RNP
condensates have been deeply investigated, the biological functions of
most of them remain poorly understood*®. Super-resolution micro-
scopy approaches have revealed that many RNP condensates are not
homogeneous but rather composed of multiple immiscible phases,
reflected by a heterogeneous distribution of RNA and/or RNA binding
proteins>’. The best understood example of this phenomenon is the
nucleolus in which three nested phases are linked to three different
steps of ribosome biogenesis®*™®. For other RNP condensates, the
functional relevance of their higher-order organization remains elusive.

Germ granules are evolutionary conserved germline specific RNP
condensates that instruct germ cell fate through mRNA regulation2,

They are hubs for mRNA storage and translational control. Drosophila
embryonic germ granules contain =200 different maternal mRNAs"**
as well as four main proteins: the germ granule inducer Oskar (Osk),
Vasa, an RNA helicase homolog of human DDX4, the scaffold protein
Tudor (Tud) and Aubergine (Aub), an Argonaute protein of the PIWI
clade®. Drosophila germ granules display both liquid-like and
hydrogel-like properties, mRNA representing a stable component of
the granule'®”. Multiple copies of the same mRNA molecules are
grouped together in homotypic clusters'®', although the function
behind this organization is still unknown. In several species, germ
granules have a multiphase architecture’®”, and understanding the
relationships between this organization and germ granule functions is
attracting a growing interest. In particular, although the function of
germ granules in the storage of repressed mRNAs is well described,
whether they are also sites for translational activation remains an open
question. In C. elegans, translational activation of germ granule mRNAs
coincides with their relocalization to the cytoplasm®**. In Drosophila
embryos, translation of germ granule mRNAs follows a tight temporal
sequence”, implying that germ granules achieve temporal transla-
tional control by coordinating concomitant translational repression
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of some mRNAs and activation of others. We took advantage of
this outstanding property to determine how these opposite func-
tions are compartmentalized within germ granules and address the
relationships between architecture and biological functions of RNP
condensates.

Results

Drosophila germ granules have a biphasic organization

Due to the small size of germ granules, ranging from 200 to 500 nm?*,
we used super-resolution 2D Stimulated Emission Depletion (STED)
microscopy to characterize the distribution of germ granule main
protein components. We set up a method to slice and expose the
posterior pole of embryos to the objective, in order to reduce the
distance between the sample and the objective and get optimal reso-
lution (Supplementary Fig. la-c and Supplementary Note). All four
main components of germ granules were enriched in the outer most
part of the granule that we termed outer phase or shell (Fig. 1a) and
they colocalized as quantified using the Pearson Correlation Coeffi-
cient (PCC(Costes)) (Supplementary Fig. 1d). This organization was
reminiscent of the germ granule structure observed previously by
electron microscopy, showing an electron dense periphery and lucid
center®?®, STED microscopy requires the use of an antibody to get a
signal that stands the depletion. To rule out that the observed pattern
was the consequence of poor antibody penetration within the granule,
we used AiryScan and 3D-OMX microscopy to visualize the localization
of GFP-tagged versions of Aub, Vasa, and Tud using GFP fluorescence.
The same enrichment was observed in the shell (Fig. 1b, Supplemen-
tary Fig. 1c). Furthermore, GFP-Aub and Vasa-tdTomato visualized
using 3D-OMX without antibody staining also colocalized in the shell
of germ granules (Fig. 1c). GFP-Aub enrichment in the outer phase was
visible in 3D (Supplementary Fig. 1e), consistent with previous obser-
vations based on electron microscopy of ultra-thin sections that led to
propose a hollow sphere morphology of germ granules®. To further
confirm that a substantial proportion of germ granules in early
embryos had this hollow morphology, we visualized germ granules in
two consecutive serial sections using transmission electron micro-
scopy. This approach showed that of 16 germ granules present on both
sections, 15 (94%) were visualized as hollow in at least one section,
whereas of 11 granules present on a single section, only two had
a hollow center (Supplementary Fig. 1f, g). These data revealed
the importance of imaging through the granule volume when
using ultra-thin sections (70 nm) to access granule morphology, as
reported previously?®. Of note, enrichment of germ granule
major proteins in the outer phase was not described in previous
studies based on structured illumination microscopy (SIM)7,
We believe that this difference comes from the higher resolution
(60 £12 nm, see “Methods”) reached using STED microscopy com-
bined with our slicing method (Supplementary Fig. 1c), as compared to
SIM (typically 100 nm). Further studies will be needed to fully resolve
this discrepancy. Using STED acquisitions and Osk protein as a marker,
we applied a Laplacian of Gaussian filter to define the edges of germ
granule outer and inner phases (see “Methods”) and measured the size
of germ granules and their outer phase. Germ granule diameters ran-
ged from 110 to 570 nm with a mean of 308 + 86 nm (Fig. 1d), and the
thickness of the outer phase ranged from 54 to 224 nm with a mean of
104 + 25nm (Fig. 1e). We conclude that germ granules have a multi-
phase structure, with main protein components enriched in the
outer phase.

Aub is required for the biphasic architecture and maintenance
of germ granules

Aub binds germ granule mRNAs through base-pairing with piRNAs and
is a major actor of their recruitment to germ granules'??%. Through
this function, Aub is expected to play an important role in maintaining
the RNA content of germ granules. We thus addressed the contribution

of mRNAs to germ granule biphasic organization by analyzing germ
granule architecture in the absence of Aub. We used a specific genetic
set up to visualize germ granules in aub mutant embryos. Indeed, due
to early developmental defects during oogenesis in aub mutants, Osk
protein is not produced at the posterior pole, and germ granules do
not form in these mutants”. However, Osk does accumulate at the
anterior pole of embryos following recruitment of osk mRNA to the
anterior pole, even in the absence of Aub?*°. In this context, germ
granule mRNAs localize very poorly to the anterior pole, consistent
with the role of Aub in mRNA recruitment to germ granules”. Using
STED imaging and Osk as a marker, we found that germ granules
produced at the anterior pole when osk mRNA was delocalized had a
similar biphasic organization as those present at the posterior pole of
wild-type embryos (Supplementary Fig. 2a). In contrast, in aub mutant
embryos, germ granule architecture was severely affected, with the
disappearance of their biphasic organization and a diameter
reduced to 158 + 37 nm, instead of 324+66 nm in the aub* background
(Supplementary Fig. 2b, c). In line with Aub function in mRNA
recruitment to germ granules, nos mRNA was not found in these germ
granules using single molecule Fluorescent In Situ Hybridization
(smFISH) and STED imaging (Supplementary Fig. 2d). In addition,
these germ granules disappeared altogether in 79.3% of embryos
(n=53) after 2.5 h of development, while they were maintained in the
aub’ background (100% of embryos, n=50).

These data demonstrate the essential contribution of Aub to germ
granule biphasic organization and maintenance, in part through its
ability to recruit mRNAs.

nos mRNA translation occurs in the outer phase and at the
immediate periphery of germ granules

To understand how germ granule mRNA translation integrates within
germ granule architecture, we used the Suntag method that allows the
visualization of ongoing translation®*, to monitor nos mRNA trans-
lation. Briefly, the binding of single-chain antibodies fused to GFP
(scFv-GFP) on an array of GCN4-based epitope (called Suntag) placed
downstream of the start codon of the mRNA of interest allows the
visualization of nascent peptides by creating bright GFP spots above
background whose intensity reflects translation efficiency (Fig. 2a).
Translating mRNAs are detected either by the MS2/MCP system* or
smFISH”. We inserted an array of 12 Suntag repeats after nos initiation
codon (Supplementary Fig. 3a) in a genomic construct known to res-
cue nos RNA null mutant (nos®) phenotypes®. We first recorded the
efficiency of suntag-nos mRNA localization to the germ plasm, the
cytoplasm containing germ granules at the posterior pole of embryos,
by measuring suntag smFISH fluorescence intensity at the posterior
pole and in whole embryos expressing suntag-nos and comparing this
quantification to that of nos smFISH fluorescence intensity in wild-type
embryos. While 3.8% of nos mRNA localized to the posterior pole in
wild-type embryos as previously reported®*, 2.15% of suntag-nos
mRNA localized to the posterior pole (Supplementary Fig. 3b), indi-
cating a reduced recruitment of the chimeric suntag-nos mRNA to the
germ plasm. Nonetheless, the suntag-nos construct was able to rescue
nos®" embryonic lethality (nos®: 100% embryonic lethality, suntag-nos/
+; nos®™: 48.7% embryonic lethality, n > 100 embryos), showing that the
regulation of suntag-nos mRNA, including its level of localization and
translational control allowed embryonic development.

Using confocal microscopy, we found that suntag-nos embryos
containing maternally-provided scFv-GFP (nos-scFv-GFP'°) showed
bright GFP foci at the posterior pole as expected for Nos protein pro-
duction site (Fig. 2b). To determine whether these GFP foci reflected
suntag-nos mRNA translation, first, we analyzed their colocalization with
cognate mRNA using smFISH probes directed against the suntag
sequence, and STED super-resolution imaging (Fig. 2c). We quantified
that 70% of scFv-GFP foci colocalized with suntag mRNA (Fig. 2e),
revealing translating mRNAs. Second, we showed that these scFv-GFP
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Fig. 1| Drosophila germ granules have a biphasic organization. a STED imaging
of germ granule main components. Immunostaining of UASp-GFP-Aub; nos-Gal4 or
vasa-GFPX embryos with anti-Aub (magenta), anti-Osk (magenta), anti-Tud
(magenta), and anti-GFP (green) to visualize GFP-Aub or Vasa-GFP. Fluorescence
intensity (right) was measured along the path marked with a white dashed line and
intensity profiles of each channel are shown on the graph. b 3D-OMX imaging of
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UASp-GFP-Aub; nos-Gal4 (left), GFP-Tud" (middle), Vasa-GFP* (right) in which GFP was
directly recorded without antibody staining. ¢ 3D-OMX imaging of UASp-GFP-Aub/
vasa-tdTom"; nos-Gal4/+ embryos in which GFP and tdTomato were directly recorded
without antibody staining. d, e Measurement of germ granule size (d) and outer phase
size (e) from wild-type embryos immunostained with Osk antibody and imaged using
STED microscopy. Scale bars: 1 um. Source data are provided as a Source Data file.
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foci disappeared upon treatment of embryos with puromycin that
releases translating ribosomes® (Fig. 2d), confirming that scFv-GFP foci
corresponded to translation sites or accumulation of freshly produced
Suntag-Nos protein. We next addressed the localization of scFv-GFP foci
in relation with germ granules marked with Vasa-tdTomato. Confocal
imaging revealed that 92% of scFv-GFP foci colocalized with or over-
lapped germ granules (Fig. 2f, g). This suggested that suntag-nos mRNA
translation occurred exclusively at germ granules and not in the inter-
granular space. To confirm this result, we performed immuno-smFISH
to visualize suntag-nos mRNA, scFv-GFP foci, and germ granules marked
with Osk (Supplementary Fig. 3c). Quantification of confocal images
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(see "Methods”) showed that all (99.85%) translation events were
restricted to the germ plasm and adjacent or colocalizing with germ
granules (Supplementary Fig. 3c). Therefore suntag-nos mRNA transla-
tion occurred specifically at germ granules.

We quantified that 18% of germ granules marked with Vasa-
tdTomato colocalized with scFv-GFP foci, and were thus translating
suntag-nos mRNA (Fig. 2f, h). Most translating germ granules (87.9%)
had a single scFv-GFP foci, but up to four scFv-GFP foci could be
visualized per granule (Fig. 2i). However, it should be noted that these
numbers would be expected to be higher for endogenous nos mRNA
translation as a lower level of suntag-nos localized to the germ plasm
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Fig. 2 | Visualization of nos mRNA translation at germ granules using Suntag.
a Principle of the Suntag technique to visualize nos mRNA translation. Blue lines:
nos mRNA (light blue: UTRs, dark blue: CDS). Purple line: Suntag array. The poly-
somes are in grey. The Suntag and Nos nascent peptides are in orange and blue,
respectively. The scFv-GFP antibody (green) binds the Suntag peptide. suntag
smFISH probes are in purple. Created on Biorender.com. b Confocal images of
vasa-tdTom"!/nos-suntag-nos; nos-scFu-GFP/+ embryos. Vasa-tdTomato (magenta)
and scFv-GFP (green) fluorescence were directly recorded without antibody
staining. ¢ STED images of immuno-smFISH of nos-suntag-nos/+; nos-scFv-GFP/+
embryos with anti-GFP nanobody (green) to detect scFv-GFP and suntag smFISH
probes (magenta). d Fluorescent confocal images of vasa-tdTom"!/nos-suntag-nos;
nos-scFv-GFP/+ permeabilized embryos without (top) and with puromycin treat-
ment (bottom). Vasa-tdTomato (magenta) and scFv-GFP (green) fluorescence were
directly recorded. e Percentage of scFv-GFP foci colocalizing with suntag-nos mRNA
from images as in (c). f Close-up view of fluorescent confocal images of vasa-
tdTom""/nos-suntag-nos; nos-scFu-GFP/+ embryos showing scFv foci with germ
granules. Vasa-tdTomato (magenta) and scFv-GFP (green) fluorescence were
directly recorded. g Percentage of scFv-GFP foci colocalizing with germ granules

marked with Vasa-tdTom from images as in (f). h Percentage of germ granules
marked with Vasa-tdTom colocalizing with scFv-GFP foci, i.e., undergoing transla-
tion, from images as in (f). i Quantification of the number of scFv-GFP foci per
granule from images as in (f). j STED imaging of nos-suntag-nos/+; nos-scFv-GFP/+
embryos immunostained with anti-Osk antibody (magenta) and anti-GFP nanobody
(green) to reveal scFv-GFP. k, I Quantification of svFv-GFP foci localization within
the germ granule biphasic structure from STED images as in (j). Radar plot of the
relative distance of scFv-GFP foci (green dots) within Osk immunostaining
(magenta). The granule shell is in pink (k). Percentage of scFv-GFP foci localized in
the core (black), in and at the surface of the shell (grey), and at the immediate
granule periphery (white) (I). m Percentage of suntag-nos mRNA foci localized in
the core (black), in and at the surface of the shell (grey), and at the immediate
granule periphery (white). The green dashed part in each category represents the
proportion of suntag-nos foci undergoing translation (i.e., colocalizing with scFv-
GFP) from images as in Supplementary Fig. 3e, f. Scale bars: 5um in (b), 1pm in
(c-e, j). Source data are provided as a Source Data file. a Created with BioR-
ender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license.

(Supplementary Fig. 3b), and we quantified using FISH-quant" a lower
number of suntag-nos mRNA molecules per cluster compared to that
of endogenous nos mRNA* (Supplementary Fig. 3d).

We next used STED super-resolution microscopy to record the
localization of translation events within germ granules (Fig. 2j). We
found that most scFv-GFP foci localized in the outer phase and at the
granule immediate periphery (74.3% and 19.4%, respectively), with only
6.3% localizing in the inner phase of the granule (Fig. 2j-1). We performed
immuno-smFISH to visualize scFv-GFP, suntag-nos mRNA, and germ
granule marked by Osk, using STED microscopy. We observed that
suntag-nos mRNA and scFv-GFP translation foci were not organized in a
specific order within the outer phase, scFv-GFP foci appearing either at
the same level or in a more internal or more external position than
suntag-nos mRNA within the outer phase (Supplementary Fig. 3e).
Importantly, when suntag-nos mRNA was detected in the inner phase or
core of the granule, it was not associated with scFv-GFP foci (Supple-
mentary Fig. 3f, 100% n =31 granules), indicating a lack of translation.
Using this triple staining and STED microscopy, we recorded the loca-
lization of translating (associated with scFv-GFP foci) and non-
translating suntag-nos mRNA within germ granules and found that
among the 11% of suntag-nos mRNA localizing in the core, none were
translating, whereas among the 89% of suntag-nos mRNA localizing in
the outer phase and periphery, about half (52%) were translating
(Fig. 2m). To confirm that this localization of scFv-GFP foci did not
reflect reduced scFv-GFP availability in embryos, or its inability to reach
the core of germ granules, we visualized suntag-nos translation using
direct Suntag immunostaining with anti-GCN4 antibody. This approach
revealed the same localization of translation mostly in the outer phase
and periphery of germ granules (94.4 %) (Supplementary Fig. 3g, h).
Furthermore, we designed a construct in which the 12 Suntag repeats
were fused to MCP in order to recruit the MCP-Suntag fusion protein to
germ granules using nos-MS2 (MS2 inserted into nos 3’'UTR) (Supple-
mentary Fig. 3i). When MCP-Suntag was visualized with scFv-GFP, we
found a high colocalization (93%) with nos-MS2 (Supplementary
Fig. 3j, k). Importantly, co-staining of scFv-GFP with Osk to visualize
germ granules showed that 31.7% of scFv-GFP foci localized to the core
of the granules, demonstrating its capability to access the core (Sup-
plementary Fig. 31, m).

We conclude that mRNA translation is compartmentalized within
germ granules, occurring in the outer phase and at the immediate
periphery of the granules. In addition, mRNAs localized in the core of
the granules are translationally repressed.

Translational repressors are not present within germ granules
The regionalization of suntag-nos mRNA translation within germ gran-
ules implied that translational regulators should be heterogeneously

distributed within germ granules. We previously reported a role of Aub
in nos mRNA translation activation through interaction with the trans-
lation initiation factors elF3d and PABP that localized at the edge of
germ granules*’. Using STED imaging, we found that elF3d and PABP
accumulated in the outer phase and at the surface of germ granules, but
not in the inner phase (Fig. 3a, b), and they colocalized with GFP-Aub
using PCC(Costes) (Fig. 3j). We next investigated the localization of
translational repressors known to regulate nos mRNA in early embryos.
Whereas nos mRNA translation is activated in the germ plasm, it is
repressed in the somatic part of early embryos through deadenylation
by the CCR4-NOT deadenylation complex, and by a repressor complex
containing Smaug, Cup, Trailer Hitch, and the RNA helicases Me31B -a
DDX6 homolog- and Belle -a DDX3 homolog-**. We analyzed the loca-
lization of Smaug, Cup, Me31B and Belle in the germ plasm using STED
microscopy and did not find colocalization of any of these proteins with
the germ granule markers Osk or Aub using PCC(Costes) (Fig. 3c-e, g, j).
In particular, these translational repressors never accumulated in the
core of germ granules where mRNAs are not translated. However, we
could observe Smaug, Cup, and Me31B foci at the surface of germ
granules (Fig. 3c-e). Quantification of the distance between Smaug foci
and germ granules (see “Methods”), revealed a significant localization
of Smaug in germ granules and close proximity, with 28.3% of Smaug
foci within 50 nm of germ granules (Fig. 3k). Smaug is known to interact
with Osk in the germ plasm, preventing Smaug binding to nos mRNA
and relieving translational repression***®, Given Smaug foci localization
at the surface of germ granules (Fig. 3c, k), this might be the site where
the Smaug-Osk interaction takes place. Me31B was previously reported
to be a component of germ granules”’. Although Me31B was not found
within germ granules in the germ plasm, it accumulated in the outer
phase of germ granules at a later stage when germ granules enlarge by
fusion in primordial germ cells (Fig. 3f), consistent with a recent study
describing Me31B enrichment in germ granules at this stage*®, We then
addressed the relationships of the deadenylation machinery with germ
granules by recording the localization of two subunits of the dead-
enylation complex, Notl, and CCR4, in the germ plasm. None of the
subunits showed association with germ granules marked with Osk or
Aub (Fig. 3h-j).

The lack of translational repressors inside germ granules suggests
that mRNAs accumulating in the core of germ granules may be
repressed due to their high mRNA compaction and/or partitioning of
translational activators into the shell.

mRNA localization within the germ granule biphasic archi-
tecture depends on their translation status

Translation of the germ granule mRNAs, nos, germ cell less (gcl), polar
granule component (pgc) and Cyclin B (CycB) is sequential: nos
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Fig. 3 | Localization of translation initiation factors and translational repres-
sors in the germ plasm. a, b Localization of translation initiation factors. STED
imaging of immunostaining of UASp-GFP-Aub/UASp-HA-elF3d; nos-Gal4/+ (a) and
UASp-GFP-Aub; nos-Gal4 (b) embryos with anti-GFP (magenta) to detect Aub, anti-
HA (green) to detect elF3d (a) and anti-PABP (green) (b). c-i Localization of
translational repressors. STED imaging of immunostaining of UASp-GFP-Aub;, nos-
Gal4, GFP-belle, and wild-type embryos with antibodies to reveal the indicated
proteins. Germ granule markers are in magenta and translational repressors are in

/'\'7— /\'L ,\6 Al ,\”9

[ ]
| ] T T T ] ]
L O L R @ D o
oP RIS '\ N
& Q\?g) & © & ° OOQ-

28.3% within 50nm
18.8% within 50nm

T T T
0 1 2 3
Distance from granule (um)

(n=435 foci in 8 embryos)

*¥%

green. A larger germ granule exemplifying those present at later stages in pri-
mordial germ cells (PGC) is shown in (f). j Quantification of colocalization of GFP-
Aub or Osk with the indicated proteins using PCC(Costes) from images as in

(a-e and g-i). Black circles represent the mean and error bars represent SEM. The
number of embryos is indicated (n). k Quantification of the distance between
Smaug (Smg) foci and the edge of germ granules marked with GFP-Aub from
images as in (c). Vertical bars represent the mean and SD. **p < 0.01 using x> test.
p=0.0033. Scale bars: 1 um. Source data are provided as a Source Data file.

translation is already active at the onset of embryogenesis; gcl trans-
lation starts soon after, Gcl protein being visible 20-30 min after
embryo deposition at 25°C™*’; pgc translation takes place after pri-
mordial germ cell formation, 90 min after embryo deposition”; and
CycB translation starts after primordial germ cell incorporation into the
gonads, at 12-13h of embryogenesis®. To understand how these
mRNAs integrate within the biphasic organization of germ granules in
relation with their translation status, we analyzed their localization

using immuno-smFISH with anti-Osk immunostaining to visualize germ
granules, combined with STED microscopy. We found that gcl, pgc, and
CycB mRNAs formed one to two foci within germ granules, consistent
with their assembly in homotypic clusters’®” and that nos mRNA
assembled in multiple foci, as previously reported”, within and at the
immediate periphery of germ granules (Fig. 4a-d). We used the num-
ber of nuclei to carefully stage embryos and classify them into early
(<2 nuclei, age 0-20 min) and late (>2 nuclei and before primordial
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Fig. 4 | mRNA localization within germ granules. a-d STED images of immuno-
smFISH of wild-type embryos (20-120 min) with anti-Osk (magenta) and smFISH
probes (green) against nos (a), gcl (b), pgc (c), and CycB (d) mRNAs. e-h Percentage
of localization of nos, gcl, pgc, and CycB mRNA foci in early (0-20 min) and late
(20-90 min) wild-type embryos, in the core (black), in and at the surface of the shell
(grey) and at the immediate periphery (white) of germ granules from images as in
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(a-d). ns: non-significant, ***p < 0.0001 using the x* test. p = 0.61 in (e), .49 x 107
in (f), 0.26 in (g) and 0.17 in (h). &-h’, Radar plots of the relative localization of nos,
gcl, pgc, and CycB mRNAs (green dots) within Osk immunostaining (magenta) in
early (0-20 min) and late (20-90 min) embryos from images as in (a-d). The
granule shell is in pink. Scale bars: 1 um. Source data are provided as a Source
Data file.

germ cell formation, age 20-90 min) stages. The localization of mRNA
foci within germ granules was recorded in early and late-stage
embryos. Each mRNA focus was categorized as localized in the core,
the shell, or at the immediate periphery of germ granules. The locali-
zation of nos mRNA whose translation was active in both early and late
stage embryos did not significantly change between both time points
(Fig. 4e, €’). Similarly, the localization of pgc and CycB mRNAs whose
translation started beyond the developmental period analyzed did not
change between both stages (Fig. 4g-h’). In contrast, gc/ mRNA loca-
lization changed after the onset of its translation (Fig. 4f, ). While in
early-stage embryos, 30% of gcl mRNA foci localized in the core of germ
granules, this percentage decreased to 13.5% in late stage embryos.
Therefore, upon translation, gcl mRNA relocalized from the core to the
periphery of germ granules, showing that the distribution of mRNAs
within germ granules correlated with their translation status.

To address mRNA orientation in relation with their translation
within germ granules, we next designed smFISH probes directed against
the 5’end and 3’end of nos (§"-nos and 3’-nos) as an example of translated
mRNA, and CycB (5-CycB and 3’-CycB) as an example of repressed mRNA
(Supplementary Fig. 4a), and performed double smFISH or immuno-
smFISH with anti-Osk antibody of embryos. Notably, nos mRNA 3’ends
assembled in a single cluster per granule, surrounded by many smaller
foci corresponding to nos 5’ends (Fig. 5a). The specificity of nos smFISH
probes was confirmed by the lack of signal obtained with these probes in

nos®™ mutant embryos (Supplementary Fig. 4b). In addition, we swapped
the fluorophores between §-nos and 3-nos probes and confirmed
nos orientation with this new set of probes (Supplementary Fig. 4c).
Using the new 3-nos probe that provides a more defined signal, we could
identify discrete central nos mRNA 3’ends (Supplementary Fig. 4c), and
the same number of 5-nos and 3-nos foci per granule (Supplementary
Fig. 4d). With regards to germ granule core/shell organization defined by
Osk staining, nos 5’ends were predominantly localized in the shell and at
the immediate periphery of germ granules, whereas nos 3’ends localized
within the core and shell of germ granules (Fig. 5b-e). Interestingly, CycB
mRNA showed the reverse orientation. CycB 5’ends were localized more
internally than their 3’ends (Fig. 5f), and when compared to germ
granule organization, CycB 5’ends localized within the core and shell of
germ granules, whereas its 3’ends localized more externally in the shell
and at the periphery of the granules (Fig. 5g-j).

Together, these results show mRNAs translocate from the core
towards the shell and periphery of germ granules upon translation and
that they have a specific orientation within the granules, 5ends of
translated mRNAs being localized externally.

Reducing translation increases mRNA compaction in germ
granules

Egg activation that occurs upon egg laying triggers a massive remo-
deling of the maternal transcriptome landscape, involving drastic
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Fig. 5 | mRNA orientation within germ granules. a STED images of smFISH of
wild-type embryos with nos 5’end (5'-nos, magenta) and 3’end (3"-nos, green)
probes. b, ¢ STED images of immuno-smFISH with anti-Osk antibody (magenta) as a
marker of germ granules and nos 5’end (b) or 3’end (c) probes (green). d Percentage
of nos 5’end and 3’end foci localized in the core (black), in and at the surface of the
shell (grey), and at the immediate periphery (white) of germ granules from images
as in (b, c). e Radar plot of the relative localization of nos 5’end (magenta dots) and
3’end (green dots) within Osk immunostaining (blue) in wild-type embryos from
images as in (b, ¢). The granule shell is in blue. f STED images of smFISH of wild-type
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embryos with CycB 5’end (5'-CycB, magenta) and 3’end (3-CycB, green) probes. g,
h, STED images of immuno-smFISH with anti-Osk antibody (magenta) as a marker
of germ granules and CycB 5’end (g) or 3’end (h) probes (green). i Percentage of
CycB 5’end and 3’end foci localized in the core (black), in and at the surface of the
shell (grey), and at the immediate periphery (white) of germ granules from images
asin (g, h).j Radar plot of the relative localization of CycB 5’end (magenta dots) and
3’end (green dots) within Osk immunostaining (blue) in wild-type embryos from
images as in (g, h). The granule shell is in blue. Scale bars: 1 um. Source data are
provided as a Source Data file.

changes in mRNA stability and translation efficiency’*~. The Pan gu
(Png) kinase has a critical role in promoting translation at egg activa-
tion through the phosphorylation of several translational repressors™.
We addressed whether nos mRNA translation at germ granules would
be affected in png mutant embryos, making them an excellent genetic
system to analyze the links between mRNA translation and localization
within germ granules, if it was the case. Using immuno-smFISH and
confocal imaging to visualize suntag-nos mRNA and scFv-GFP foci, we
found a significant decrease in the number of suntag-nos mRNA clus-
ters colocalizing with scFv-GFP, i.e., undergoing translation, in png
mutant compared to control embryos (Supplementary Fig. 5a, b),
whereas the number of suntag-nos mRNA molecules per cluster was
not reduced (Supplementary Fig. 5c). Therefore, suntag-nos mRNA
translation was reduced in png mutant embryos. We analyzed the
distribution of nos and gc/ mRNAs within germ granules in png mutant
embryos using immuno-smFISH with anti-Osk antibody and STED
imaging. Importantly, both nos and gc/ mRNA localization were

affected in png mutant embryos where the percentage of mRNA foci
localized in the core of germ granules increased at the expense of that
at the periphery (Fig. 6a-d). In contrast, the localization within germ
granules of CycB mRNA that was not translated at this stage, did not
change in png mutant embryos (Supplementary Fig. 6a, b). Thus,
decreasing translation led to a redistribution of translating mRNAs
towards the inside of germ granules.

We next analyzed the orientation and conformation of nos mRNA
within germ granules upon reduced translation using double smFISH
with nos 5’end and 3’end specific probes and STED imaging. The 5-3’
orientation of nos mRNA within germ granules did not change in png
mutant embryos, nos 5’end remaining localized externally to nos 3’end
(Fig. 6e). However, both ends appeared closer to each other than in
wild-type embryos. To measure the distance between nos 5end and 3’
end, we first determined the colocalization precision in our experi-
mental conditions. We performed smFISH with the same nos probe
labeled with two different fluorophores; we identified the centers of
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Fig. 6 | mRNA localization and compaction within germ granules depend on
their translation. a, b STED imaging of immuno-smFISH of wild-type (top) and
png'®s (bottom) embryos with anti-Osk antibody (magenta) as a marker of germ
granule and smFISH probes (green) against nos (a) and gc/ (b) mRNAs. ¢, d Percen-
tage of localization of nos (c) and gcl (d) mRNA foci in wild-type and png’®® mutant
embryos, in the core (black), in and at the surface of the shell (grey), and at the
immediate periphery (white) of germ granules from images as in (a, b). *p < 0.01,
¥ p < 0.0001 using the x? test. p=0.0031 in (c) and 1.75x 10 in (d). e STED
images of smFISH against nos 5’end (5’-nos, magenta) and 3’end (3'-nos, green) in
wild-type and png'®® mutant embryos. f STED images of smFISH against nos 5’end
(§5-nos, magenta) and 3’end (3'-nos, green) in wild-type stage 14 oocytes. g Violin
plots showing distance distribution of colocalizing foci (5-nos to 5’-nos and 3-nos to
3-nos) and 5’end to 3’end distances for nos mRNAs at germ granules in wild-type
and png'®® mutant embryos, from STED images as in (e). Dashed lines inside the
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of nos 5’end foci overlaps with nos 3’end foci in wild-type embryos, png'®® embryos
and wild-type stage 14 oocytes (st14). ns: non-significant, ***p < 0.0001 using the x*
test. p=2.64 x 107 between wt and png”", p=1.79 x 107’ between wt embryos
and stage 14 oocytes, and p = 0.15 between png”~ embryos and stage 14 oocytes.
Scale bars: 1 um. Source data are provided as a Source Data file.
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each signal using a 2D Gaussian fitting and measured the distances
between colocalizing signals (see “Methods”)**. We recorded the
median distances to be 30 nm and 27 nm for the 5-nos and 3"-nos
probes, respectively, indicating that we can resolve mRNA 5’end and 3’
end when they are distant by more than 30 nm (Fig. 6g). Using this
approach, we found that the median distance between nos 5’end and 3’
end in wild-type germ granules was 159 nm, whereas it was reduced to
103 nm in png mutant embryos (Fig. 6g). We then recorded the range
of distances between nos 5’end and 3’end by measuring the distance
between the center nos 5’end signal and the edge of nos 3’end signal
(see “Methods” and Supplementary Fig. 7) in wild-type and png mutant
embryos. We observed that the proportion of nos 5’end overlapping
with nos 3’end (distance = 0) increased in png mutant compared to
wild-type embryos (Fig. 6h, i), at the expense of nos 5’end separated
from nos 3’end by more than 50 nm. A similar increase in mRNA
compaction was not observed with CycB mRNA in pgn mutant embryos
(Supplementary Fig. 6¢c-e). Furthermore, the distance between 5’end
and 3’end for CycB was closer than that for nos mRNA in wild-type
embryos (compare Fig. 6h, i and Supplementary Fig. 6d, e).

In addition to png mutant embryos, we took advantage of another
context where translation is reduced. A previous study based on GFP-
Nos fusion protein reported that nos mRNA translation started at the
posterior pole during oogenesis, in stage 13 oocytes®. However, using
suntag-nos mRNA, we found that translation did not occur in stage 14
oocytes (Supplementary Fig. 8), suggesting that nos translation at
germ granules was initiated or strongly increased following egg acti-
vation. We found that the distance between nos 5end and 3’end was
closer in stage 14 oocytes than in embryos, and similar to that in png
mutant embryos (Fig. 6f-i).

These results strengthen the conclusion that mRNAs move
towards the outer phase and periphery of germ granules when they are
translated. They also reveal that mRNA conformation depends on their
translational status, showing higher compaction when they are not
translated and decompaction upon translation.

Translation is perturbed in a tud mutant that lost germ granule
biphasic organization

We sought to perturb germ granule architecture in order to address its
contribution to germ granule functions. We took advantage of a single
point mutant of tud in the first Tudor domain, tud** (Supplementary
Fig. 9a), in which germ granules were described as rods instead of
hollow spheres by electron microscopy?. Tud protein contains 11
Tudor domains. These domains are known to mediate interactions
with other proteins, in particular through dimethylated arginines.
Tudor domains in Tud have been proposed to serve as docking plat-
forms for germ granule assembly®, and indeed the multiple Tudor
domains should generate multivalent interactions known to be
instrumental in the formation of condensates by phase separation®.
Aub undergoes symmetric arginine dimethylation and Tud recruits
Aub to germ granules through interaction between several Tudor
domains and Aub dimethylated arginines®”°°. Interestingly, in tud**
mutant embryos, although germ granule mRNAs were shown to loca-
lize to the posterior pole, the formation of germ cells was strongly
affected®, suggesting a defect in mRNA translation at germ granules.
Analysis of germ granules in tud** embryos, using Osk immunostain-
ing and STED imaging revealed a drastic alteration of germ granule
organization. The biphasic structure was lost (Fig. 7a) and the size of
germ granule was reduced to an average of 147+ 28 nm instead of
279 +57 nm in wild-type embryos (Fig. 7b). Investigating suntag-nos
translation in tud** mutant embryos using immuno-smFISH and con-
focal imaging to record suntag-nos mRNA clusters and scFv-GFP foci,
we found a strong decrease in translation (Fig. 7c). The percentage of
translating suntag-nos mRNA clusters, i.e., colocalizing with scFv-GFP
foci, decreased from 24.4% in wild-type embryos to 8.5% in tud'*
mutant embryos (Fig. 7d), whereas suntag-nos mRNA localization to

germ granules was only slightly reduced (mean of 2.4 suntag-nos
molecules per cluster in wild-type germ granules versus 2.1 in tud'®)
(Supplementary Fig. 9b). We analyzed the localization of suntag-nos
translation within germ granules using immunostaining to reveal scFv-
GFP foci and Osk as a germ granule marker, visualized with STED
microscopy. We confirmed a lower number of scFv-GFP foci in germ
granules in tud** embryos and these foci localized mostly at the per-
iphery of germ granules or close to their surface (Fig. 7e, Supple-
mentary Fig. 9¢), indicating that the structure of tud** germ granules
was not compatible with translation inside the granules.

Aub activates nos mRNA translation initiation*> and Vasa was also
reported to play a role in activating translation®. We, therefore, asked
whether Aub or Vasa recruitment to germ granules was impaired in
tud* embryos, which might contribute to reduced suntag-nos mRNA
translation. Immunostaining to examine the posterior recruitment of
Aub and Vasa together with Osk in tud"* mutant embryos showed that
their recruitment was not affected as quantified using confocal ima-
ging and measuring immunostaining intensity relative to that of Osk
(Supplementary Fig. 9d-g). In addition colocalization of Aub with Osk
analyzed using STED microscopy showed that Aub was recruited to
germ granules in tud** embryos, with a colocalization with Osk similar
to that in wild-type embryos (Fig. 7f, g). Germ granule altered archi-
tecture in tud™ mutant might be the consequence rather than the
cause of reduced translation levels. To address this question, we ana-
lyzed germ granule organization in tud** stage 14 oocytes in which
translation has not started yet or was occurring at very low levels.
We found that the defects in germ granule architecture in stage 14
oocytes were similar to that recorded in tud" embryos (Fig. 7h, i),
indicating that altered granule organization preceded the burst of
translation that took place at egg activation.

We conclude that translation is strongly reduced in tud** mutant
embryos due to the defective architecture of germ granules, although
we cannot totally exclude the contribution of another Tud function.
These results reveal tight links between germ granule core/shell
organization and mRNA translation.

Discussion

In this manuscript, we use Drosophila germ granules as a model system
to address the relationships between the multi-layered organization of
biomolecular condensates and their functions. Drosophila germ
granules ensure two opposite functions: storage of translationally
repressed mRNAs and sequential translational activation of the same
mRNAs. Using super-resolution STED microscopy, we find that these
germ granules have a biphasic organization with an accumulation of
protein components in their outer phase. Analyses of mRNA localiza-
tion within germ granules combined with the suntag approach to
record ongoing translation reveal that the storage of translationally
repressed mRNAs takes place in the core of germ granules, whereas
translation occurs in the shell and at the periphery of the granules.
Therefore, the granule shell and periphery are permissive for transla-
tion, while the core is not. Using 5’end and 3’end probes of the same
mRNAs, we show that mRNA orientation within germ granules reflects
their translation status, 5’ends of translated mRNAs pointing towards
the surface and periphery of germ granules. Moreover, mRNA com-
paction correlates with their translation levels, reduced translation
leading to higher mRNA compaction, as it was described recently in
stress granules™. Finally, taking advantage of a mutant in which the
biphasic architecture of germ granules is lost, we show that translation
is linked to their core/shell organization. These results demonstrate
the functional compartmentalization of germ granules, a process that
is central for germ cell specification and development.

We propose a model in which repressed mRNAs are stored in a
compacted state in the core of germ granules and translocate to the
outer phase for translation (Fig. 7j). To our surprise, we did not identify
translational repressors accumulating in the core of germ granules.
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Together with the information that untranslated mRNAs have their 5’-
and 3’regions closer than translated mRNAs, and are thus more com-
pacted, these data suggest that the lack of translation in the core of
germ granules would involve a mechanism based on mRNA compac-
tion and compartmentalization away from the translation machinery,
independent of specific translational repressors. Nonetheless, several
lines of evidence point to a second mechanism involving translational
repressors. First, the 3’end of the repressed mRNA, CycB is
oriented towards the shell and periphery of germ granules, and we also
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find the association of Smaug translational repressor with the surface
and periphery of the granules, suggesting that Smaug might bind
repressed mRNA 3’UTRs in this location. Smaug interaction with Osk
in this external part of germ granules would relieve translational
repression**¢, Second, suntag-nos translation at germ granules is
reduced in png mutant embryos and Png kinase is known to relieve
translational repression through phosphorylation of translational
repressors™. These data suggest the implication of translational
repressors in translational regulation at germ granules. Third,
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Fig. 7 | nos mRNA translation depends on germ granule biphasic architecture.
a STED images of wild-type and tud™%/Dfi2 R)Pu"™ (tud**) embryos immunos-
tained with anti-Osk antibody. Fluorescence intensity was recorded along the white
dotted line (right). b Measurement of germ granule size in wild-type and tud*%/
Df2 RIPu™ (tud**) embryos from images as in (a). Horizontal bars represent the
mean and SD. ***p <0.0001 using unpaired two-tailed Student’s t-test.
p=2.4x10"2%, ¢ Immuno-smFISH of nos-suntag-nos/+; nos-scFv-GFP/+ (wild-type)
and nos-suntag-nos tud**/Df(2 RIPu™%; nos-scFv-GFP/+ (tud**®) embryos with anti-
GFP nanobody (green) to reveal scFv-GFP and suntag smFISH probe (magenta).

d Percentage of suntag-nos mRNA clusters colocalizing with scFv-GFP foci, i.e.,
undergoing translation, in nos-suntag-nos/+; nos-scFv-GFP/+ (wild-type) and nos-
suntag-nos tud"*/Df2 RIPu™>; nos-scFu-GFP/+ (tud**®) embryos from images as in
(c). ***p <0.0001 using x* test. p=2x10"". e STED images of immunostaining of
nos-suntag-nos/+; nos-scFu-GFP/+ (wild-type) and nos-suntag-nos tud"*/Df(2 R)
Pu™3; nos-scFv-GFP/+ (tud**) embryos with anti-Osk antibody (magenta) and anti-
GFP nanobody (green) to reveal scFv-GFP. f STED images of immunostaining of
wild-type and tud**/Df(2 R)Pu"® (tud**) embryos with anti-Osk (green) and anti-

Aub (magenta) antibodies. g Quantification of colocalization between Osk and Aub
using PCC(Costes). Black circles represent the mean and error bars represent SEM.
The number of embryos is indicated (n). ns: non-significant using unpaired two-
tailed Student’s t-test. p = 0.42. h STED images of immunostaining of wild-type and
tud™/Df2 RIPu™ (tud*®) stage 14 oocytes with anti-Osk antibody. i Measurement
of germ granule size in wild-type and tud**/Dfi2 RPu™ (tud**) stage 14 oocytes
from images as in (h). Horizontal bars represent the mean and SD. ***p < 0.0001
using unpaired two-tailed Student’s t-test. p = 6.2 x 102%, j Model of functional
compartmentalization of germ granules. The scheme represents a biphasic germ
granule with main protein components accumulating in the outer phase (green).
Repressed mRNAs in a condensed state accumulate towards the granule core.
Translation takes place in the outer phase and at the periphery of the granule.
Translational activators (elF3 and PABP) are found in the outer phase. Translated
mRNAs are less condensed and anchored to the granule core from their 3'region,
whereas their 5’end is oriented toward the outer phase and periphery of the
granule. mRNAs translocate from the core to the outer phase during translation.
Scale bars: 1 um. Source data are provided as a Source Data file.

consistent with this, translational activation of germ granule mRNAs is
sequential, again suggesting the role of specific repressors, or com-
binations of repressors whose effect would be relieved sequentially to
achieve timely translation of specific mRNAs.

A major information from this study is that Drosophila germ
granules have a function in translation. These granules are not inci-
dental condensates regarding the translation of germ granule mRNAs*
as translation of these mRNAs does not take place anywhere else in the
embryo. Therefore, germ granules have an essential function in loca-
lized translation of specific mRNAs, which is required for germ cell
development. Another key finding is the fact that translation takes
place in a defined region of germ granules, the outer phase, indicating
that the biophysical properties of this outer phase allow translation.
Quantifications of nos mRNA levels in germ granules have shown that
these levels do not decrease with time, up to the formation of pri-
mordial germ cells®’. This indicates that nos mRNAs might be trans-
lated several times at germ granules without decay. These consecutive
rounds of translation would be possible due to the capacity of the
outer phase to allow translation, bypassing the necessity for mRNAs to
leave germ granules to be translated, as it is the case in C. elegans™**.
Indeed, we found that translation initiation factors concentrate in this
phase of germ granules. Thus, in addition to a role in localizing
translation within the embryo, germ granules might be involved in
increasing translation efficiency through the outer phase properties
that would allow consecutive rounds of mRNA translation in the
absence of decay.

RNA granules have a recognized role in mRNA storage (e.g.,
P bodies and stress granules), but their function in translational acti-
vation has remained more elusive and is currently an emerging ques-
tion. A recent study showed that translation can occur in stress
granules, although these granules are mostly composed of untrans-
lated mRNAs®, In addition, translating mRNAs were also found capable
of transiently docking to the surface of stress granules®*. More
recently, another study revealed that the formation of RNA granules
driven by the FXR1 protein led to the translation of mRNA targets
through translation initiation factor recruitment, thus identifying the
first RNA condensate specialized in translation activation®. A recent
analysis of zebrafish embryo germ granules reported that mRNA
translation required their translocation to the granule periphery®.
Finally, while this manuscript was under review, another study
reporting translation at the surface of Drosophila germ granules was
published®’. These data align with previous electron microscopy ana-
lyses showing polysomes emerging from the surface of germ
granules®. Here, we found that translation occurs in a specific phase of
germ granules, the outer phase, highlighting the functional relevance
of RNA granule higher-order organization. Whether such a functional
organization is a conserved feature of germ granules remains an open

question. In favor of this possibility, it was shown that during mouse
spermatogenesis, translational activation coincided with the recruit-
ment of elF3f by Miwi (the mouse homolog of Aub) to the edge of the
chromatoid body®®. Understanding how translation is linked to the
formation and biophysical properties of a specific phase of germ
granules represents an interesting challenge for future studies.

Methods

Drosophila lines

w" was used as wild-type (wt). Mutant alleles and transgenic lines
were: UASp-GFP-Aub®®, nos-Gal4-VP16"°, UASp-HA-elF3d", UASp-osk-
bcd3'UTR (short osk)”, Vasa-GFPY, GFP-Tud" and vasa-tdTom"", nos-
SCFU-GFP*°, yw nos-MS2-5 nos-MS2-257, nos®/TM3sb™, belc0056%475,
png'®/FM6a’® and tud'*/Cyo™, Df(2 R)Pu™*/Cy0. The nos-suntag-nos
and nos-MCP-suntag lines were generated in this study by PhiC31
recombination into the attP40 and attP9A sites, respectively. To record
translation, females from the nos-scFv-GFP line were crossed with
males of the nos-suntag-nos line. The genotypes of embryos (aged
0-2h or less) indicated throughout were the genotypes of mothers.
Females of the indicated genotypes were crossed with wt males.

Cloning and recombineering

To produce the nos-suntag-nos transgene, the sequence coding for 12
Suntag repeats was amplified by PCR from a clone provided by
Bertrand**. The PCR fragment was cloned after the nos start codon into
the pBSKS-R5561 plasmid that contains a 5.7 kb nos genomic fragment
(a gift from Wharton’’), using NEBuilder HiFi DNA Assembly (NEB). The
nos genomic fragment containing suntag sequence was digested by
EcoRl and Notl and cloned into the pattB vector (DGRC #1420) digested
by EcoRl and Notl. The resulting plasmid was validated by sequencing
and sent for injection (BestGene Inc) to be inserted into the Drosophila
genome by PhiC31 recombination at the attP40 site. To produce the
nos-MCP-suntag transgene the sequence coding for 12 Suntag repeats
was amplified by PCR. The PCR fragment was cloned using NEBuilder
HiFi DNA Assembly (NEB) in frame with MCP coding sequence into the
PpNosPE_MCP-TagRFPT-NLS plasmid that contains a nos promoter, nos 5’
UTR, MCP coding sequence in frame with RFPt coding sequence (a gift
from Dufourt*®) digested by Hindlll and BamHI to remove the RFPt
sequence. The resulting plasmid was validated by sequencing and sent
for injection (BestGene Inc) to be inserted into the Drosophila genome
by PhiC31 recombination at the attP9A site.

Immunostaining

0-2 h-embryos were collected in a basket from plates, washed in tap
water and dechorionated using commercial bleach for 2 min, and
rinsed. Embryos were then fixed at the interface of a 1:1 solution of
formaldehyde 36%/heptane for 5min, followed by 100% methanol
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devitellinization. Embryos were progressively rehydrated in 75%, 50%,
and 25% methanol diluted in PBS 0.1% Tween, blocked in 1% BSA for 1 h
for confocal imaging or 10% BSA for 3 h for STED imaging, and incu-
bated overnight with primary antibodies. Secondary antibody incu-
bation, after washes in PBS 0.1% Tween, was performed for 1 h at room
temperature. Embryos were mounted in Vectashield (Vector Labora-
tories) for confocal imaging or Abberior liquid anti-fade (Abberior) for
super-resolution imaging (STED, OMX and Airyscan). For super-
resolution imaging the posterior pole of embryos was sliced using a
thin needle in mounting medium and mounted posterior side up
(Supplementary Fig. 1a). For stage 14 oocytes, ovaries were dissected
from well fed females in Schneider medium and fixed in a chelating
solution (1:1 heptane/PBS 1X, 50 mM EGTA pHS, 10.24% formaldehyde)
to prevent egg activation, for 1.5 h at room temperature. Then ovaries
were rinsed three times in PBS 0.1% Tween, transferred to a dissection
dish where oocytes were dissociated from the rest of the ovary by
multiple pipetting. Oocytes were put on a frosted slide and rolled with
another frosted slide to remove chorion and vitelline membrane.
Oocytes were transferred in a tube and processed for immunostaining
as described for early embryos. Primary antibodies used were: mouse
anti-Aub (1/1000, clone 4D10, a gift from M. Siomi,”®), rabbit anti-CCR4
(1/200)”, rabbit anti-Cup (1/1000, a gift from R. Wharton,*°), rabbit
anti-Me31B (1/2000, a gift from A. Nakamura,®), rabbit anti-Nos
(1/1000, a gift from A. Nakamura), mouse anti-Notl (1/100, clone
2G5,”%), rabbit anti-Osk (1/1000, this study), rabbit anti-PABP (1/500,
a gift from A. Vincent), rabbit anti-Smg (1/1000,%?), rabbit anti-Tud
(1/500, a gift from P. Lasko,*’), mouse anti-HA (1/2000, ascites pro-
duced from clone 12CA5), rat anti-Vasa (1/50, Developmental Studies
Hybridoma Bank), rabbit anti-GFP (1/1000, Invitrogen), mouse anti-
GCN4 (1/1000, clone C11L34, Bio-Techne) and mouse anti-GFP (1/1000,
Roche). Secondary antibodies used were: FluoTag®-X4 anti-GFP
nanobodies StarRed or Atto488 (1/500, NanoTag Biotechnologies),
goat anti-rabbit IgG Alexa-488 (1/800, Invitrogen), donkey anti-rabbit
IgG Cy5 (1/1000, Jackson ImmunoResearch), goat anti-mouse IgG
StarRed (1/1000, Abberior), goat anti-rabbit IgG StarRed (1/1000,
Abberior), and goat anti-rabbit IgG Star580 (1/1000, Abberior).

smFISH and Immuno-smFISH

smFISH on 0-2 h-embryos were performed as previously described*
with smFISH probes from Stellaris. For immuno-smFISH, rehydrated
embryos were post-fixed in 4% formaldehyde for 20 min, rinsed three
times for 10 min in PBS 0.1% Tween, and processed for smFISH fol-
lowed by immunostaining. smFISH on stage 14 oocytes were per-
formed as previously described® using 10% formamide. Probe
sequences for nos, gcl, pgc, and CycB are listed in ref. 18; the MS2 probe
is described in ref. 85. Probe sequences to detect suntag, nos 5’end, nos
3’end, CycB Send and CycB 3’end are listed in Supplementary
Tables 1-5. Probes were coupled to Cal Fluor 590 (nos, gcl, pgc, CycB,
suntag, 5-nos, 3’-nos, 3-CycB, and MS2) or Quasar 670 (nos, 5'-nos,
3’-nos, and §’-CycB).

Puromycin treatment

To treat embryos with puromycin, we adapted the permeabilization
protocol previously described®®. Dechorionized embryos were putin a
1:1 solution of DL-limonene (Sigma)/heptane with a 100 ul drop of PBS
1X containing 2 mg/ml puromycin (Sigma). Puromycin was initially
diluted in water at 50 mg/ml. For control embryos, the puromycin
solution was replaced by water alone. Embryos were shaken at max-
imum speed on a rotating plate for 40 min, rinsed in heptane, and
processed for immunostaining.

Generation of anti-Osk antibody

The open reading frame of osk (short isoform) without the start codon
was cloned after the GST sequence into the pGEX-4T-1 vector to
express a GST-Osk fusion protein in BL21 £. coli bacteria. The GST-Osk

fusion protein was isolated on an acrylamide gel, purified using col-
umns (Amicon), and injected into rabbits by Agro-Bio. The polyclonal
rabbit antibody against this fusion protein was validated using
immunostaining in ovaries and embryos.

Fluorescence microscopy

Confocal microscopy was performed using a Leica SP8 confocal
scanning microscope with objectives 20X Plan Apochromat 0.75 NA
Imm Corr for whole embryos (Supplementary Fig. 2a, b and 3b) or 63X
Plan Apochromat 1.4 NA oil DIC for other confocal images. STED
microscopy was performed using an Abberior STED super-resolution
microscope controlled by Imspector software (Abberior Instruments)
using a 100X Plan SuperApochromat 1.4 Oil objective. Excitation and
depletion laser powers were adjusted according to the strength of the
signal to optimize the resolution without bleaching the sample as
follows. Excitation laser powers were set to collect, in confocal mode,
approximately 200 grey levels for granule staining and 100 grey levels
for other stainings. The optimal STED laser power was defined as the
value giving the best resolution, and at the point where resolution was
not improved while signal-to-noise ratio was decreasing. Resolution
scales with the square root of the applied intensity and increasing laser
power results in a marginal benefit in resolution when the optimal
resolution is reached”. Pixel size was set to 30 nm. Resolution in our
imaging conditions was 60 +12 nm, assessed by measuring the full
width at half maximum of the PSF (Point Spread Function) of the
smallest structure imaged in our samples (5’-nos signal in the soma).
No pixel shift correction was applied as red and far-red signals were
obtained from the same depletion laser aligned on the excitation lasers
and photons collected followed the same optic path before spectral
detection. In addition, SuperApochromat objective corrects the
chromatic and spherical aberrations. Laser alignments were checked
monthly and alignment measurements on tretraspeck 100 nm beads
showed a shift of less than half a pixel. For OMX microscopy, 3D-SIM
acquisitions were performed on a Deltavision OMX V4 and recon-
structed using SoftWoRx software. The OMX used was equipped with a
100X Plan Apochromat NAL.4 Qil PSF graded objective and EMCCD
cameras. For two color imaging in OMX, both channels were acquired
sequentially but in immediate temporal proximity to minimize drift
and crosstalk. In addition, multiple channels were realigned following
manufacturer’s procedures and calibration using the provided target
slide. OMX image quality was assessed using SIMcheck, a FUJI plugin
that assesses SIM reconstructed image quality through metric eva-
luation on the raw images, as previously described®. All images con-
formed to the requirements for intensity profile, modulation contrast
to noise ratio and minimum to maximum intensity ratio. Airyscan
microscopy was performed using confocal Zeiss LSM980 AiryScan Il
8Y run by Zeiss Zen Blue software using a 63X Plan Apo oil 1.4NA
objective.

Transmission electron microscopy (TEM)

For TEM, 0-1h-embryos were collected in a basket from plates,
washed in tap water and dechorionated using commercial bleach for
2 min and rinsed. Embryos were then fixed in heptane saturated with
12.5% glutaraldehyde in PHEM buffer (60 mM PIPES, 25 mM HEPES,
10 mM EGTA, 4 mM MgSO,7 H,0; EM grade) for 20 min at room
temperature. The vitelline membrane was manually removed and the
posterior poles were dissected and fixed in 2.5% glutaraldehyde in
PHEM buffer overnight at 4 °C. Embryo posterior poles were post-fixed
in a 0.5% osmic acid + 0.8% potassium Hexacyanoferrate trihydrate for
2 h at dark and room temperature. After two washes in PHEM buffer,
they were dehydrated in a graded series of ethanol solutions
(30-100%). The embryo posteriors were embedded in EmBed 812
using an Automated Microwave Tissue Processor for Electronic
Microscopy (Leica EM AMW). Ultra-thin sections of 70 nm were cut
(Leica-Reichert Ultracut E), mounted on formvar-coated slotted
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copper grids, and counterstained with uranyl acetate 1.5% in 70%
ethanol and lead citrate. Stained grids were observed using a Tecnai
F20 transmission electron microscope at 120KV, at the Electronic
Microscopy facilities (Institut des Neurosciences de Montpellier).

Image analyses and quantifications

Before image analysis, all images were filtered with a Gaussian blur to
reduce the noise and smooth the image. All images presented in the
figures were filtered with Gaussian blur. No deconvolution was applied.

Quantification of mRNA molecule numbers. mRNA content in germ
granules was quantified using FISH-quant®**, Briefly, the mean inten-
sity of single mRNA molecule was calculated from the signal of single
particles in the soma as they mostly correspond to single mRNA
molecules (83% of single particles for nos mRNA*). To determine the
number of mRNA molecules present in each mRNA cluster at the
posterior pole, the integrated intensity of each cluster was divided by
the integrated intensity of the mean single mRNA molecules.

Quantification of germ granule size and shell size. On STED acqui-
sitions of Osk or Aub immunostaining, we applied a Laplacian Gaussian
filter to better define the signal edges. A line was drawn through the
diameter of each granule and intensities along the line were measured
using FIJI plot profile, giving two peaks that reflected the donut-like
shape of germ granules (Fig. 1a). To determine the limit of the signal,
we measured the full width at half maximum of the PSF for each peak
and between the most external part of each peak, allowing the mea-
surement of the granule diameters and shell thickness. From this, we
defined the core and shell of germ granules. The surface of germ
granules corresponded to their external edge, and the periphery cor-
responded to the cytoplasm surrounding the granule up to 200 nm.
This value was chosen as we never observed RNAs or scFv-GFP foci
with distances from the granule surface larger than this.

Quantification of the localization of mRNAs or scFv-GFP foci within
the germ granule biphasic structure. To analyze the localization of
mRNA foci (visualized either with the full-length, the 5’end, or the 3’
end probes) or scFv-GFP foci within germ granule biphasic organiza-
tion, we first applied a Laplacian Gaussian filter on the channel showing
the germ granule staining to define the signal edges and thus the
compartments (core, shell, periphery). Then mRNA coordinates were
determined using RS-FISH Image] plugin®’. A line was drawn across the
granule and mRNA foci and pixel intensities along the line were
recorded on Fiji Plot profile. The distance between the peak of the shell
and the peak of the mRNA focus was measured on the plot. If the
mRNA focus was located toward the external part of the granule, the
measure was given a positive value. If the mRNA focus was toward the
internal part of the granule, it was given a negative value. As the size of
the shell is not identical between granules, the shell size was also
measured for each measurement of the distance between the shell
peak and mRNA focus, allowing us to determine the position of the
mRNA focus within the granule using the following ratio:

distance between the peak of mRNA focus and the peak of the
shell / (shell size/2).

If the ratio was>1, the RNA focus was classified as “periphery”.
If the ratio was < -1, the RNA focus was classified as “core”. If the ratio
was >-1and <1, the RNA focus was classified as “shell”. Quantifications
of these ratios were shown as graphs, and the localization of mRNA foci
were represented on hypothetic granules using radar plots. The same
method was applied to quantify the position of scFv-GFP foci within
germ granules.

Analysis and quantification of colocalization of scFv-GFP foci with
suntag mRNA clusters and/or germ granules. On confocal images,
germ granules appear as full dots or foci. To measure the association of

scFv-GFP foci with germ granules or suntag mRNA clusters, we used FJI
plugin ComDet v.0.5.5 (https://github.com/UU-cellbiology/ComDet)
to define the different foci and measure their colocalization. To
visualize the colocalization of scFv-GFP foci with suntag mRNA clusters
at germ granules (i.e., translation at germ granules, Supplementary
Fig. 3c), we segmented the signals from suntag smFISH and scFv-GFP
and created a mask that showed their colocalization (translation foci)
using FIJI Image Calculator function. We then overlaid this mask on
the channel showing germ granules visualized with anti-Osk immu-
nostaining and quantified the colocalization of translation foci with
germ granules.

Colocalization precision. To determine the colocalization precision
of smFISH probes under our imaging conditions, distances between
signals obtained with the same probe labeled with two different
fluorophores were measured. Embryos were hybridized with a mix of
oligos labeled with Quasar 670 and the same oligos labeled with Cal
Fluor Red 590. This was performed for the 5-nos and 3’-nos probes.
The center of each signal was determined by 2D Gaussian fitting using
RS-FISH plugin®®, and the distance between the signal centers from the
two channels was measured using a FIJI plugin developed previously®.
For measurements of 5-nos to 3’-nos distances in wild-type and png
mutant embryos, 300 nm was chosen as cutoff to avoid assigning
signals from neighboring granules. This value was chosen from
observations that 5’end to 3’end distances rarely extended beyond this
cutoff and those that did corresponded to wrongful assignments.

Distance and colocalization between mRNA 5'end and 3'end. To
measure the distance between nos mRNA 5’end and 3’end probes, the
3’end signal was segmented and defined as ROI. 5’end foci were
identified using FIJI plugin ComDet v.0.5.5 (https://github.com/UU-
cellbiology/ComDet) and their center was mapped by multipoint
selection and added as ROI. The minimal distance between the edge
of the 3’end ROI and the center of the 5’end foci was calculated
using a FIJI plugin developed previously®®. Overlap corresponds to a
distance of 0.

Distance between Smaug foci and germ granules. To analyze the
distance between Smaug foci and germ granules, Smaug signals above
threshold were identified using the Fiji Find Maxima function. The
signal for the granule corresponding to anti-Osk immunostaining was
segmented and defined as ROl The minimal distance between the
edge of the granule ROI and the center of Smaug foci was calculated
using a FIJI plugin developed previously®. As a control (Smg tilted),
Smaug channel was horizontally and vertically rotated and the same
measurement was performed.

Protein colocalization within germ granules. For images acquired
with STED imaging, the degree of colocalization between signals cor-
responding to two immunostaining was quantified using PCC(Costes).
The PCC method determines a threshold based on the mean fluores-
cence intensity for each signal. Then, the method analyzes each pixel
and evaluates if signals are above or below their respective threshold,
increasing PCC value if both signals go to the same direction, decreasing
its value if they go to opposite directions. PCC ranges from 1 that indi-
cates perfect colocalization, to -1 that indicates exclusion. To validate
the significance of this colocalization, the PCC(Costes) value was cal-
culated for each image. Briefly, images were randomized by shuffling
pixels, the PCC value was calculated and compared to the original image.
This process was repeated 200 times to evaluate the significance of the
original picture. Costes p-value ranges from O to 1, where O indicates
random colocalization and 1 indicates significant colocalization.

Quantification of germ granule main component levels. To quantify
the level of Aub and Vasa in tud**® mutants, ROIs delimiting the germ
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plasm on maximum Z projection of 40 planes from confocal images
were defined. The fluorescence-integrated density of Aub or Vasa
was measured and normalized to Osk fluorescence-integrated den-
sity levels.

Statistics and reproducibility

Statistical tests were performed using GraphPad. For each figure, the
tests are indicated in the figure legend. Each experiment was repeated
two to thirteen times (see detail below); quantifications were at least
from two independent replicates. No statistical method was used to
predetermine sample size. No data were excluded from the analyses.
The Investigators were not blinded to allocation during experiments
and outcome assessment. Randomization was used in Figs. 3j, 7g
and Supplementary Fig. 1d, and performed as explained above in the
Image analyses and quantifications section. The number of times
that experiments were repeated with similar results are as follows.
Figure 1a: 2, 5, 3 and 4; Fig. 1b, c: 2; Fig. 2b, e: 13; Fig. 2d: 4; Fig. 2j: 5;
Fig. 3a, d, e, f, h: 2; Fig. 3b, ¢, g, i: 3; Fig. 44, b: 3; Fig. 4c, d: 2; Fig. 5a:13;
Fig. 5b: 6; Fig. 5¢, f: 5; Fig. 5g, h: 3; Fig. 6a: 6; Fig. 6b: 4; Fig. 6e: 2; Fig. 6f:
4; Fig. 7a, f: 3; Fig. 7c: 6; Fig. 7e: 2; Fig. 7h: 3 and 4; Supplementary
Fig. 1b: 4; Supplementary Fig. 1c, e, f: 2; Supplementary Fig. 2a, b: 3;
Supplementary Fig. 2d: 2; Supplementary Fig. 3b, e, f, g, j: 2; Supple-
mentary Fig. 3c, I: 4, Supplementary Fig. 4b: 2; Supplementary
Fig. 4c, d: 3; Supplementary Fig. 5a: 2; Supplementary Fig. 6a, b: 2;
Supplementary Fig. 8: 3; Supplementary Fig. 9d, f: 2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the main text or Supplementary Informa-
tion. Source data are provided with this paper.
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