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The transition from oocyte to embryo requires translation of maternally
provided transcripts that in Drosophila is activated by Pan Gu kinase to
release a rapid succession of 13 mitotic cycles. Mitotic entry is promoted
by several protein kinases that include Greatwall/Mastl, whose Endosulfine
substrates antagonize Protein Phosphatase 2A (PP2A), facilitating mitotic
Cyclin-dependent kinase 1/Cyclin B kinase activity. Here we show that
hyperactive greatwallScant can not only be suppressed by mutants in
its Endos substrate but also by mutants in Pan Gu kinase subunits.
Conversely, mutants in me31B or trailer hitch, which encode a complex
that represses hundreds of maternal mRNAs, enhance greatwallScant. Me31B
and Trailer Hitch proteins, known substrates of Pan Gu kinase, copurify
with Endos. This echoes findings that budding yeast Dhh1, orthologue
of Me31B, associates with Igo1/2, orthologues of Endos and substrates of
the Rim15, orthologue of Greatwall. endos-derived mutant embryos show
reduced Me31B and elevated transcripts for the mitotic activators Cyclin B,
Polo and Twine/Cdc25. Together, our findings demonstrate a previously
unappreciated conservation of the Greatwall–Endosulfine pathway in
regulating translational repressors and its interactions with the Pan Gu
kinase pathway to regulate translation and/or stability of maternal mRNAs
upon egg activation.

1. Introduction
In plant or animal embryos, transcripts and proteins deposited by the mother
in the oocyte support the development of the newly created zygote before
the onset of zygotic transcription [1–5]. In Drosophila, the Pan Gu kinase is
activated at the oocyte-to-embryo transition and triggers a dramatic reorgani-
zation of the maternal translatome, on which depends the onset of the mitotic
cycles [6–13].

Mitotic protein kinases regulate 13 initial successive nuclear division cycles
in the Drosophila syncytial embryo. The activation of Cyclin-dependent kinase
1 (Cdk1)/Cyclin B triggers entry into mitosis, and its downregulation leads
to mitotic exit [14,15]. Polo kinase promotes Cdk1 activity by phosphorylat-
ing its activating phosphatase Twine, the germline-specific homologue of
Cdc25 in Drosophila [16,17]. Greatwall (Gwl) kinase enhances Cdk1 activity by
antagonizing Protein Phosphatase 2A (PP2A), a major phosphatase counter-
balancing Cdk1/Cyclin B activity [18–23]. Gwl, Mastl in mammals, phosphor-
ylates proteins of the Endosulfine family to inhibit PP2A associated with a
B55 regulatory subunit [24–27]. Inhibition of PP2A/B55 facilitates the activity
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of the Cdk1/Cyclin B complex required for mitotic entry and progression [28–31].
We identified the Gwl–Endos–PP2A pathway when investigating Scant, a gain-of-function allele of Drosophila gwl

[26,28,32,33]. Scant encodes a hyperactive form of Gwl kinase that results in embryonic lethality when the maternal provision of
the Polo kinase is reduced [32,33]. Our screen for suppressors of the maternal effect lethality of polo gwlScant/++ females identified
revertants of the gwlScant mutation that restore Gwl kinase activity to normal levels; duplications of the wild-type polo locus; and
extragenic suppressors that include recessive mutations in endos, encoding Gwl’s principal Endosulfine substrate in Drosophila
[26,33]. By contrast, mutations in twins, encoding the Drosophila B55 subunit of PP2A, enhance the sterility of the polo gwlScant/++

females [26,34]. During our initial screen for polo gwlScant suppressors, our pilot studies also pointed towards possible restoration
of female fertility with a mutant allele of pan gu (unpublished observations).

It has been previously shown that endos mutants have reduced levels of the M-phase regulators Polo and Twine in mature
Drosophila oocytes, suggesting the possibility that Endos might exert post-transcriptional regulation of the levels of these
proteins [35]. By contrast, Polo levels in cultured cells did not appear to be under Endos control [26]. This suggests that in
the oocyte and syncytial embryo, Gwl and Endos might not only control the balance between Cdk1/CyclinB and PP2A/Twins
but could also regulate the translation or stability of maternal mRNAs. Here, we describe genetic interactions between gwl and
pan gu (png) subunits that support this view. Moreover, we show that Endos physically interacts with a protein complex that
regulates translation at the oocyte-to-embryo transition. Together our study reveals the roles of the Gwl–Endos–PP2A pathway,
shared with Png kinase in regulating the translation and/or stability of maternal mRNAs and in coordinating mitosis at the
oocyte-to-embryo transition.

2. Results
(a) Genetic interactions between the Gwl kinase and Pan Gu kinase pathways
A screen of mutant alleles of png revealed that they partially rescued the maternal effect lethality of polo gwlScant/++ females to
varying extents (figure 1). To confirm the specificity of this rescue, we expressed a png-myc transgene in the background of
png1058, an allele giving strong rescue, and found that this restored the maternal effect lethality of polo1 gwlScant/++ (figure 1). png
encodes the catalytic subunit of protein kinase that is stoichiometrically associated with a regulatory subunit, Plutonium (Plu),
and an activating subunit, Giant Nuclei (Gnu). Gnu acts on the Png–Plu subcomplex as the oocyte passes through the oviduct,
triggering a peak of Png kinase activity in the early syncytial embryo [6,8,13]. Mutations in any of these three genes lead to
a failure to arrest development after completion of meiosis and the formation of giant nuclei in the embryo through repeated
rounds of S-phase in the absence of mitosis [36–38]. We therefore asked whether mutations in either plu or gnu could also
suppress the maternal effect lethality of polo1 gwlScant/++ females and found allele-specific rescue of polo1 gwlScant/++-derived embryo
development (figure 1). The nature of the allele specificity of the rescue by png, plu or gnu alleles that give this rescue indicates
that the genetic interaction is independent of the catalytic activity of Png. All the png alleles tested induced a decrease in the
level of Cyclin B in syncytial embryo extracts (electronic supplementary material, figure S1), an expected phenotype in embryos
laid by png defective females supporting their efficiency [6,7,10]. However, the extent of the rescue does not correlate with the
previously described strength of the png alleles [6], and a deficiency uncovering png did not restore any embryonic viability
(figure 1), indicating that Png protein is physically required for the rescue independently of kinase activity. Thus, it is possible
that mutations of Png kinase subunits affecting the structural integrity of the protein kinase complex (and possibly its physical
interactions) can rescue the maternal effect lethality of the GwlScant hyperactive protein kinase (see §3).

(b) The Gwl and Pan Gu pathways intersect through PP2A/B55Twins

As Gwl is required for the correct regulation of the mitotic cycle and Png for the activation of the mitotic cycles in the syncytial
embryo, we considered that the pathways may share at least one common regulatory element. Of several possible mitotic
regulators, it has been reported that the png mitotic phenotype can be rescued by mutation of the catalytic subunit of PP2A [7,9],
encoded by microtubule star in Drosophila. PP2A is a trimeric complex that, in addition to its catalytic subunit (C), has a structural
subunit (A) and one of several possible regulatory subunits (B). As Endos that has been phosphorylated by Gwl specifically
inhibits the PP2A complex containing the B55 regulatory subunit (encoded by twins in Drosophila), this raised the question
of whether downregulation of PP2A/B55Twins would enable some rescue of the png mutant phenotype. We approached this in
two ways: (i) by reducing the function of PP2A/Twins with a microtubule star (mts) or a twins (tws) mutant allele (the catalytic
and regulatory subunits, respectively, of the phosphatase complex) and (ii) by expressing a transgene of endos to increase the
inhibition of PP2A/Twins (figure 2). Embryos derived from png1058/png3318 females undergo no more than four cycles of mitosis
before their nuclei embark upon endoreduplication. Neither we nor, to our knowledge, others studying png [38] have seen the
development of a greater number of nuclei in embryos derived from png1058/png3318 females. In both the above cases, however,
a proportion of embryos derived from png1058/png3318 females with compromised PP2A activity developed through considerably
more mitotic cycles to have hundreds of nuclei (figure 2a). Thus, our findings extend previous work indicating that the png
mitotic phenotype can be rescued by mutation of the catalytic subunit of PP2A [7,9]. Thus, reducing PP2A/B55Twins protein
phosphatase activity appears sufficient to overcome the block to mitotic progression imposed by this png mutant background
(figure 2 and electronic supplementary material, table S1). These results suggest that the Gwl–Endos and Png pathways can
synergize to enhance Cdk1 activity in a manner that accords with the ability of Gwl to downregulate PP2A activity through
Endos.
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(c) The Gwl and Pan Gu pathways intersect through the regulation of maternal transcript translation and stability
Upon activation, the Drosophila egg is triggered to undertake its repeated mitotic cycles by a brief window of Png kinase
activity that results in hundreds of maternal mRNAs being repressed and hundreds more being activated [12]. Png promotes
the translation of Smaug, a translational repressor that promotes de-adenylation of a set of mRNAs corresponding to the
majority of the repressed transcripts [11,39]. Png also phosphorylates Trailer Hitch (Tral) suppressing its ability to repress
mRNA translation [40]. Tral forms a complex together with Me31B, a DEAD box helicase, and Cup, an eIF4E-binding protein
[41–43]. The binding of Cup to eIF4E allows the Cup–Tral–Me31B complex to disrupt the eIF4E–eIF4G interaction and inhibits
the initiation of translation [41,44–46]. Me31B is also a Png substrate [40].

Since mutations in Png suppressed the maternal effect lethality of polo1 gwlScant/++, we asked whether the png downstream
effectors mentioned above would also show this ability. We first investigated mutations in Smaug and found that, indeed, smaug
mutants showed similar levels of suppression of maternal effect lethality as mutants in Png and its subunits (figure 3a). We
then asked whether mutants in me31B, tral or cup would show any genetic interaction with polo1 gwlScant/++. Mutations in cup
had no significant effect upon the numbers of progeny arising from polo1 gwlScant/++ mothers (not shown), whereas in contrast to
mutations in smaug, we found that mutations in tral or me31B all tended to enhance the polo1 gwlScant/++ phenotype (figure 3b).
Interestingly, we also noticed partial rescue by alleles of poly(A) binding protein (pAbp), Ataxin 2 (Atx2) and La-related protein (larp)
(figure 3a), in line with a shared function of these proteins in promoting translation in diverse cellular contexts [47–50]. These
opposing effects on the polo1 gwlScant sterility would correlate with the respective repressor and activator functions of translation
attributed to the Tral–Me31B and pAbp–Atx2 complexes (figure 3).

Thus, the restriction of embryonic development by hyperactive Gwl kinase in the presence of diminished Polo kinase is
suppressed not only by mutations in endos, encoding Gwl’s major mitotic substrate but also by mutations in genes regulating
the translation of maternal mRNAs. These include allele-specific suppression effects of mutations in png; mutations in smaug,
a gene required for the degradation of maternal transcripts of cell cycle regulatory proteins; and mutations in members of the
Larp–pAbp protein complex implicated in translational regulation of cell cycle regulatory genes in the syncytial embryo [50]. In
contrast, genes that are negatively regulated by Png appear to act as enhancers.

(d) Endos physically interacts with protein complexes involved in regulation of maternal transcripts and proteins
The abovementioned experiments suggested an involvement of the Gwl–Endos pathway in the regulation of the stability or
translation of maternal transcripts, either through direct interactions or as secondary consequence of its regulation of PP2A
activity. To evaluate these possibilities, we chose to identify protein partners of Endos by immunoprecipitation of the protein
from embryo extracts followed by mass spectrometry. We carried out eight such pulldowns and found that Endos repeatedly
co-purified with eight proteins in all cases (table 1 and electronic supplementary material, table S2). The presence or absence
of phosphatase inhibitors had no clear consequence for the identity of these repeatedly co-purifying proteins. One of these
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Figure 1. Suppression of the sterility of hyperactive Gwl kinase by mutations in Pan Gu kinase subunits. Females of genotype polo1 gwlScant/++ show strong maternal
effect lethality measured here by the amount of adult progeny hatched after 9 days of egg laying and normalized to 1 for all experiments. The relative amount of
progeny of mothers carrying specific mutant alleles of the indicated genes transheterozygous to polo1 gwlScant is presented (error bars = s.e.m.). The relative number
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proteins was the ubiquitin E3 ligase, Early Girl, previously described as an Endos partner [27,35]. The three members of the
Tral–Me31B–Cup complex also co-purified with Endos as did eIF4E and pAbp (table 1). This is in line with previous reports that
the Me31B–Cup–Tral complex together with eIF4E and pAbp are associated with the majority of transcripts in the Drosophila
embryo [43]. We also repeatedly co-purified Lost (also known as Growl) and Ypsilon Schachtel (table 1), proteins that localize
to P bodies, granules facilitating the storage of RNA and translational regulation [51–53]. The proteins that co-purified with
Endos were only occasionally immunoprecipitated (and never as a whole complex) with antibodies against Cyclin B, Cp110
or D-CLIP190, highlighting the specificity of the interactions with Endos (electronic supplementary material, table S3). mRNA
regulatory proteins were not pulled down with Endos from cultured Drosophila cells (data not shown), indicating that the
association we describe here reflects the regulation of maternal transcript stability and translation in the early embryo.

A full list of other proteins that co-purify with Endos from Drosophila embryos is given in electronic supplementary material,
table S2. A classification of GO terms, identifying biological processes and cellular components associated with these proteins,
suggests the possibility that in addition to interacting with proteins that regulate mRNA translation and stability, Endos might
also associate with proteins that function in the splicing of mRNA (electronic supplementary material, figure S2). However,
it should be noted that, in contrast to the eight proteins regulating translation and mRNA stability indicated above, splicing
proteins were not present in all of the Endos pulldowns. It will be of considerable future interest to further study such
interactions and whether they might be phospho-dependent.

The interaction of Endos with Me31B is in line with previous studies in budding yeast, which have shown Rim15, counter-
part of Gwl, to phosphorylate the Endos orthologues Igo1 and Igo2. Once phosphorylated, Igo1/2 associates with the mRNA
decapping activator Dhh1, orthologue of Me31B [54], preventing its activity. In yeast, this is a response to TORC1 and PKA
signalling following starvation and has the consequence of protecting mRNAs from degradation via the 5′–3′ mRNA decay
pathway to initiate the G0 program.

(e) Endos has multiple roles in regulating levels of mitotic regulators
Drosophila Me31B is required for translational silencing during the transport of mRNA to the oocyte [55,56]. In the early embryo,
it can either repress the translation of maternal transcripts or promote their degradation [41,43,57–59]. As the translational
regulation of cell cycle regulatory proteins is a critical aspect of early Drosophila embryogenesis, we chose to analyse levels
of a set of mitotic regulators anticipated to be under the control of Endos [26,35,60]. We found that transcript levels of
Cyclin A, Cyclin B, Polo and Twine were not significantly different in wild-type versus endos mutant ovaries (in two different
combinations of endos mutant alleles, endos1/endosEY01105 or endosEY01105/endosEY01103). However, there was an increase in Cyclin B,
Polo and Twine transcripts in endos-derived mutant embryos (figure 4a). As no transcription is yet taking place in the early
syncytial embryo, we attribute the higher levels of transcripts as a consequence of their reduced degradation. This suggests that
Endos would normally act to destabilize these maternal transcripts in the embryo.

We then assessed the levels of the proteins corresponding to these transcripts in ovary and embryo extracts by western-blot
analysis (figure 4b,c). In the ovaries of endos mutant females, we observed the previously reported decrease of Polo levels [26,35]
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Figure 2. Suppression of pan gu by mutations reducing the activity of PP2A. (a) Propidium iodide stained syncytial embryos from OrR wild-type mothers or from
heterozygous png mothers, in the absence of other mutations or additionally hemizygous for a mutation in tws, encoding the 55 kDa regulatory subunit of PP2A, or
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arising from png mothers (#, phenotype observed in indicated genotypes versus png-derived embryos).
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but otherwise little change in levels of Cyclins A and B. In contrast, the level of Cyclin B protein was greatly enhanced in
endos-derived embryos, a finding consistent with the delays in mitotic exit that arise as a consequence of loss of activity of the
Gwl–Endos pathway. Accordingly, gwl mutations also led to an increase in Cyclin B levels, as also occurs in mitotically delayed
cells following Gwl depletion [18,33] (figure 4d).

We then asked whether the increase in Cyclin B levels reflected the lack of the inhibitory effect of Endos upon PP2A. We
did this by making mothers carrying two mutant copies of endos and a single mutant copy of tws, encoding the B55 regulatory
subunit of PP2A (figure 4e). We found that reducing PP2A activity in the endos mutant background in this way restored Cyclin
B towards wild-type levels. Thus, the effects of endos mutations upon Cyclin B levels accord with the known role of Endos in
regulating PP2A activity through inhibition of the B55 regulatory subunit [24–27].
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(f) Endos regulates P-body morphology
The association of Endos with Me31B, a marker of embryo P bodies in embryos, which serve as centres for RNA metabolism
[51,52], led us to examine the distribution of Endos in syncytial embryos of a line expressing GFP-tagged Me31B. We found
that the two proteins were present throughout the cytoplasm as punctate bodies, only a very small proportion of which
were associated with both proteins (electronic supplementary material, figure S3a). We found similar results when Me31B
was localized by immunostaining, with Endos being present only in a sub-set of Me31B stained P bodies and with the two
proteins exhibiting different nuclear localizations; while Me31B was excluded from the nucleus, Endos was not (electronic
supplementary material, figure S3b). The specificity of the cytoplasmic punctate distribution of Endos was confirmed by its
strong reduction in embryos derived from endosEY01105/endosEY01103 females or endos1/endosEY01105 females (electronic supplementary
material, figure S3a). Noticeably, Me31B::GFP foci appeared larger in endos-derived mutant embryos, suggesting that Endos
might regulate Me31B’s distribution (electronic supplementary material, figure S3a).

To further investigate the role of Endos in regulating the expression of maternal proteins, we tested whether Me31B::GFP
distribution was affected in oogenesis by the abovementioned two combinations of mutant endos alleles. Me31B is gradually
expressed from the earliest stages of oogenesis, accumulates in granules in the mature oocyte and disperses in the embryo
following the egg activation [51,55]. We observed no significant effect of the endos mutations on levels of Me31B transcripts
in ovarian extracts, but the levels of protein were reduced (figure 5a,b). However, Me31B transcript levels were elevated in
endos-derived embryos, and levels of Me31B protein were diminished (figure 5a,b). Moreover, the amount of Me31B protein
was also strongly reduced in gwl mutant embryos in line with a requirement for Gwl-mediated phosphorylation of the Endos
protein to maintain Me31B levels (figure 5c). While Me31B::GFP followed a similar distribution between diffuse and punctate
staining in the endos mutants as in controls throughout oogenesis (data not shown; for stage 14 oocyte, see figure 5d), punctate
staining was less apparent in control embryos where Me31B-containing granules appeared smaller than in endos-derived
embryos (figure 5e). Consistent with the levels of the endogenous Me31B protein in the endos-derived embryos, the total levels
of Me31B::GFP in the endos-derived embryos were also diminished (figure 5c). Thus, Gwl-phosphorylated Endos appears to be
required, directly or indirectly, for the stability of Me31B in embryos following their activation and in the absence of Endos,
the remaining Me31B coalesces into P bodies. Collectively, this supports a direct or indirect role for endos to destabilize Me31B
transcripts while ensuring their translation in early embryogenesis, processes that would be associated with the diminution of
Me31B granules during the oocyte-to-embryo transition.

3. Discussion
Together, the abovementioned findings suggest a role for the Gwl kinase substrate, Endos, in the nuclear division cycles in
the syncytial Drosophila embryo both by regulating mitotic progression and the translation and stability of mRNA. Such a

Table 1. Physical interactions between Endos and proteins that regulate translation and stability of maternal mRNAs.

Protein name
(CG number)

Exp 1 Exp 2 Exp 3 Exp 2 Froz. Exp 2 Buf. Exp2 + PPase
Inh.

Exp3 + PPase
Inh.

Exp2 Buf. +
PPase Inh.

Endosulfine
(CG6513)

344.0 (95.0) 5075.0 (0.0) 2311.0 (0.0) 4090.0 (0.0) 2782.0 (0.0) 5412.0 (0.0) 2002.0 (144.0) 3497.0 (0.0)

Me31B (CG4916) 472.0 (0.0) 1297.0 (39.0) 49.0 (141.0) 2176.0 (0.0) 933.0 (0.0) 665.0 (39.0) 396.0 (266.0) 1102.0 (0.0)

Trailer hitch
(CG10686)

1070.0 (944.0) 2112.0 (1136.0) 461.0 (0.0) 3831.0 (0.0) 289.0 (0.0) 3788.0 (1136.0) 1001.0 (684.0) 789.0 (0.0)

Cup (CG11181) 1058.0 (117.0) 2060.0 (72.0) 234.0 (176.0) 1713.0 (0.0) 131.0 (0.0) 1647.0 (72.0) 515.0 (38.0) 387.0 (0.0)

PolyA-binding
protein (CG5119)

518.0 (45.0) 1635.0 (0.0) 242.0 (76.0) 1382.0 (0.0) 913.0 (0.0) 1417.0 (0.0) 332.0 (169.0) 1214.0 (0.0)

eIF4E1(CG4035) 119.0 (77.0) 179.0 (0.0) 118.0 (0.0) 206.0 (0.0) 178.0 (0.0) 349.0 (0.0) 112.0 (0.0) 198.0 (0.0)

Lost (CG14648) 343.0 (0.0) 829.0 (0.0) 135.0 (69.0) 563.0 (0.0) 341.0 (0.0) 372.0 (0.0) 148.0 (55.0) 126.0 (0.0)

Ypsilon schachtel
(CG5654)

222.0 (0.0) 463.0 (0.0) 34.0 (0.0) 312.0 (0.0) 284.0 (0.0) 287.0 (0.0) 194.0 (0.0) 286.0 (0.0)

Early girl
(CG17033)

297.0 (0.0) 1113.0 (0.0) 388.0 (0.0) 1106.0 (0.0) 539.0 (0.0) 700.0 (0.0) 307.0 (0.0) 1384.0 (0.0)

Mass spectrometric analysis of proteins immunoprecipitated from embryo extracts by an anti-Endos antibody. Endos interacting proteins were identified in three
independent experiments (Exp 1, 2 and 3) further testing the effects of immunoprecipitation from frozen embryos samples (Exp 2 Froz.); immunoprecipitation in
presence of higher detergent concentration (Exp 2 Buf.); following addition of protein phosphatases inhibitors (+ PPase Inh.).
Table shows Mascot scores of proteins with control pulldown scores in brackets (full dataset provided in electronic supplementary material, table S2).
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role for the Gwl kinase complements that of the Png kinase; the former acts to promote mitotic entry and progression, and
the latter to ensure the onset of mitotic cycles at the onset of zygotic development; both pathways influence the translation
of maternal mRNAs (figure 6). This interaction between the two protein kinases ensures successful mitotic cycles in the early
embryo. Png promotes the synthesis of Cyclin B and Smaug [10–12]. Gwl kinase phosphorylates Endos allowing it to antagonize
PP2A/B55Twins, thus favouring Cdk1 activity [26,27]. How might mutants for png, plu, gnu or smaug suppress the gwlScant polo
maternal effect? The gwlScant allele encodes a hyperactive kinase that leads to lethality in the syncytial embryo in the presence of
reduced levels of the Polo mitotic kinase. gwlScant polo is known to be suppressed by mutations that downregulate Gwl or Endos
or that enhance Polo expression [26,33]. Thus, Png kinase or Smaug mutants would suppress gwlScant polo if they resulted in
downregulation of the hyperactive GwlScant kinase, its Endos substrate or the pathways that Gwl:Endos positively regulate. This
could be achieved through the downregulation of mitotic pathways promoted by Png and Smaug, which together inactivate
the translational repressor complex of Me31B, Cup and Tral, leading to the expression of many maternal mRNAs including
those for mitotic regulators. It could be achieved through the requirement for Png to translationally activate Gwl mRNA at egg
activation [11,12]. An alternative is that the reduced level of Cyclin B and hence Cdk1 activity in png mutants rebalances the
elevated GwlScant kinase activity in accordance with the documented role of Png on Cyclin B expression [6,7,10]. However, on its
own, it could not account for the suppression of gwlScant polo since the png172 allele or the png deficiency reduce Cyclin B levels in
embryos but do not restore female fertility.

Elevated expression of Endos or to some extent mutation in tws, encoding the B55 regulatory subunit of PP2A, also
suppress png mutants. We interpret this suppression of the png mitotic phenotype as a consequence of increased activation of
the Cdk1/Cyclin B mitotic kinase or its substrates and promotion of mitosis by elevated Endos and decreased PP2A/B55Twins
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Figure 4. Endos regulates levels of multiple maternal transcripts and proteins. (a) Quantification of indicated transcripts by qRT–PCR in ovary (i) or 0–2 h embryo
extracts (ii), showing transcript levels in tissue or embryos derived from mothers heterozygous for the two indicated endos mutant alleles normalized to wild-type
(OrR) levels set to 1 (error bars indicate s.e.m.). Endos regulates transcript levels in syncytial embryos but not ovaries. Significance by one-sample t‐test *p < 0.05; **p
< 0.01; ***p < 0.001 as indicated. NS indicates non-significant. Transcript levels are average of at least four experiments from four independent samples for ovary
extracts and at least six experiments from five independent samples for embryo extracts. (b) Endogenous protein levels corresponding to selected transcripts analysed
in (a) assessed by western-blot analysis of ovary (i) or 0–2 h embryo extracts (ii). Tubulin provides a reference control. (c) Quantifications of western blots as in
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gwlSr18/gwl6a mothers, are regulated by Gwl. Tubulin provides a reference control. Four independent sets of samples were prepared. A representative image is shown. (e)
Endogenous protein level of Cyclin B assessed by western-blot analysis in 0–1 h embryo extracts with tubulin as a reference control. Four independent sets of samples
were prepared from embryos laid by mothers of indicated genotypes. A representative image is presented.
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activity echoing a previous finding of partial rescue of png by mts mutants [7,9]. Indeed, this was previously interpreted as the
promotion of the mitotic state through the global loss of PP2A function. However, the precise regulatory events may be more
complex because phosphorylation of Gnu by Cdk1/Cyclin B prevents Gnu’s association with, and thereby prevents activation
of, the Png kinase [13]. If the protein phosphatase opposing this inhibitory phosphorylation is PP2A/Twins, then PP2A/Twins
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Figure 5. Endos regulates the levels of Me31B and its distribution. (a) Quantification of Me31B transcripts by qRT–PCR in ovary (i) or 0–2 h embryo extracts (ii) in
tissue or embryos derived from mothers heterozygous for the two indicated endos mutant alleles normalized to wild-type (OrR) levels set to 1 (error bars indicate
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embryos relative to the amount in the matching control over balancer set to 1 (error bars = s.e.m.). Statistical significance is by a one-sample t‐test: ***p <0.001.
Protein levels are average from three experiments with four independent samples.
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could potentially both activate the Png complex to promote the onset of the mitotic cycles and oppose Cdk1/Cyclin B favouring
mitotic exit. Such diverse functions may operate at different stages of the oocyte-to-embryo transition.

The allele specificity of png’s suppression of polo1 gwlScant indicates an independence of Png kinase activity. The mutant forms
that give the weakest or no suppression of the polo1 gwlScant/++ phenotype lie in the catalytic loop (allele 1920, residue 140) or
DFG domain (allele 172, residue 157), respectively, and so at the interface between the two domains of the kinase important for
catalytic activity. The mutants showing the strongest suppression of polo1 gwlScant/++ lie either near the N-terminus (allele 3318,
residue 17) or the C-terminus (allele 50, residue 250; allele 1058, residue 265) of this 291 amino acid molecule. This suggests
that these N- and C-terminal regions may affect physical interactions between Png and its two partner proteins and/or with
other molecules, whereas mutations in the core of the kinase would be less prone to disturb such interactions (e.g. allele 172).
The consequences of these N- and C-terminally located mutations upon interactions of the catalytic subunit with its regulatory
subunits has, to our knowledge, not been examined. However, in this light, we note that Gnu physically interacts with RNP
granules and has been proposed to bring Png to its initial targets, translational repressors in RNP granules [62]. The interactions
of the Png subunits and their targeting to substrates may thus play important roles in the spatio-temporal regulation of
translational activation.

Png exerts control over maternal mRNAs by phosphorylating Me31B and Tral, thereby inactivating the translational
repressor activity in the case of Tral [40]. Early in development, Me31B represses the translation of maternal mRNAs, whereas
later, its levels diminish in a manner dependent upon Png kinase and the remaining Me31B promotes mRNA destruction [43].
Smaug can also repress Tral, Cup and Me31B transcripts [61]. These functions concur with the ability of tral and me31B mutant
alleles to enhance the sterility of the polo1 gwlScant/++ females. The opposing ability of mutations in atx2, pAbp and larp to suppress
this sterility accords with the shared functions of these proteins in promoting translation [47–50]. Thus the respective functions
of the Tral–Me31B and pAbp–Atx2 complexes in repressing and activating translation are seen in opposite effects upon polo1

gwlScant sterility.
Endos appears to increase the stability of Me31B, and it also physically associates with the Me31B, Tral and Cup complex

in early embryos. We have not been able to observe such an association when precipitating Endos from extracts of cultured
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Figure 6. Pan Gu and Gwl pathways cooperate to enhance Cdk1/Cyclin B activity during the early embryonic divisions. Schematic to integrate interactions between
the pathways from previously reported findings and from the current study. Png kinase regulates the stability and translation of maternal mRNAs in the transition
from oocyte to embryo development including stimulation of Cyclin B translation. Gwl kinase phosphorylates Endos allowing it to antagonize PP2A/B55Twins, thus
favouring Cdk1 activity. The lethality of polo1gwlScant/++ embryos reflects the hyperactivity of Gwl kinase encoded by this allele. Thus, mutations that downregulate Gwl
or the mitotic pathways promoted by Gwl would suppress the polo1 gwlScant phenotype. Mutations in Png kinase or Smaug would suppress because Png is required
for gwl translation at egg activation (arrow 1) [12] and Smaug, whose translation is promoted by Png at egg activation (arrow 2) [11,12], acts together with Png to
promote expression of mitotic regulators critical for the Gwl–Endos pathway. This is achieved because Png phosphorylates Me31B and Tral thereby inactivating these
translational repressors (arrow 3) [40], and Smaug can also repress Tral, Cup and Me31B transcripts (arrow 4) [61]. This concurs with the ability of tral and me31B
mutant alleles to enhance the sterility of the polo1 gwlScant/++ females and the ability of mutations in atx2, pAbp and larp to suppress this sterility (figure 3). Endos also
acts to destabilize maternal transcripts for mitotic regulators, which are consequently elevated in endos hypomorphic mutants (arrow 5; figure 4). This could possibly
be mediated, in part, through Endos’ physical association with the Me31B, Tral, Cup complex (arrow 6; table 1) and the remodelling of the P bodies (figure 5). However,
the Endos requirement for translation appears specific to the mRNA. The mRNAs for several mitotic regulators are increased in endos hypomorphs, whereas affects upon
the protein level vary in endos or gwl hypomorphs. Notably, levels of Me31B are reduced, although residual Me31B shows a more prominent association with P bodies.
The effects of Endos could, at least partially, be mediated through its downstream target PP2A/B55Twins (arrows 5, 6, ?) as suggested by the antagonism on Cyclin B
levels.
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cells (data not shown). Thus the association we observe could reflect a specific need to destabilize maternal transcripts for
mitotic regulators, which are elevated in endos hypomorphic mutants. The association of Endos with Me31B appears to have
been conserved as such an association has been reported in budding yeast between the Endos orthologues, Igo1/2, and the
Me31B orthologue, Dhh1 [54]. However, phosphorylation of Igo1/2 by the Gwl orthologue, Rim15, facilitates association of the
Igo proteins with Dhh1 to shelter newly expressed mRNAs from degradation and enabling their translation during initiation
of the G(0) program. In contrast, transcript levels for mitotic regulators show an increase in endos mutant embryos, suggesting
that Endos has the opposite role in Drosophila to destabilize transcripts. That the Endos and Igo1/2 orthologues have opposing
roles in flies and budding yeast is also seen in the requirement for the pathway in mitotic activation. In Drosophila, as in
Xenopus and human cells, the Gwl–Endos pathway may be viewed as a mitotic activator as a result of its inhibition of PP2A/B55
[21,24–27,30]. In budding yeast, however, Cdc14 is the main Cdk1-antagonizing phosphatase and PP2A/Cdc55 phosphatase
promotes mitotic entry. In line with this reversed requirement for PP2A in mitosis, Igo1/2, phosphorylated by Rim15, binds
to PP2A/Cdc55 to act as positive regulators of PP2A in budding yeast [29]. The finding that Endos and Igo1/2 have opposite
roles in regulating mRNA stability and in regulating mitotic entry in flies and budding yeast suggests some commonality to
molecular mechanism. It raises the possibility that PP2A/B55 may play a role in regulating Endos or Igo1/2 functions at Me31B
or Dhh1, respectively, in the two organisms, even though the phosphatase is not an obvious component of the decapping
complex.

In Drosophila, it would be possible that the role of Endos in regulating translation and/or mRNA stability could be regulated
through localized inhibition of PP2A/B55Twins at the Me31B foci. However, Endos does not appear strongly enriched at these
foci, suggesting that such regulation could also occur at distant sites. Cytoplasmic Endos is specifically required to interact
and inhibit PP2A/B55Twins in the cytoplasm of the syncytial embryo upon Gwl nuclear export on mitotic entry and has been
suggested to exhibit features of a phase-separating protein [63]. Phase separation properties are also attributed to Me31B, which
would shape the physical properties of the P bodies in the oocyte and support changes in their composition and distribution
in the embryo after egg activation [64]. Pinpointing the precise spatio-temporal interactions of Endos with Tws, Me31B or
other P-body partners, such as Tral, remains a future challenge to decipher the regulation of maternal transcripts and proteins
downstream of the Gwl–Endos pathway.

Although mutations in endos have similar effects in elevating Cyclin B and Me31B transcripts in the embryo, we note that
the consequences on protein levels are quite different. In part, this can be owing to the large variation in protein levels in
response to a combination of translational and post-translational control as uncovered by Kronja et al. [12]. Indeed, Cyclin B
protein levels follow the expected requirements for Gwl–Endos in mitotic progression; mutation in gwl or endos, which leads
to mitotic delay, results in elevated Cyclin B characteristic of prolonged mitosis, and this is overcome by mutation in B55twins.
Future work will be required to tease out other roles of the Gwl–Endos pathway at this stage of development. Our present
findings point to a role for Gwl–Endos in regulating translation and thereby pave the way for future studies to investigate how
these mechanisms integrate with pathways regulated by Png. Together, it appears that the Png and Gwl kinases control the
timing of the translational activation, repression and destruction of maternal mRNAs to give timely restraint and fine-tuning of
the onset of the nuclear division cycles that initiate fly development.

4. Resource availability
(a) Materials availability
All unique/stable reagents generated in this study are available from David Glover (dmglover@caltech.edu) or Hélène Rangone
(helenerangone@gmail.com) without restriction.

(b) Data and code availability
The published article includes mass spectrometry data generated by immunoprecipitation of Endos, CLIP190, CP190 and Cyclin
B. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [65] partner
repository with the dataset identifier PXD036613.

Python codes used for Me31B::GFP granules analysis are provided as electronic supplementary material.

5. Methods
(a) Fly lines and genetics
All stocks were maintained at 25°C in standard media. Their origin is listed in the key resources table. Wild-type Oregon-R
(OrR) flies were used as a reference.

Females heterozygous mutant for png and carrying either a mutant allele for microtubule star (mts) or twins (tws) or a
transgene expressing endos, used for the analysis of the mitotic phenotype of png, were obtained after two generations crosses.
In the first step, png mutant females (over balancer) were crossed with males carrying endos transgene or tws or mts mutant
allele (over balancer). Male progeny obtained from this cross carrying a png allele and the endos transgene or the tws or mts
allele were then crossed with png females (over balancer). The png heterozygous female progeny from these second crosses was
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used for analysis, and at this stage, 50% of the females carried the endos transgene or the tws or mts allele in a phenotypically
indistinguishable way.

(b) Female fertility analysis
Female fertility was tested by taking single newly eclosed females, adding Oregon-R males and checking daily for the onset
of egg laying; that day = day 0. Parents were transferred to fresh food every 3 days for a total of 9 days of egg laying, then
discarded (three vials were generated per female); progeny were counted (each vial separately) until eclosion was complete.
The progeny hatched during 9 days from the onset of hatching were summed up, and the total progeny from each vial was
normalized to the averaged total progeny laid by polo1 gwlScant/++ females set up to 1. At least seven females per genotype
were tested; the results present the average normalized progeny per female for each genotype. The proportional rescue or
enhancement of polo1 gwlScant sterility was repeatedly observed in stocks assayed up to 7 years apart.

(c) Propidium iodide staining
Embryos (0–2 h) were collected, dechorionated and fixed by incubation in heptane/methanol (1:1) for at least 5 min on a rotating
wheel. Embryos were transferred to Eppendorf tubes and washed 3 × 5 min with 1 ml methanol. For rehydration, 0.5 ml of
methanol was replaced with 0.5 ml of PBS for 15 min, followed by 1 ml of PBS for 15 min. Embryos were incubated for 20 min
with a propidium iodide solution (1 ml PBS, 5 µl Triton-100X, 2.5 µl of a 10 mg ml−1 stock solution of propidium iodide and 10 µl
of a 20 mg ml−1 solution of RNase A). After three 5 min washes with PBS containing 0.5% Triton-100X, embryos were mounted
on a slide in Vectashield Antifade Mounting media.

(d) Purification of Endos antibody
The anti-Endos serum (rabbit 7648) was affinity purified against 150 µg of GST-Endos antigen (prepared as in [26]) transfer-
red on a PVDF membrane. Excised PVDF membrane carrying Ponceau stained antigen was washed and blocked with TBS
containing 0.2% Tween 20 and 3% BSA. In total, 200 µl of serum was added with 1.8 ml of blocking solution and incubated
overnight at 4°C with PVDF membrane fragment having the immobilized antigen. After three 10 min washes with TBS
containing 0.2% Tween 20, the antibodies retained on the PVDF fragment were eluted by washing three times for 1 min with 400
µl elution buffer (50 mM glycine–HCl, 500 mM NaCl, 0.5% Tween 20, 100 µg ml−1 BSA and 0.1% azide) at pH 2.3 and three times
for 1 min with 400 µl of elution buffer at pH 1.9. The eluted fractions, pH 2.3 and pH 1.9, were immediately neutralized by the
addition of 80 µl or 85 µl of 1.5 M Tris (pH 8.8), respectively. The presence of antibodies in the resulting fractions was confirmed
by SDS–PAGE and Coomassie staining.

(e) Generation of anti-CLIP-190 antibody
The rabbit anti-CLIP-190 antibody was generated against the 851–1468 amino acid fragment of CLIP-190. A pGEX4T-3 plasmid
encoding GST-CLIP-190-cc (kind gift of H. Ohkura [66]) was expressed in Escherichia coli BL21 after induction with IPTG for
3 h at 37°C. After sonication of the bacterial pellet, the soluble fraction of proteins was retained, and GST-CLIP-190-cc was
purified on Glutathione Sepharose 4B beads according to the manufacturer’s instructions. The CLIP-190-cc fragment was then
cleaved from the beads with thrombin protease and used for rabbit immunizations (Harlan, UK). The final bleed from rabbit
no. 669 was used for immunoprecipitation and western blots. Antibody specificity was determined by western blot against
the immunizing antigen, recombinant CLIP-190 expressed in Drosophila cell culture and cultured Drosophila cells depleted for
endogenous CLIP-190.

(f) Immunoprecipitation from syncytial embryo extracts
For each immunoprecipitation experiment, 0.2 g of 0–2 h embryos from wild-type OrR females were dechorionated and pestle
homogenized on ice in 100 µl homogenization buffer (50 mM HEPES (pH 7.6), 150 mM KCl, 2 mM MgCl2, 5 mM DTT, 0.1%
NP40, 5% glycerol and protease inhibitors cocktail tablet (Complete, EDTA-Free)). Lysates were clarified by centrifugation
for 20 min at 4000 r.p.m. at 4°C. Dechorionated embryos in the ‘Froz’ samples were frozen overnight at −80°C before lysis.
The concentration of NP-40 was increased to 1% to the homogenization buffer of ‘Buf’. Samples and PhosSTOP phosphatase
inhibitor tablet and 1 µM okadaic acid (potassium salt) were added to the homogenization buffer when indicated.

Each immunoprecipitation was carried out with 10 mg of proteins from the clarified extracts to which was added 100
µg (2 µl) of anti-GFP antibody (for control decoy immunoprecipitation) or 8–18 µg (110 µl) of anti-Endos purified antibody.
Additional immunoprecipitations were performed against a panel of proteins to compare with Endos pulldowns: Cyclin B
as a protein closely related to Endos in promoting Cdk1 activity, CLIP190 as a widely expressed protein associated with
microtubules and CP190 as a chromatin protein also found on centrosomes. They were carried out with 10 mg of proteins from
the clarified extracts to which was added a volume containing an estimated 1 mg of one of the anti-Cyclin B, anti-Cp190 or
anti-CLIP-190 antibodies. The mixtures were then incubated overnight at 4°C on a rotating wheel in a total volume of 5 ml
homogenization buffer, washed and added with 400 µl of Dynabeads-Protein A. After further incubation for 2 h and 15 min at
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4°C on a rotating wheel, two washes with homogenization buffer containing glycerol and once without glycerol, two elutions
were carried out for 5 min at room temperature on a rotating wheel with 500 µl elution buffer (0.5M NH4OH and 0.5 mM
EDTA). The two eluates were pooled and centrifuged at 13 000 r.p.m. for 2 min, and the cleared eluates were retained.

After three rounds of desiccation to reduce the sample volumes to around 100 µl, samples were readjusted to 1 ml and
aliquots were taken for silver staining (SilverQuest Silver Staining Kit) and western-blot analysis, respectively. The remaining
proteins were precipitated with cold acetone at −20°C for 10 min, centrifuged and air-dried.

(g) Mass spectrometry analysis
Mass spectrometry for protein identification of proteins immunoprecipitated from syncytial embryo extracts (as described
above) was a service carried out at the Laboratory of Mass Spectrometry, IBB PAS (Warsaw, Poland). Peptide mixtures were
analysed by liquid chromatography coupled to tandem mass spectrometry (LC–MS–MS/MS) using Nano-Acquity (Waters) LC
system and Orbitrap Velos mass spectrometer (Thermo Electron Corp., San Jose, CA, USA). Prior to the analysis, proteins
were subjected to a standard ‘in-solution digestion’ procedure during which proteins were reduced with 50 TCEP (for 60
min at 60°C) and alkylated with 200 mM MMTS (45 min at room temperature) or reduced with 50 mM DTT (for 60 min
at 60°C) and alkylated with 200 mM IAM (for 45 min in the darkness at room temperature), where appropriate. Following
reduction/alkylation, proteins were digested overnight with trypsin (sequencing Grade Modified Trypsin—Promega V5111).
The peptide mixture was applied to RP-18 precolumn (nanoACQUITY Symmetry® C18—Waters 186003514) using water
containing 0.1% TFA as mobile phase and then transferred to a nano-HPLC RP-18 column (nanoACQUITY BEH C18—Waters
186003545) using an acetonitrile gradient (5–35% AcN in 180 min) in the presence of 0.05% formic acid with a flow rate of 250
nl min−1. The column outlet was directly coupled to the ion source of the spectrometer working in the regime of data-dependent
MS to MS/MS switch.

Acquired raw data were processed by Mascot Distiller followed by Mascot Search Engine (Matrix Science, London, UK,
on-site licence) against Drosophila melanogaster database restricted. The detailed search parameters, including precursor and
product ions mass tolerances, enzyme specificity, number of missed cleavages and modifications, are listed in the individual
search result files. Peptides with the Mascot Score exceeding the threshold value corresponding to <5% expectation value,
calculated by the Mascot procedure, were considered to be positively identified.

(h) Protein samples preparation and western-blot analysis
For each genotype, 200–400 embryos were collected every 30 min or 1.5 h to prepare 0–1 h or 0–2 h embryo extracts, respectively.
Embryos were processed as detailed above for the syncytial embryo extracts except that 6 µl of one-detergent lysis buffer (50
mM Tris (pH 8), 150 mM NaCl, 1% NP40 and protease inhibitors cocktail tablet (Complete Mini EDTA-Free)) were used per 20
embryos for homogenization. In total, 20 µg of soluble proteins were prepared for the western-blot analysis.

Twenty pairs of ovaries were dissected in 0.7% NaCl solution and kept on dry ice until preparation of the extracts following
a similar protocol to embryo extracts (5 µl of one-detergent buffer per pair of ovaries). In total, 25 µg of soluble proteins were
processed for western-blot analysis.

Embryo or ovary protein samples were transferred onto PVDF membranes according to standard protocols. Proteins were
detected by chemiluminescence on X-ray film with a film processor (Agfa, Curix 60) or by combined detection of chemilumi-
nescence and fluorescence with the Odyssey Fc system (Li-COR). After detection of the protein of interest on X-ray film,
membranes were deactivated with 10% acetic acid for 10 min at room temperature, water washed and blocked again for
incubation with the anti-tubulin reference antibody.

The following primary antibodies were used: rabbit anti-Endos 1:4000 (purified antibody serum no. 7648), rabbit anti-Cyclin
B 1:3000 (no. 271), rabbit anti-Cyclin A 1:3000 (no. 270), rabbit anti-Me31B 1:4000 (generous gift from A. Nakamura [55]), mouse
anti-Polo 1:200 (MA294) and mouse anti-αTubulin (DM1A).

(i) RNA extraction and qPCR
RNA was extracted from 20 pairs of ovaries dissected in PBS or from 150 to 200 0–2 h embryos using the RNeasy Mini Kit.
On-column digestion with RNase-free DNase was carried out to eliminate genomic DNA. RNA was resuspended in water, and
its concentration was measured with a NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific). RNA was processed
with the Power CYBR® Green RNA-to-CT

TM 1-Step Kit (120 ng of RNA per reaction in a total volume of 12 µl) according to the
manufacturer’s instructions. Real-time PCR was performed using an Applied Biosystems StepOnePlusTM system (comparative
CT experiments) and the oligonucleotides listed in electronic supplementary material, table S4 (alcohol dehydrogenase was used
as a reference).

(j) Immunofluorescence
For stage 14 oocyte analysis, ovaries were dissected and placed directly into 4% paraformaldehyde in PBS for fixation and
incubated on a rotating wheel for 15 min at room temperature. After three washes in PBS containing 2% Triton, ovaries were
incubated with Phalloidin (1:250) and DAPI (1 mg ml−1 stock used at 1:200) on a rotating wheel for 45 min at room temperature.
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After three washes in PBS containing 2% Triton, ovaries were mounted on a slide in Vectashield Antifade Mounting media.
Pictures were acquired using the Leica SP8 confocal microscope with an air 20×/NA objective.

Embryos were collected, dechorionated, fixed with methanol and rehydrated as described above for propidium iodide
staining. They were then blocked in PBS containing 0.5% Triton-100X and 1% BSA for 30 min at room temperature on a
rotating wheel and then incubated with rabbit anti-GFP antibody (1:800) for 1 h at room temperature. After three washes in PBS
containing 0.5% Triton-100X, the samples were incubated with the secondary goat anti-rabbit A488 antibody for 1 h at room
temperature in the dark. Embryos were washed three times in PBS containing 0.5% Triton-100X and transferred onto a slide
with Vectashield Antifade Mounting Media with DAPI. Immunofluorescence images were acquired using a Leica SP8 confocal
microscope with an oil 63×/NA 1.4 objective. Alternatively, embryos in electronic supplementary material, figure S3, were fixed
with a 50:50 paraformaldehyde 4%: heptane solution for 15 min on a shaker and devitellinized in methanol. After three washes
in methanol, they were stored at −20°C before immunostaining with the anti-Endos antibody (1:200) and anti-Me31B mouse
antibody (1:200) or GFP-booster (1:200; Proteintech, Chromo Tek GFP-Booster Alexa Fluor 488). Images were acquired using a
Leica SP5 confocal microscope with a 63×/NA 1.4 oil objective (electronic supplementary material, figure S3B) or an Olympus
FV3000 confocal microscope with a 60×/NA 1.4 oil objective (figure 3a).

(k) Quantification and statistical analysis
To analyse the png1058/png3318 mitotic phenotype, embryos exhibiting 23 or more propidium iodide stained nuclei (having at
least undergone four mitotic cycles even in the event of detection of the remaining meiotic polar bodies) were scored in each
experiment and standardized to the OrR reference (the average number of embryos laid by females OrR exhibiting ≥23 nuclei
was set to 100). Since 50% of the females heterozygous for mutant png alleles also carried the endos transgene or the tws or mts
allele in a phenotypically indistinguishable way (see §5a), only half of the scored embryos derived from these females have the
possibility to develop further than four rounds of mitosis. The standardized percentages of the embryos exhibiting ≥23 nuclei
laid by mothers of these genotypes reflect the expected occurrence of the transgene or mutant tws or mts allele.

The quantification of band intensity corresponding to protein signal on X-ray films was performed with FIJI software [67].
The intensity of a rectangular region around non-overexposed bands was measured and subtracted by the intensity of a
rectangular region for a nearby background area. The intensity of the band for a target protein was then divided by the intensity
of the band of its corresponding tubulin control for signal normalization in the lane. The normalized signal detected in the
wild-type OrR sample was set to 1 and the normalized signal detected in the other lanes (other genetic backgrounds) was
calculated as fold change relative to 1.

When protein signal was detected with the Li-COR Odyssey Fc system, quantifications of band intensity were performed
according to the manufacturer’s instructions.

To analyse Me31B::GFP granules, images of embryos or ovaries were deconvolved with Huygens software. Processed images
were flattened (maximum intensity projection) and a 40 × 40 µm2 area representative of the Me31B::GFP staining in the embryo
or the oocyte was selected. Embryos were checked for the presence of nuclei (usually scattered DNA in the case of embryos
from endos mutant mothers), and stage 14 oocytes only were analysed from fixed ovary preparations (oocytes presenting
elongated appendages and no nurse cells nuclei with DAPI staining). Representative areas of embryos or oocytes were analysed
with a script prepared by Richard Butler (laboratory of Alex Sossick, Gurdon Institute, Cambridge, UK) to measure the area and
the fluorescence intensity of the Me31B::GFP signal.

Statistical parameters (value of n, mean, s.e.m. and p-value) and statistical tests used in individual experiments are reported
in the caption of each figure.
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