1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Genesis. Author manuscript; available in PMC 2018 May 01.

-, HHS Public Access
«

Published in final edited form as:
Genesis. 2017 May ; 55(5): . doi:10.1002/dvg.23029.

Ploidy has little effect on timing early embryonic events in the
haplo-diploid wasp Nasonia

Deanna Arsala and Jeremy A. Lynch
University of lllinois at Chicago, Chicago, IL, USA

Abstract

The nucleocytoplasmic (N/C) ratio plays a prominent role in the maternal-to-zygotic transition
(MZT) in many animals. The effect of the N/C ratio on cell-cycle lengthening and zygotic genome
activation (ZGA\) has been studied extensively in Drosophila, where haploid embryos experience
an additional division prior to completing cellularization and triploid embryos cellularize
precociously by one division. In this study, we set out to understand how the obligate difference in
ploidy in the haplodiploid wasp, Nasonia, affects the MZT and which aspects of the Drosgphila
MZT are conserved. While subtle differences in early embryonic development were observed in
comparisons among haploid, diploid, and triploid embryos, in all cases embryos cellularize at cell
cycle 12. When ZGA was inhibited, both diploid female, and haploid male, embryos went through
12 syncytial divisions and failed to cellularize before dying without further divisions. We also
found that key players of the Drosophila MZT are conserved in Nasonia but have novel expression
patterns. Our results suggest that zygotically expressed genes have a reduced role in determining
the timing of cellularization in Nasonia relative to Drosophila, and that a stronger reliance on a
maternal timer is more compatible with species where variations in embryonic ploidy are
obligatory.
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Introduction

The transition from the maternal to zygotic control of development is conserved in all
multicellular eukaryotes. In early animal development, maternal mRNAs and proteins are
loaded into a developing egg (Matova and Cooley, 2001). These maternally deposited
products include basic components for the initial mitoses and patterning events that take
place shortly after egg activation (Tadros and Lipshitz, 2009). In many animals, a large
fraction of protein-coding maternal RNAs are degraded during different stages of
embryogenesis. Some of these maternal products also include repressors of the zygotic
genome, which begin to be eliminated preceding zygotic genome activation (ZGA) (Schier,
2007).
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A well-known explanation for this phenomenon is the nucleocytoplasmic (N/C) ratio model.
In this model, zygotic transcription is repressed by maternally deposited factors, whose
presence is diluted by the increase of DNA with each successive nuclear division. (Edgar et
al., 1986; Pritchard & Schubiger, 1996; Zamir et al., 1997). This has been observed in
vertebrate and invertebrate models, where an increased N/C ratio will result in a premature
ZGA (Collart et al. 2013; Edgar et al., 1986; Kane & Kimmel, 1993; Mita & Obata, 1984).
Conversely, decreasing the N/C ratio results in a delayed ZGA (Collart et al., 2013; Erickson
and Quintero, 2007).

The N/C ratio model has been studied extensively in Drosophila. The maternal products in
the Drosophila embryo drive 13 rapid, simultaneous, syncytial nuclear divisions, each
comprised of only an M and S phase (Edgar & O’Farrell, 1989; Foe & Alberts, 1983;
Rabinowitz, 1941). As these early divisions proceed, the cell cycles gradually lengthen,
eventually allowing enough time for more and more zygotic genes to be completely
transcribed (Rothe et al., 1992). By the final syncytial division, there is a pause, which
coincides with the activation of a large number of zygotic genes including many involved in
cellularization and gastrulation of the embryo.

Evidence that timing of these events is related to the N/C ratio comes from Drosophila
embryos of different ploidy. Haploid Drosophila mutants undergo an extra simultaneous
nuclear division before completing cellularization at cell cycle 15, whereas triploid
Drosophila mutants cellularize precociously at cell cycle 13 (Edgar et al., 1986; Erickson &
Quintero, 2007; Shermoen et al., 2010). It has recently been shown that it is the amount of
transcriptionally engaged DNA, rather than simply the amount of DNA in cell that serves as
the numerator in the N/C ratio (Blythe and Wieschaus, 2015).

The N/C ratio also influences the timely expression of cell cycle regulators in Drosophila. In
wild-type fly embryos, the destruction of maternally derived protein of the Cdc25
phosphatase homologs String and Twine is necessary for the inhibitory phosphorylation of
Cdk1 kinase, which critical for the introduction of a G2 phase at the end of cell cycle 14
(Edgar & O’Farrell, 1990; Farrell & O’Farrell, 2013). String mRNA and protein levels
gradually decline during the early syncytial divisions, while Twine protein is rapidly
degraded at cell cycle 14 (Edgar & O’Farrell, 1990; Farrell & O’Farrell, 2013) . The
degradation of Twine is carried out by tribbles and other zygotically activated genes, whose
timely expression is dependent on the N/C ratio (Farrell and O’Farrell, 2013). The N/C ratio
also affects the timely expression of fruhstart (frs), which is required for the cell-cycle pause
in the last syncytial division(Jérg Grophans et al., 2003; Lu et al., 2009a). In haploid
Drosophila mutants, the decrease in the N/C ratio leads to delayed activation of frufistartand
tribbles by one nuclear cycle, resulting in an additional syncytial division prior to
completing cellularization due to the delayed destruction of Twine protein (Farrell &
O’Farrell, 2013; Mata et al., 2000).

A second set of zygotic genes in Drosophila are activated irrespective of the N/C ratio (Lu et
al., 2009). These genes are thought to be controlled by a maternal timing mechanism,

referred to as the ‘maternal clock’, and their expression is dependent upon the destruction of
maternal repressors (Howe et al., 1995; Lee et al., 2014). There is evidence that suggests the
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SAM domain containing RNA binding protein Smaug (Smg) and the transcription factor
Zelda (ZId) may act as components of this timer (Tadros et al., 2003). Upon egg activation,
Smaug employs multiple mechanisms to destabilize almost two-thirds of the maternal RNAs
present in the early embryo, and clearance of these maternal mMRNAs is required for zygotic
genome activation (Benoit et al., 2009; Semotok et al., 2005; Smibert et al., 1999; Tadros et
al., 2007a). Zelda works in concert with Smaug to activate thousands of zygotic genes, many
of which are classified as genes that follow the ‘maternal clock’ model. A loss of either
Smaug or Zelda sustains repression of the zygotic genome (Liang et al., 2008; Nien et al.,
2011; Tadros and Lipshitz, 2009; Tadros et al., 2007a; Benoit et al., 2009).

The relative roles of N/C ratio or maternal timer are not well characterized in insects outside
of Drosophila. A particularly interesting group of insects to examine are the Hymentopera,
all of which use haplodiploid sex determination. In this mode, unfertilized eggs develop into
haploid males and fertilized eggs develop into diploid females (J.A. Lynch, 2015; Verhulst et
al., 2010). In this study, we set out to understand how the obligate difference in ploidy
affects early development, and which aspects of the Drosophila MZT are conserved in the
haplodiploid wasp, Nasonia vitripennis.

We found that Masonia male and female embryos cellularize at cell cycle 12, irrespective of
differing N/C ratios. Artificially increasing ploidy did not affect cell cycle number prior to
cellularization. Obstructing zygotic transcription by injecting RNA polymerase Il inhibitor,
a-amanitin, in unfertilized and fertilized embryos prevented cellularization at cell cycle 12,
with no observable changes in preceding events. Many of the key players of the Drosophila
MZT are conserved in the wasp but have novel expression patterns that do not differ
between male and female embryos.

Overall, our results indicate that the zygotic genome plays a relatively small role in
establishing the onset of cellularization in relation to the number of syncytial divisions in
Nasonia. This may indicate that a system relying more strongly on a maternal timer is more
compatible with embryos where ploidy is obligately variable.

Results and Discussion

We live-imaged and analyzed the development of male and female embryos through
gastrulation. Similar to Drosophila, the early cleavage stages are short, but get increasingly
long as cellularization approaches (Fig. 1), with gastrulation occurring as the embryo
finishes cellularizing. Both haploid and diploid embryos cellularized at cell cycle 12(Fig.
1,Movie S1, S2), confirming the previous proposition (Buchta et al., 2013). While there
were subtle differences in cell cycle length, we observed that the completion of the final
syncytial division took longer as ploidy increases (Fig. 1).

We next wondered whether the sex determination pathway could act to “correct” the
differences in ploidy between the sexes. We are able to control the phenotypic sex of
embryos by knocking down the gene Nv-transformerby pRNAI, (Lynch & Desplan, 2006)
which prevents the establishment of a feedback loop necessary to establish femaleness in
diploid embryos.. Thus, Nv-transformerknockdowns will produce diploid males from
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fertilized eggs. (Verhulst et al., 2010). If there were a female-specific factor involved in
preventing cellularization of the embryo one cycle earlier than haploid male embryos (as
would be expected if the N/C ratio had a role in the wasp), we would expect diploid males to
cellularize after cycle 11. We live-imaged diploid, male embryos alongside control, haploid
male embryos from Nv-transformer injected virgins. All embryos cellularized at cell cycle
12 (Movie S3). This shows that timing of cellularization in diploids is not dependent on
female sex determination.

We also considered that since Hymenoptera are obligate haplodiploids, they may have
evolved mechanisms to stabilize the number of cycles so that they are equal between the
sexes. We asked whether manipulating the ploidy could overcome any naturally occurring
compensatory mechanisms. To create triploid wasps, we allowed a subset of the diploid,
male embryos (created as described above) to develop to adults and crossed them to
wildtype females. Since there is no meiosis | in male Nasonia, all of the sperm will be
diploid, and all fertilized eggs will yield triploid females (Pennypacker, 1958). Embryos
from this cross were live-imaged through the onset of gastrulation and triploid females were
confirmed by performing Nv-transformer RT-PCR to confirm the sex of each individual
embryo. All embryos, including the confirmed triploid females, cellularized at cell cycle 12
(Fig. 1, Movie S4). One notable difference was that the triploid female embryos completed
cellularization, 20 minutes earlier compared to wildtype diploid and haploid embryos, on
average (Fig. 1).

We did find that one trait that seemed to vary in direct relation to ploidy of the embryo. In
Nasonia, the entry into nuclear cycle 12 is observed as an anterior to posterior wave. This
wave was 1.5% longer in triploid embryos than in diploids, and 4.1x longer than in haploids.
Diploid embryos took approximately 2.6x longer than haploids.

We next asked whether other processes are different between haploid and diploid embryos. It
could be that development is buffered enough to initiate cellularization at the same time
regardless of ploidy, while earlier processes may be more affected. Nuclear localization of
activated RNA polymerase Il has been used as a proxy for the onset of zygotic transcription
(Nestorov et al., 2013). We examined the distribution of activated RNA polymerase (CTD
phospho-serine S5) throughout early embryogenesis in both males and females. While CTD
phospho-serine S2 antibodies (ab24758 and ab5095) are more commonly used to assess the
onset of zygotic transcription (Chen et al., 2013; Nestorov et al., 2013), we did not see a
successful cross-reaction in Masonia. With a CTD phospho-serine S5 antibody (ab5408), we
found nuclear localized active RNA polymerase 1l is found at all cycles in both sexes (Suppl.
Fig. 1a-f;a’-f"). Many embryos in early stages showed nuclear exclusion of the antigen
(Suppl. Fig. 1d-d”), but we interpret these as reflecting mitotic state of the nuclei, which is
rapidly changing in the earliest stages. The specificity of the antibody used is supported by
the conserved reduction in staining in the transcriptionally quiescent pole cells (Suppl. Fig.
1g-g”). The very early onset of zygotic transcription is not unprecedented. Zygotic
transcription in insects such as the potato beetle is found as early as the first division
(Schenkel and Schnetter, 1979), and in Drosophila, the first zygotic transcripts are detected
as early as the second nuclear division.
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Given the ambiguity of the result with RNA polymerase I1, we considered that histone
modifications might better reveal the onset of significant zygotic transcription. We examined
the pattern of methylation of lysine 9 on histone H3 (H3K9Me3), which indicates chromatin
in a repressed state. This mark was present in all nuclei from the very early cleavage stages,
through the blastoderm, and was identical for male and female embryos (Fig. 2a’-c”).

Acetylation of lysine at position 27 of histone H3 (H3AcK27) (Fig. 2d-g;d’-g"), indicates
the presence of active promoters and enhancers (Creyghton et al., 2010). Staining of an
antibody against this mark was first observed at nuclear cycle 7, when nuclei have arrived at
the surface of the embryo (Fig. 2e”). There was no difference between male and female
embryos. Thus, we propose that chromatin becomes “open for business” as soon as the
syncytial blastoderm forms, and that ploidy has no influence on this event.

We next examined the Nasonia ortholog of two crucial genes that are affected differentially
by the N/C ratio in setting the time of cellularization in Drosophila. The paralogous genes
string and twine are Drosophila orthologs of the cell cycle regulator Cdc25 that promote
mitosis by removing inhibitory phosphates on Cdk1. Only a single ortholog (Nv-string) of
these genes exists in Masonia and most other insects. Nv-string mRNA is provided
maternally and is rapidly degraded in the early syncytial cycles (Figure 3a-d;a’-d"). Nv-
string MRNA levels begin to rise again at the late blastoderm stage (Figure 3c), and are at
very high levels just after the onset of gastrulation (Figure 3d). This pattern is similar to
what is seen in Drosophila (Edgar & O’Farrell, 1990; Lehman et al., 1999). Knocking down
maternally derived Nv-string with pRNAI did not affect early mitoses, or the timing of
cellularization in either males or females (Movie S5). We cannot exclude an incomplete
knockdown as the reason for a lack of phenotype at present (Fig. S2).

Tribbles is an important regulator of Twine protein, and is an important zygotic component
that orchestrates the timing of cell cycle pausing in response to the N/C ratio (Farrell and
O’Farrell, 2013; Mata et al., 2000). Nv-tribblesis maternally provided as mRNA, with levels
again decreasing in the early cycles, before rising again just before gastrulation (Fig. 4e).
The onset of zygotic expression of Nv-tribbleswas during cell cycle 12 in both haploid and
diploid embryos. The zygotic pattern of Nv-tribbles not completely uniform, but rather is
modulated along the AP axis in broad bands (Fig. 4a-a"). Slightly later, we observed strong
expression in the presumptive head (Fig. 4b-b”), similar to Mv-tailless (J. A. Lynch et al.,
2006). Just before gastrulation, most dorsal and ventral expression disappears, with strong
staining remaining in the ventral ectoderm flanking the presumptive mesoderm (Fig. 4c-d, ¢
’-d"). The conspicuous absence of NVv-tribbles in this region is interesting, as Drosophila
tribbles is upregulated in the mesoderm, and plays an important role in delaying mitosis in
the mesoderm during gastrulation which is crucial for its proper morphogenesis (Grophans
& Wieschaus, 2000). This observation fits an emerging pattern, where several genes required
for Drosophila mesoderm morphogenesis are restricted to the ventral neuroectoderm in
Nasonia (Pers et al., 2016). Knockdown of Nv-tribbles was only effective against the
maternal contributions (Suppl. Fig. 2), while zygotic levels increased to be close to normal
(not shown). This partial knockdown did not affect the timing of cellularization in either
male or female embryos (Movie S6).
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fruhstart, another gene whose expression responds to the N/C ratio in Drosophila(Sung et
al., 2013) has no clear orthologs outside of the Diptera, and was thus not examined here.

Zelda is a potentially important component of the N/C ratio sensing system, and could also
be vital in the N/C independent mechanism. It is a transcription factor that binds to the
enhancers of most of the genes expressed during the MZT and is required for their proper
expression (Harrison et al., 2011). In addition, some ze/da embryos undergo an additional
division prior to cellularization (Liang et al., 2008; Sung et al., 2013). There is a maternal
mRNA contribution of Av-zelda, which is degraded in the early cycles (Fig. 5a-a’, 6f). Nv-
zelda is strongly upregulated in the syncytial blastoderm stages. It is initially ubiquitous,
with a visible upregulation in the middle of the embryo (Fig. 5b-b”). It later shows
modulation along the AP axis in stripe-like patterns (Fig. 5c-e,c’-e”), and is also strongly
downregulated on the dorsal side where the extra-embryonic membranes will form (Buchta
et al., 2013). RNAI against Nv-zelda does not affect the number or timing of nuclear cycles
in either haploid or diploid embryos, however, neither cellularization, nor gastrulation occur
(Figure 6a-a’, Movie S7), indicating that targets of these processes may be conserved
between Nasoniaand Drosophila.

To this point, we could find no evidence that the N/C ratio plays any role in the timing of
early embryonic events in Nasonia. To exclude that another, unknown zygotic factor plays a
role in controlling the onset of cellularization, we prevented zygotic transcription in
collections of unfertilized (100% male) and mostly fertilized (>90% female) embryos by
injecting them with the RNA polymerase Il inhibitor, a-amanitin. While water-injected
embryos of both sexes cellularized after cell cycle 12, all a-amantin —injected embryos
injected underwent 12 divisions then failed to cellularize before dying (Figure 7a-b,a’-b").
Since the number of divisions is not affected in either haploid or diploid embryos when
zygotic transcription is inhibited, the number of divisions in the Masonia embryo apparently
is not dependent on the zygotic genome.

A maternally based system has been proposed as an alternative, or complement to the N/C
ratio, and the RNA binding protein Smaug has been proposed to be at the center of this
system. It is thought to act by destroying maternal mMRNAs over the course of early
development, which releases repression of the zygotic genome (Lee et al., 2014; Tadros et
al., 2007b). This is in parallel to the function of Zelda in preparing the zygotic genes for
later expression. As in Drosophila, Nv-smaug is provided at high levels maternally and
transcript levels rapidly decrease during the early nuclear divisions(Tadros et al., 2007b)(Fig.
8e). Nv-smaug is almost absent by the blastoderm stage (Fig. 8a-d,a’-d"). Nv-smaug pRNAI
leads to major disruption of early embryogenesis, including many embryos where nuclei
were not maintained at the cortex, and embryos that do not complete the final two
blastoderm divisions (Fig. 6b-b”, Movie S8). This is very similar to the smaug phenotype in
Drosophila (Dahanukar et al., 1999), further confirming the conserved role of Smaug in
insect embryo early development (Lynch & Desplan, 2010).
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Conclusions

Our experiments revealed that the N/C ratio does not affect the number of divisions prior to
cellularization and that a maternal program likely controls the number of syncytial divisions
in early embryonic Nasonia development. When zygotic transcription in Nasonia is
inhibited, the embryo experiences its 12 normal nuclear divisions and fails to cellularize.
This is different from Drosophila, where fly embryos will experience an additional rapid
division prior to failing cellularization. Additionally, when the ploidy of the Drosophila
embryo is artificially manipulated, the number of syncytial divisions prior to cellularization
will differ — with triploids cellularizing precociously by one cycle and haploids completing
cellularization one cycle later. While triploid NMasonia embryos experience the same number
of divisions prior to cellularization and gastrulation, they cellularize and begin to gastrulate
after a shorter time spent in cycle 12 than their diploid and haploid counterparts. This may
be due to higher levels of zygotic gene expression, that allows a shift in clock-timing (as
opposed to relative developmental time).

Our observations have established that the role of the N/C ratio in regulating the major
events of early embryogenesis in NMasonia is unclear. What can account for this major
difference in Drosophila? There is unlikely to be a single answer for this, given that the
major processes, such as cellularization, cell cycle pausing, and ZGA, seem to be affected
distinctly by a maternal timer and/or the N/C ratio(Benoit et al., 2009; Jorg et al., 2003;
Rose & Wieschaus, 1992). Despite this, our results lead to hypotheses about the nature of
the MZT in Nasonia and how this process could change in the course of evolution.

The explanation for why haploid Masoniaembryos do not undergo an additional round of
division may be straightforward. In the absence of zygotic transcription, the Drosophila
embryo undergoes one extra rapid division before development arrests. This implies that the
maternal contribution that drives early divisions is sufficient for up to 15 mitoses, while
normally the embryo only undergoes 14, presumably due to the influence of zygotic gene
expression(Edgar & Datar, 1996). In contrast, Nasonia embryos lacking zygotic gene
expression undergo 12 divisions before arrest, which is also the number of divisions
haploids, diploids, and triploids undergo prior to cellularization. This suggests that the
Nasonia maternal contribution may not allow additional cycles, regardless of ploidy, while
the Drosophila system can drive an extra division if the proper signals from the zygotic
genome are not present.

The evolutionary significance of the latent capability to undergo an extra division before
cellularization is unclear. It is unlikely to be relevant in natural populations of Drosophila,
because haploid embryos do not survive, possibly because of the doubled number of cells
interfering with later developmental events. Thus, this excess provision of maternal
components appears to be a waste of maternal resources. We propose that the apparent
surplus of maternal contribution might be important in driving the exceptionally rapid early
divisions in Drosophila, and that the potential for an extra division is an unintended
consequence of this adaptation for speed. Since ploidy is normally constant and dependable
in Drosophila, the potential extra division made possible by the larger maternal contribution
is routinely avoided by the action of the zygotic genome.
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On the other hand, every egg produced in Nasonia has the potential to develop into either a
haploid male or a diploid female, and therefore, the potential for an extra (and potentially
lethal) division in the case of a low N/C ratio must be avoided. Thus, we propose that the
restricted maternal contribution in Masonia should be seen as a trade-off between the speed
of early development and the insurance of routine viability of both haploid and diploid
embryos. Consistent with this, the cleavage divisions in Nasonia are significantly slower
than Drosophila, and it is these early divisions that make up the major difference in
embryonic developmental time between the species (Pultz and Leaf, 2003).

The explanation for why triploid Nasoniaembryos do not cellularize prematurely is also still
elusive. The simplest explanation is that the cell cycle pause and onset of cellularization do
not have significant input from the N/C ratio in the wasp. Rather, the exhaustion of the
limited maternal contribution provides the “signal” for the cell cycle pause and allows the
subsequent activation of zygotic genes required for cellularization and gastrulation.
Formally, there is no requirement for an N/C based system if there is a robust maternal timer
present. Thus, we propose that the important role for the N/C sensitive system in Drosophila
is to counteract the oversupplied maternal system's tendency to drive a deleterious extra
cleavage cycle. If this is the case, then the question of how widespread the role of the N/C
ratio in regulating early embryonic events arises. It could be that a reliance on the N/C ratio
is a feature of organisms with extremely rapid early development driven by strong maternal
contribution. This describes the main exemplars of N/C ratio dependence (Drosophila,
Xenopus, Danio) quite well, but may not be a feature universal to animals.

Given that there are still major open questions in understanding the N/C based system in
Drosophila and that the maternal timer is not well understood (Farrell and O’Farrell, 2014),
it will clearly take much further work to understand how the transition from maternal to
zygotic control takes place in NMasonia. One approach must include identifying the genes that
are up and down regulated as development proceeds in the wasp. Such an experiment was
performed in the haplodiploid honeybee Aprs (Pires et al. 2016). Their results indicate that
much of the early control of the MZT is conserved with flies (except an earlier onset of
zygotic transcription), and only seemingly minor differences exist between haploids and
diploids (Pires et al., 2016). This only deepens the mystery, and we propose that the ability
to easily test gene functions, along with new transcriptomic resources will allow us to begin
to unravel the timing of early developmental events in obligate haplo-diploids.

Embryo collection

All Nasonia vitripennis embryos were collected and fixed as described by Buchta et al.,
2013.

Fluorescence In-situ Hybridization and Immunohistochemistry

In-situ hybridization for AMv-smaug, Nv-tribbles, Nv-string, and Nv-zeldawere carried out as
formerly described in (Lynch et al., 2010, Buchta et al., 2013). In short, we used
digoxigenin-labeled probes, which were prepared from PCR amplicons containing T7 RNA
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polymerase transcriptional start sites. The probes were detected by anti-
dig(x02237)POD(Roche, 1:100), and the antibody was detected using Alexa Fluor 488
Tyramide (Invitrogen) as a substrate, which yielded a fluorescent signal.

Immunohistochemistry

Whole embryo immunohistochemistry was performed as described in (Lynch et al., 2010).
The antibodies we used in these experiments were: H3me3K9 (abcam ab8898) 1:500,
H3AcK27 (ab4729) 1:500, and phosphoS5 RNA polymerase 11 (4h8, ab5408) 1:500.
Secondary antibodies used in this experiment were anti-rabbit(x02237)DyLight 549
(DyLight 1549,1:500).

Parental RNAI

Nasonia vitripennis pupae were injected with 1ug/ul double-stranded RNA (dsRNA) for Nv-
smaug, Nv-zelda, Nv-tribbles, Nv-Transformer, and Nv-string as described in (Lynch and
Desplan, 2006). RNAI of maternally expressed Nv-smaug and Nv-zelda genes resulted in
embryonic lethality. All embryos were live-imaged on an Olympus BX-80 inverted
microscope fitted with a Prior controllable stage, under 30x silicone immersion and DIC
optics.

Timing Nasonia embryonic divisions

All embryos were live imaged as described above. Each pre-blastoderm embryonic division
is observed as a pulse in the embryoplasm. To measure the pre-blastoderm divisions, we
measured the minutes in between the apex of one pulse to the apex of the next. During the
blastoderm stages, the nuclei are clearly visible at the surface of the embryo. We measured
the minutes in between nuclei re-formation and collapse for each blastoderm stage. The
divisions and timings were counted before sexing the embryos.

Alpha-amanitin Embryo Injections

gRT-PCR

We collected 0-1hour Nasonia vitripennis male and female embryos, glued them on a
coverslip, and desiccated them for 20 minutes. Embryos injected with 8ug/mL of alpha-
amanitin (as described in Edgar et al., 1986) under Halocarbon-200 oil were live-imaged as
above.

We collected and performed TRIzol RNA extractions on AMasonia embryos at the following
times/stages: 0-2hour (pre-blastoderm, nuclear cycles 0-7), 2-4hour (early/middle
blastoderm, nuclear cycles 8-10), and 4-6hour (late blastoderm, nuclear cycles 11-12, and
through the onset of gastrulation). Using the Protoscript First Strand cDNA synthesis kit
(NEB 6300I), we used anchored oligo-d(T) primers to reverse transcribe 40ng of RNA to use
in qRT-PCR for the four MZT genes of interest (NMv-smaug, Nv-zelda, Nv-string, and Nv-
tribbles) using rpo-49as a control. These anchored oligo-d(T) primers will always bind to
the beginning of the poly-A tail, increasing the likelihood that maternal and zygotic
transcripts with varying poly-A tail lengths will be reverse transcribed. The data was
analyzed using the delta-delta Ct method (Livak and Schmittgen, 2001). Ct values were
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Ploidy manipulation

Primer List:

ZeldaF ggccgcggTAGTAGGCCAGAGCCAAATG
ZeldaR cccggggcACTTTTTCTTGTGCGTCTCG
SmaugF ggccgcggagttcaggctcgatttettg

SmaugR cccggggcggagacgtagegttttaage

TribblesF ggccgcggTTCGGTATCATAGTCGAGCG
TribblesR cccggggc TATCATTTTCGGGGTACGCA
StringF ggccgeggTTCAACGAGCTCATCGACAT
StringR cccggggcGATGAGTCGAGAGAGGGTCT
RT_Smaug_F AGCGCACCCAGAGACAACTT
RT_Smaug_R GCACAGCGACTCCAAACGAG
RT_Zelda F CCCATAATGGCGGGAGTGGT
RT_Zelda R ACGGCTGATGAGGCATCGAA
RT_String_F AGCCTATCCTCCGGCTACGA
RT_String_R ATGGGCTTCTCCTCGCTGTC
RT_Tribbles_ F AGTCATAACCGCGTGAGCCA
RT_Tribbles R TCTTCTCGTCGCACTCGCAT
RT_Transformer_F GACCAAAAGAGGCACCAAAA
RT_Transformer_ R GGCGCTCTTCCACTTCAAT

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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normalized to 0-2 hour embryos. Each gRT-PCR was performed on a pool of 30 embryos,
and three technical replicates were performed on this pooled cDNA in the same run.

We used females from a grey eye-color line (oyster) of Nasonia, denoted as Nasonia®/’®.
These females were injected with dsSRNA targeting Nv-transformerand crossed to males
with wildtype, brown eye color. Diploid males will express the dominant brown eye-color
allele donated from their fathers. The diploid males were then crossed to wildtype females to
generate triploid females. We confirmed the sex of each individual embryo that we live-
imaged (see Parental RNAI above) by using RT-PCR by looking at the presence of the sex-
specific splice isoforms of Nv-transformer.
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Fig. 1. Timing of syncytial nuclear divisions

Each row represents the timing between syncytial nuclear division in minutes. Top row, male
haploid embryos. Middle row, female diploid embryos. Bottom row, female triploid
embryos. (N=9 for n male, N=9 for 2n female, N=5 for 3n female). One asterisk (*) denotes
significant difference p<0.05 between haploid comparisons. Two asterisks (**) denotes
significant difference p<0.05 between diploid comparisons. Three asterisks (***) denotes
significant difference p<0.05 between triploid comparisons. Purple boxes denote wave of
nuclear division that was only observable in the last nuclear division preceding
cellularization.

Genesis. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arsala and Lynch

Page 15

Fig. 2. Patterns of Histone modification in the Nasonia embryo
a-g White, DAPI (DNA). Figa’'-c” red, anti-H3Me3K9 marks repressive chromatin. (a-a”)

Embryo in division cycle 5. Anti-H3Me3K9 staining is seen in all nuclei. (b-b") Embryo in
division cycle 9. (c-¢”) Embryo in division cycle 12. Fig D-G White, DAPI (DNA) Fig d’-g”
red, anti-H3AcK27 marks active enhancers and promoters. (d-d”) Embryo in division cycle
6 does not show any Anti-H3AcK27 staining. (e-e”) Embryo in division cycle 7 shows
nuclear staining of Anti-H3AcK27. (f-f") Embryo in division cycle 11. (g-g”) Embryo in
division cycle 12 shows increased levels of of Anti-H3AcK27 nuclear staining at the anterior
and posterior poles of the embryo.
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Fig. 3. Expression of Nv-stg

a-d White, DAPI (DNA). a’-d” green, NVv-stg mRNA. (a-a”) Embryo in division cycle 1.
Nv-string mRNA is maternally loaded and is ubiquitous throughout the embryo. (b-b")
Embryo in division cycle 12. Maternal Nv-string mRNA is lost. (c-¢”) Embryo in late
division cycle 12. Zygotic Nv-string is first seen. (d-d”) Gastrulation. Nv-string mRNA is
seen in all nuclei. (e) qRT-PCR of Nv-string normalized to housekeeping gene, Rpo49.
Maternal Nv-string levels steadily decrease throughout the syncytial stages. 0-2 hours is
representative of pre-blastoderm embryos; 2-4 hours is representative of middle blastoderm
embryos; 4-6 hours is representative of late blastoderm and cellularized embryos.
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Fig. 4. Expression of Nv-trbl
a-d White, DAPI (DNA). Figa'-d” green, Nv-trb/ mRNA. (a-a’, b-b”) Male and female

embryos at division cycle 12. Zygotic AMv-trb/ mRNA is expressed at the anterior
presumptive head and along broad bands across the anterior-posterior axis. (c-¢’) Embryo at
the end of division cycle 12, just prior to gastrulation. Zygotic Mv-trb/ mRNA is upregulated
in the ventral ectoderm. (d-d”) Embryo at the onset of gastrulation. Zygotic Nv-trb/ flanks
the mesoderm. (e) gRT-PCR of Av-trb/normalized to housekeeping gene, Rpo49. Maternal
Nv-trbl levels decrease throughout the early syncytial stages and zygotic Av-trbl expression
is upregulated in 4-6 hour embryos. 0-2 hours is representative of pre-blastoderm embryos;
2-4 hours is representative of middle blastoderm embryos; 4-6 hours is representative of late
blastoderm and cellularized embryos.
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Fig. 5. Expression of Nv-zd
a-d White, DAPI (DNA). a’-d” green, Nv-zld mRNA. (a-a") Maternal Nv-z/d mRNA is

distributed evenly throughout the 2-nuclei staged embryo. (b-b”) At early cell cycle 12,
zygotic Mv-z/d mRNA is upregulated in the middle of the embryo. (c-¢”) During the middle
of cell cycle 12, Zygotic Nv-z/d mRNA is expressed in stripe-like patterns along the AP
axis. (d-d") At the end of cell cycle 12, Nv-z/d mRNA is excluded from the dorsal side of
the embryo and is downregulated at the pole of the embryo. (e-e”) At the onset of
gastrulation, Mv-z/d'is excluded from the dorsal side of the embryo and is present in
modulating stripes along the anterior-posterior axis. (f) gRT-PCR of Av-z/d normalized to
housekeeping gene, Rpo49. Maternal Av-z/d levels decrease throughout the early syncytial
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stages and zygotic Mv-z/d expression is sharply upregulated in 4-6 hour embryos. 0-2 hours
is representative of pre-blastoderm embryos; 2-4 hours is representative of middle
blastoderm embryos; 4-6 hours is representative of late blastoderm and cellularized
embryos.
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Fig. 6. Liveimaging Nv-Zd and Nv-smg pRNAI

(a-a") Nv-zId RNAI embryo fails to cellularize and gastrulate compared to WT embryo. (b-b
") Nv-Smg RNAIi embryos fail to maintain anchoring of their nuclei to the cortex and
cellularize, as compared to WT.
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Fig. 7. Live-imaging of a-amanitin injected embryos

Live-imaging screenshots of alpha amanitin injections in female (a-a") and male (b-b")
embryos. (a) Water-injected female embryo cellularized at cell cycle 12. (") a-amanitin
injected female embryo failed to cellularize at cell cycle 12. (b) Water-injected male embryo
cellularized at cell cycle 12. (b’) a -amanitin injected male failed to cellularize at cell cycle
12.
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female

female

Fig. 8. Expression of Nv-smg

a-d White, DAPI (DNA). Figa’'-d” green, Nv-smgmRNA. (a-a’, b-b”) Maternal Av-smg is
evenly distributed throughout 2-nuclei male and female embryos. (c-¢”, d-d”) Male and
female embryos at cell cycle 12, respectively. Dashes outline the embryo in which Nv-smg
expression is lost. (e) Maternal AVv-smg decreases sharply throughout the syncytial divisions.
0-2 hours is representative of pre-blastoderm embryos; 2-4 hours is representative of middle
blastoderm embryos; 4-6 hours is representative of late blastoderm and cellularized
embryos.
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