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Cyclin-dependent kinases (CDKs) are central regulators of eukaryotic cell cycle progression. In contrast to interphase
CDKs, the mitotic phase CDK1 is the only CDK capable of driving the entire cell cycle and it can do so from yeast to
mammals. Interestingly, plants and the marine chordate, Oikopleura dioica, possess paralogs of the highly conserved
CDK1 regulator. However, whereas in plants the 2 CDK1 paralogs replace interphase CDK functions, O. dioica has a full
complement of interphase CDKs in addition to its 5 odCDK1 paralogs. Here we show specific sub-functionalization of
0odCDK1 paralogs during oogenesis. Differential spatiotemporal dynamics of the odCDK1a, d and e paralogs and the
meiotic polo-like kinase 1 (Plk1) and aurora kinase determine the subset of meiotic nuclei in prophase | arrest that will
seed growing oocytes and complete meiosis. Whereas we find odCDKle to be non-essential, knockdown of the
odCDK1a paralog resulted in the spawning of non-viable oocytes of reduced size. Knockdown of odCDK1d also resulted
in the spawning of non-viable oocytes. In this case, the oocytes were of normal size, but were unable to extrude polar
bodies upon exposure to sperm, because they were unable to resume meiosis from prophase | arrest, a classical
function of the sole CDK1 during meiosis in other organisms. Thus, we reveal specific sub-functionalization of CDK1

paralogs, during the meiotic oogenic program.

Introduction

The cyclinB-CDK1 (Maturation Promoting Factor; MPF)
complex is a focal regulatory module during both mitosis and
meiosis." Release from metazoan, meiotic, prophase I primary
arrest in immature oocytes can be viewed as similar to the G2-M
phase transition in mitosis,> in that both require activation of
the cyclinB-CDK1 kinase. The activities of MAPK and polo-like
kinase (Plk1) are also integral to the meiotic cycle.? “4 While the
oocytes of some animals, such as nematodes, only undergo
the primary prophase I arrest, additional intricacy in the meiotic
regulation of CDK1 activity can be imposed by a secondary arrest
at metaphase I (many invertebrates), metaphase II (most verte-
brates) or the post-meiotic G1 phase (sea urchins and starfish).”
Further constraints on the spatiotemporal regulation of CDK1
activity are required in cases where meiotic nuclei in immature
oocytes share a common cytoplasm with endocycling nurse
nuclei, dedicated to generating the maternal components stocked
in the oocyte. In Drosophila, 15 endocycling nurse nuclei share
the ovariole with a single meiotic nucleus,” whereas in the uro-
chordate, Oikopleura dioica, thousands of nurse and meiotic
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nuclei share a common cytoplasm, in a 1:1 ratio, in one giant
cell, the coenocyst.*” Absence of CDKI1 activation during entry
into, and maintenance of, endocycles in vertebrates and Drosoph-
ila is required to prevent M-phase entry.®"!
CDKI activity is also required in meiotic prophase I arrest.
On the other hand, CDKI1 is required for resumption of meiosis
from prophase I arrest and once activated,”'> maintains meiotic
progression until completion of anaphase I1.%'® Thus, though

Inactivation of
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both meiotic arrest and endocycles depend on the inhibition of
CDK1 activity, additional spatiotemporal regulatory finesse may
be necessary to coordinate events around the increase in CDK1
activity required to drive resumption of meiosis, in cases where
such different cell cycles share a common cytoplasm.
Centrosomal, microtubule organizing centers (MTOCs) at
the mitotic spindle poles are essential in enabling correct sister
chromatid separation during mitosis and meiosis and a number
of mitotic kinases, including CDK1, and Plk1, localize to spindle
poles prior to nuclear envelope breakdown (NEBD). Daughter
cells then inherit one MTOC each, which duplicates during
interphase in a process known as the centrosome cycle.'” Orthog-
onally paired centrioles are a usual component of centrosomes,
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but in vertebrate oocytes the centrioles are lost, a mechanism that
ensures inheritance of a pair of centrosomes from sperm. In this
case, acentriolar MTOCs coordinate asymmetric cell divisions
producing oocyte polar bodies.'®?° To our knowledge, the pres-
ence of CDKI1 on meiotic centrosomes has not been directly
demonstrated. Nonetheless, protein kinase B, implicated in the
initial activation of CDKI1 in mouse oocytes, has been found to

1
Furthermore,

localize to acentriolar meiotic centrosomes.”
though not specifically identified as centrosomes at the time,
cyclin B1 localizes to centrosome-like structures adjacent to the
nuclear envelope just prior to germinal vesicle breakdown
(GVBD) in mouse oocytes.22

Given that endocycles involve inactivation of CDK1, and that
O. dioica extensively employs endocycles in development, pat-

,23-25 -
6.23-25 1t was sur-

terning, rapid growth and the female germline,
prising to find that it is the only metazoan known to possess
more than one CDKI1 paralog.”® An unusual feature is that none
of the 5 odCDKI1 paralogs possesses a perfect PSTAIRE motif,
which is invariant in known CDK1s of other metazoans. Several
odCDKI1 paralogs possess a proline substitution that mimics
plant CDK1 homologs (CDKBs),”” and all odCDK1 paralogs
share an alanine to serine substitution at position 4 of the
PSTAIRE motif (e.g. odCDKla: PSTSIRE) that mimics
the PLSTIRE motif of vertebrate CDK6. Transcripts for the
0odCDKla, b and ¢ paralogs are present throughout the life cycle,
including stages predominated by endocycles, whereas odCDK1d
and e paralogs are essentially limited to expression in maturing
females and early embryos.’® The strong enrichment of
odCDKI1d and e paralog expression in maturing females, con-
trasts a modest enrichment of odCDKI1b and ¢ paralogs in
maturing males. The odCDK1a paralog exhibits a slight enrich-
ment in expression in maturing females as opposed to maturing
males.

Here we have investigated the roles of the odCDK1a, d and e
paralogs during coenocystic oogenesis in O. dioica. Previous stud-
ies have shown that the female germline initially undergoes syn-
cytial mitotic nuclear divisions from metamorphosis to day 3 of
the life cycle yielding between 10°~10% nuclei.®”*® At this point
(phase P1), female germline nuclei undergo fate differentiation
to generate a 1:1 ratio of asynchronously endocycling nurse
nuclei and meiotic nuclei in prophase I. Each meiotic nucleus
seeds a small pro-oocyte, connected to the general coenocyst
cytoplasm by a ring canal. During phase P2, meiotic nuclei prog-
ress to zygotene and in P3, the coenocyst grows considerably in
size. Upon the transition to P4, a subset of pro-oocytes, with
their resident meiotic nuclei, is selected to increase in size via
transfer of cytoplasmic material through the ring canal and all
meiotic chromatin condenses into the m—configuration. Finally,
during P5, oocyte maturation is completed, nurse and excess
meiotic nuclei undergo apoptosis in a minimal cytoplasmic vol-
ume, and spawning occurs on day 6 via rupture of the ovarian
wall. In this study we characterized kinase dynamics focused on a
meiotic MTOC-like structure in the O. dioica ovary as the cen-
tral organizing node. We found that 0odCDKI1 paralogs, Plkl
and Aurora kinase exhibit different temporal spatial dynamics at
meiotic nuclei selected to populate growing oocytes, versus those
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that were not selected and simply collected in the general coeno-
cyst cytoplasm to eventually undergo apoptosis. We then revealed
differential essential functions for the odCDKla and d paralogs,
in the regulation of oocyte size (vitellogenesis) and resumption of
meiosis from prophase I arrest. Whereas no discernable effects of
the knockdown of 0odCDKle were observed on the developmen-
tal potential of spawned oocytes, impairment of the activity of
either of the odCDKla or d paralogs resulted in the spawning of

infertile oocytes.

Results

MTOC-like organizing center (OC) dynamics during
oogenesis

In order to observe meiotic kinase activity within the coeno-
cyst, animals were collected and fixed at days 4 and 5 and assessed
by immunostaining with the MPM-2 primary antibody targeting
mitotic phospho epitopes,” also phosphorylated during meiosis.
Kinase activity was revealed within cytoplasmic bodies found in
proximity to each of the meiotic prophase I nuclei during the P3
stage of oogenesis (Fig. 1A, B). The presence of pERK1/2 on
microtubule organizing centers MTOC) in O. dioica embryoszg,
co-localization of MPM-2 with gamma-tubulin, and MPM-2
staining of MTOC:s in O. dioica testes (Fig. S1, see also Fig. 2A),
all indicate the cytoplasmic ovarian MPM-2 stained structures to
have centrosomal organizing characteristics. We subsequently
refer to these structures as organizing centers (OCs). MPM-2
staining also appeared on smaller foci within nurse nuclei, an
observation similar to that with pERK1/2 localization following
activation of the MAPK pathway.”® OCs were not associated
with nurse nuclei but were observed at a 1:1 ratio to meiotic
nuclei (Fig. 1C). Most OC lost association with meiotic nuclei
upon entry into the P4 stage (Fig. 1D). On the other hand, OCs
remained juxtaposed to meiotic nuclei that were selected to pop-
ulate maturing oocytes, as judged by persistence of H3-pS28
staining (Fig. 1D).*® Since they populate growing oocytes,
selected meiotic nuclei are also identified in images where H3-
pS28 staining is not used, by the cytoplasmic space that separates
them from nurse nuclei. In contrast, non-selected meiotic nuclei
often juxtapose to nurse nuclei or exhibit a minimal cytoplasmic
distance from them.

Transmission electron microscopy of ultra-thin sections of the
male testes (Fig. 2A) vs. the female coenocyst in P3 (Fig. 2B, C)
revealed ultrastructural differences in the respective OCs. Paired
centrioles were clearly detected in MTOC:s associated with each
of the mitotic germline nuclei in male testes (Fig. 2A). On the
other hand, OCs in the P3 ovary appeared as electron dense
structures that did not contain centrioles (Fig. 2B, C). Ovarian
OC were surrounded by endoplasmic reticulum (ER) and resided
within pro-oocytes in close proximity to meiotic nuclei. The OC
was sometimes found in close contact with the nuclear membrane
of its associated meiotic nucleus, where nuclear pore complexes
(NPC) were present. Synaptonemal complexes, characteristic of
zygotene/pachytene were also observed in meiotic nuclei during
P3 (Fig. 2D). Since primary prophase I meiotic arrest usually
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Figure 1. Organizing Center dynamics within the O. dioica coenocyst. Stages pre- (P3) and post- (P4) selection of meiotic nuclei (MeN) to populate grow-
ing pro-oocytes (P3/4, phase 3/4; (see refs. 6,7,28) were assessed. A) MPM-2 immunofluorescence reveals cytoplasmic organizing centers (OC) within the
coenocyst. Figure represents confocal stack Z-projections with a depth of 3 wm. Arrowheads indicate points of reference in B. Scale bars = 25 um. B)
Scatter plot of OCs and meiotic nuclei XY coordinates (in wm) through confocal Z stack (depths displayed for each stack) reveal that OCs (stained by
MPM-2 antibody) were juxtaposed to meiotic nuclei in the coenocyst prior to oocyte selection. In P4, the close juxtaposition of OCs to meiotic nuclei was
reduced, though it was preferentially retained in meiotic nuclei selected to seed growing oocytes (H3-pS28 positive). OC, organizing center; MN, meiotic
nuclei, MN non-sel, meiotic nuclei not selected to populate growing oocytes. C) The total number of OCs coincided with the number of meiotic nuclei,
indicating that terminally differentiated endocycling nurse nuclei (NN) did not retain a juxtaposed OC. MN-selected, meiotic nuclei selected to populate
growing oocytes. D) Graphical representation of measured distances between meiotic nuclei and proximal OCs confirms that OC proximity is reduced in

non-selected nuclei.

occurs at diplotene or diakinesis, and meiotic nuclei in the P3
stage display synaptonemal complexes, we conclude that O. dio-
ica oocytes have not yet entered primary arrest during the P3
stage of oogenesis. O. dioica meiotic nuclei enter primary arrest
in diakinesis, with DNA in
n—configuration, during P4.” Immunofluorescence also revealed
the co-localization of pERK1/2 and MPM-2 on OC (Fig. 3A),
consistent with pERK1/2 being a meiotic regulator."°

consistent condensation
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Disposition of the Organizing Center with respect to nuclear
envelope components of selected and non-selected meiotic
nuclei during oogenesis

During P3 in the coenocyst, NPCs form clusters in the mei-
otic nuclear envelope, juxtaposed to an actin scaffold at the future
animal pole.” The individual OCs associated with each meiotic
nucleus were oriented opposite the NPC clusters in P3 ovaries
(Fig. 3B). During the P4 stage, OCs contacted the selected
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aptonemal complexes (SCs). Scale bars in wm.

Figure 2. Ultrastructure of the O. dioica germline. (A) Day 5 male mitotic germline nuclei (MiN) are each associated with an MTOC that possesses a pair of
centrioles (Ce). (B) Centrioles were not observed within female P3 ovaries. Meiotic nuclei (MeN) possessed nuclear membranes containing nuclear pore
complexes (NPC). Golgi apparati were observed in proximity to the nuclear membrane. An electron dense structure of similar size to meiotic nuclei was
observed in contact with the nuclear envelope, consistent with the immunofluorescent staining (Fig. 3) of acentriolar OCs. NPCs were observed at the
OC/MN interface. (C) OCs were surrounded by endoplasmatic reticulum (ER). M, mitochondria; MVE, multi-vesicular endosome-like structure. (D) Electron
dense regions resembling 3 parallel lines, with 100 nm gaps between the central and flanking lines, were observed, consistent with the structure of syn-

meiotic nuclei. This coincided with further fragmentation of the
NPC clusters such that one cluster became localized at the
nuclear-OC interface (Fig. 3B). NPC clusters did not appear at
the nuclear-OC interface of non-selected nuclei, and these nuclei
became less closely associated with OCs. Instead, these “released”
OCs increasingly associated with nurse nuclei, often found
in pockets formed by large invaginations of the nurse nuclear

envelope (Fig. 3B).
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The nuclear lamina plays roles in localization and function of
NPCs.>! In concert with NPC re-localization in the nuclear
envelope during P4, we also observed the appearance of the
odlaminl splice variant in the selected meiotic nuclei, which
persisted through P4 and P5 (spawning), whereas non-selected
nuclei did not display Laminl envelopment during P4
(Fig. 3C). The progression of these events is summarized sche-

matically in Fig. 3D.
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Figure 3. Kinase activity at OCs and rearrangement of the nuclear envelope of meiotic nuclei. (A) Activation of the MAPK pathway and phosphorylation
of meiotic substrates occurs at OCs, analogous to MTOCs (gamma-tubulin staining), as indicated by pERK1/2 and MPM-2 stainings, respectively. MeN,
meiotic nucleus; NN, nurse nucleus. (B) OCs are positioned toward the vegetal pole of pro-oocytes, opposite clustered nuclear pore complexes (NPCs) at
the animal pole in P3.’ In selected pro-oocyte meiotic nuclei (5-MeN), NPCs form clusters at the OC-nucleus interface at P4. Non-selected meiotic nuclei
(N-MeN) associate with nurse nuclei, along with OCs which localize within a large invagination of the nurse nuclear envelope. (C) Nurse nuclei and
selected meiotic nuclei of P4 ovaries are bounded by O. dioica lamin1,** whereas no odLamin1 was observed surrounding non-selected meiotic nuclei.
D) Schematic representation of events in the coenocyst during P3 and P4, illustrating NPC, OC, and lamin dynamics from pre- to post-selection of meiotic

nuclei. (A-C) Scale bars =5 pm.

CDK1 paralogs translocate from Organizing Centers to
meiotic nuclei during the progression of coenocystic oogenesis

During P3, Plkl and Aurora kinases were observed at OCs
which co-stained with MPM-2 phospho-epitopes (Fig. 4).
Aurora was also present within meiotic nuclei during P3 whereas
Plkl was not (Fig. 4A). Active Plk1 translocated exclusively to
selected nuclei in P4, whereas active Aurora was retained in
selected, but lost from non-selected meiotic nuclei. The loss of
active Aurora kinase from non-selected meiotic nuclei paralleled
the loss of H3-pS28 staining in these same nuclei (Fig. S2A and
28) The presence of Plkl in selected meiotic nuclei in growing
oocytes, would be consistent with the previously reported role of
Plkl in disassembly of synaptonemal complexes required for exit
from pachytene.’?

Of the 5 O. divica CDK1 paralogs, odCDKla shows the
closest phylogenetic affinity to CDKI1 homologs in other spe-
26 It possesses the derived PSTAIRE motif
(PSTSIRE) among the 5 paralogs and is expressed throughout

cies. least
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development, at similar levels in males and females. odCDK1b
and c are also expressed throughout somatic development but
in addition exhibit preferential expression in males compared
to females. On the other hand, 0dCDK1d and e expression is
restricted to maturing females and early embryonic develop-
ment.2° Capped mRNAs (cmRNAs) encoding eGFP fusions
with the 3 odCDK1 paralogs (a, d and e) expressed during
oogenesis, were injected into gonads of day 4 animals which
were subsequently cultured until day 5, and then assessed for
CDKI paralog localization. During P3, the 3 odCDKI paral-
ogs, were observed at OCs, where they co-stained with MPM-
2 phospho-epitopes (Fig. 4B, C; Fig. S2B). The three
0odCDKI1 paralogs were never observed within nurse nuclei,
consistent with the down regulation of CDKI activity during
endocycling in the Drosophila and mouse models.>”? During
P4, odCDKla, d and e were observed within non-selected
meiotic nuclei (Fig. 4B, C; Fig. S2B), but were not observed
within selected nuclei.
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kinases and markers are summarized schematically in Fig. 5.
During P3, cell cycle kinases important in the progression of
mitosis and meiosis were present on the OC. In P4, concomitant
with the selection of meiotic nuclei that will populate growing
oocytes, there was a selective release of kinases into the selected
(PIkl and Aurora) or non-selected meiotic nuclei (CDKI1 a, d
and e). In selected meiotic nuclei in P4, both the persistence of
lamin staining, and the absence of translocated CDK1, indicate
that these nuclei are still in prophase I of meiosis, consistent with
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Figure 4. Localization of cell cycle kinases
within the P3 and P4 coenocyst. (A) Phos-
pho-Plk1 and phospho-Aurora localized
to OCs juxtaposed to meiotic nuclei in P3.
Active Aurora kinase was also present in
meiotic nuclei at this stage. In P4, active
PIk1 translocated only to meiotic nuclei
(arrowheads) that had been selected (H3-
pS28 positive; see P4 panels in (B and C)
and Fig. S2A) to populate growing
oocytes. It was not present on non-
selected meiotic nuclei (arrows) and was
no longer present on OCs. During this
stage, active Aurora kinase was retained
only in meiotic nuclei that had been
selected to populate growing oocytes,
and was no longer present on OCs or on
unselected meiotic nuclei. At the P4
stage, chromatin in all meiotic nuclei had
attained the more condensed
n—configuration.>”?® B) O. dioica CDK1a
localized to MPM-2 stained OCs juxta-
posed to meiotic nuclei in P3. In P4,
odCDK1a was no longer observed at OCs.
Instead, it was present on meiotic nuclei
which did not retain H3-pS28 staining
(arrows) and had not been selected to
populate growing oocytes. (C) O. dioica
CDK1d exhibited the same spatiotempo-
ral P3 to P4 dynamics as od CDK1a. Sche-
mas in the right column of panels
summarize the results in the correspond-
ing rows. Coloring of epitopes in the sche-
mas corresponds to that given in the
labels at the left side of each row of
images. Scale bars =5 pm.

EM data
complexes at this stage (Fig. 2D).

indicating  synaptonemal

Differential functions of odCDK1
paralogs during meiosis I of oogenesis

To determine whether the odCDK1
paralogs exhibited any sub-functionali-
zation during oogenesis, CDKla, d

and e paralogs were each specifically
targeted for knockdown using dsRNA
constructs. In each case, gonads of day
4 animals were injected with the respec-
tive dsRNA construct along with a
cmRNA coding histone H2B-eGFP as a marker for successful
injection.”* Following vitellogenesis and spawning, unfertilized
oocytes were collected and processed to verify successful knock-
down by qRT-PCR. Knockdown rescue experiments were con-
ducted as above, replacing H2B-eGFP cmRNA with odCDK1
paralog-eGFP ¢mRNA, possessing silent mutations within the
dsRNA target regions.

Injection of dsRNA efficiently knocked-down CDKla, with
no significant off-target effects on other CDK1 paralogs detected
(Fig. 6A). Oocytes produced from successfully injected females
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Figure 5. Summary of localizations of cell cycle regulators and markers
during P3 and P4 in the O. dioica coenocyst, with respect to organizing
centers (OC), meiotic nuclei in prophase |, and endocycling nurse nuclei.
In P4, a proportion of the meiotic nuclei had been selected to populate
growing oocytes (black bars), whereas the remaining meiotic nuclei had
not been selected (red bars) and were present in the general coenocyst
cytoplasm. The degree of presence of each parameter is indicated by
degree of shading of the lines from light (weakly present) to dark
(strongly present). M-phase MPM-2 phosphoepitopes were observed on
OCs throughout P3 and P4, as was pERK. Cell cycle regulators odCDK1a,
d,e, phospho-Plk1 (pPLK1) and phospho-Aurora (pAurora) were present
on OCs during P3 but lost from OCs during P4. Toward the transition
from P3 to P4 H3-pS28 staining increased on meiotic nuclei. This staining
was retained throughout P4 on selected meiotic nuclei but was progres-
sively lost on non-selected meiotic nuclei. At P4, odCDK1 paralogs trans-
located from OCs to non-selected meiotic nuclei whereas pPlk1,
translocated from OCs to selected meiotic nuclei. The pAurora kinase,
present on all meiotic nuclei in P3, was retained on selected nuclei in P4
but lost from non-selected meiotic nuclei. MPM-2 phosphoepitopes,
absent from meiotic nuclei in P3, became progressively enriched on
both selected and non-selected meiotic nuclei during P4. MPM-2 pho-
phoepitopes also appeared as small foci within nurse nuclei during P4,
as did foci of pERK, the latter consistent with observations in previous
work.?® Nurse nuclei also exhibited nucleolar pPIk1 staining during P4. In
P3, odLamin1 surrounded both meiotic and nurse nuclei. During P4,
odLamin was retained on nurse and selected meiotic nuclei but was lost
from non-selected meiotic nuclei.

were infertile when exposed to wild type sperm (Fig. 6B) and dis-
played significant reduction in size (Fig. 6C). This mutant phe-
notype was rescued when the dsRNA targeting odCDKla was
co-injected with an odCDKla-eGFP ¢mRNA that was engi-
neered to be resistant to the dsRNA targeting (Figs. S4A, B, and
S5A-C). Previous reports on Drosophila oocytes showed reduc-
tion of oocyte size in response to knockdown of myosin phospha-
tase (DMYPT) and protein phosphatase 1 (Flw/PP1B),>>:3¢
causing constriction of ring canals. As a consequence oocyte
growth was limited due to reduced influx of cytoplasm. Similar
to odCDK1a knock-down, inhibition of the PP1 phosphatase in
O. dioica females by incubation with calyculin A, also resulted in
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significant reduction in oocyte size (Fig. 6C and Fig. S3A, B)
and impaired developmental potential upon exposure to wild
type sperm. Finally, inhibition of CDKI1 activity by roscovitine
also resulted in spawning of oocytes with a reduced size and did
so in a dose-dependent manner (Fig. 6C and Fig. S3C, D). Our
results suggest that odCDKla is involved in the regulation of
oocyte size prior to spawning. To assess whether this might
involve pre-mature constriction of ring canals, we measured ring
canal diameters in ovaries where odCDKla had been knocked
down by dsRNA, or where protein phosphatase 1 was inhibited
by calyculin. We observed no significant difference in ring canal
diameters under either of these 2 conditions when compared to
ovaries in wild type females or those that had been incubated in
the presence of DMSO (Fig. 6D).

We then asked whether the knockdown of 0odCDK1a resulted
in an increased number of smaller oocytes. This might arise, for
example, if the translocation of odCDKla to non-selected mei-
otic nuclei during P4 was required to maintain their non-selected
status. The mean diameter of wild type oocytes was 79 wm com-
pared to 33 wm from females where 0odCDKla had been
knocked down (Fig. 6C). This would mean then that a similar
coenocyst cytoplasmic volume would be apportioned into
~13.7-fold more, smaller, spawned oocytes in the case of the
dsRNA odCDKla females. There is commonly a 2-3 fold varia-
tion in the number of oocytes spawned by wild type females
under the standard nutrient conditions used in these experi-
ments. Similar variability in oocyte numbers was observed in the
spawns from dsRNA odCDK1a females and the predicted, more
than an order of magnitude increase in number of oocytes, calcu-
lated on reduced oocyte diameter, was never observed. To exam-
ine this further, in ovaries prior to spawning, we examined the
ratios of H3-pS28 stained, selected meiotic nuclei, to unstained,
non-selected meiotic nuclei, in both wild type and dsRNA
odCDKIla females. No significant differences were observed in
this ratio, indicating that there was not an increase in the relative
proportion of selected nuclei to populate more growing oocytes
when 0dCDK1a was knocked down (Fig. 6E). Finally, in spawns
from dsRNA odCDKIla females, we often observed clumps of
small oocytes that were not fully resolved and embedded in excess
cytoplasm (Fig. 6F). This was never observed in wild type
females, or in females injected with dsRNA targeting 0odCDK1d
or odCDKle. Taken together, our data show that knockdown of
odCDKIa results in small, infertile oocytes, through impaired
and incomplete transfer of coenocyst cytoplasm into growing
oocytes, as opposed to increasing the proportion of selected mei-
otic nuclei and, therefore, oocyte number. The mechanism
through which odCDK1a exerts this effect on cytoplasmic flow
remains unclear but does not appear to involve pre-mature con-
striction of ring canals.

The most recently duplicated 0odCDK1 paralogs, odCDK1d
and odCDKle were also targeted for dsRNA knockdown as
above (Fig. 7).2° Each of the dsRNAs efficiently knocked-down
their respective paralog target, with no significant off-target
effects detected (Fig. 7A, B). Females exhibiting successful
knockdown of 0odCDK1d or odCDK1e spawned oocytes of nor-
mal size, but of quite different developmental potential
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Figure 6. Phenotypes resulting from dsRNA knockdown of odCDK1a. A) Significant (**P < 0.01) knockdown of the targeted odCDK1a was verified by
qRT-PCR. No significant off-target effects on other odCDK1 paralogs were detected. B) Oocytes spawned from females where ovaries had been co-
injected with dsRNA (GFP-positive) against odCDK1a and capped mRNA coding for histone H2B-eGFP (selection marker for successful injection), failed to
develop after exposure to sperm from wild type males. Oocytes spawned from wild-type non-injected females (Control) exposed to the same pool of
wild type sperm developed normally. Oocytes derived from females whose ovaries had been co-injected as above, but failed to exhibit histone H2B-
eGFP fluorescence (GFP-negative) also developed normally. The number of oocytes/embryos assessed is given across the top of the histogram bars. Leg-
end: UF, UnFertilized; CA, early embryo Cleavage Arrest; D, Developed normally. C) Oocytes that were spawned from ovaries where odCDK1a had been
knocked down were considerably smaller (***P < 0.001) compared to oocytes produced from wild-type and H2B-eGFP negative females. A similar effect
in reducing spawned oocyte size was observed upon treatment of day 6 females with 200 nM calyculin A (Calyc,; **P < 0.01) or 20 uM roscovitine
(Rosc.; ***P < 0.001) as compared to control females incubated in the presence of the DMSO solute alone. Scale bars = 20 um. D) Ring canal diameters
of growing oocytes were not affected by dsRNA knockdown of odCDK1a or by inhibiting PP1 phosphatase activity with 200 nM calyculin. E) Knockdown
of odCDK1a did not significantly alter the proportions of selected vs. non-selected meiotic nuclei as determined by H3-pS28 staining (P = 0.19). F)
Females injected with dsRNA targeting odCDK1a often released clumps of unresolved oocytes embedded in excess cytoplasm. This was never observed
in wild type females, or in females injected with dsRNA targeting odCDK1d or odCDK1e.
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Figure 7. Phenotypes resulting from dsRNA knockdown of odCDK1d and e. (A and B) Significant (**P < 0.01) knockdown of the targeted odCDK1d (A)
and odCDK1e (B) was verified by qRT-PCR. No significant off-target effects on other odCDK1 paralogs were detected in either case. (C) Oocytes spawned
from females where ovaries had been co-injected with dsRNA (GFP-Positive) against odCDK1d and capped mRNA coding for histone H2B-eGFP (selection
marker for successful injection), failed to develop after exposure to sperm from wild type males. Oocytes spawned from wild-type non-injected females
(Control) exposed to the same pool of wild type sperm developed normally. Oocytes derived from females whose ovaries had been co-injected as above,
but failed to exhibit histone H2B-eGFP fluorescence (GFP-Negative) also developed normally in most cases though there was an elevated degree of
embryonic arrest following initial cleavages. The number of oocytes/embryos assessed is given across the top of the histogram bars. (D) Similar experi-
ments generating the knockdown of odCDK1e did not affect the developmental potential of oocytes spawned from females positive for H2B-eGFP. E)
The majority of oocytes that were spawned from ovaries where odCDK1d had been knocked down appeared normal, with chromatin (*) at the oocyte
cortex (left panels), as in wild type oocytes. However, whereas polar body extrusion (arrowheads, upper mid-panel) was observed within 15 minutes in
wild type embryos, no polar body was extrusion was observed after 1 h post fertilization in odCDK1d deficient embryos (lower mid-panel). Control
embryos reached the 32-cell stage by 1 h, whereas odCDK1d deficient embryos did not develop and contained one H3-pS28 positive prophase-| arrested
female nucleus and up to 4 sperm nuclei (arrowheads, right panel insert). Scale bars = 50 wm. F) Wild type oocytes were spawned in Metaphase | arrest
whereas those produced from females where CDK1d had been knocked down, retained a nuclear lamin envelope, indicating that they had not resumed
meiosis from prophase | arrest. Scale bars = 20 pm.

888 Cell Cycle Volume 14 Issue 6



(Fig. 7C-E). Following fertilization with wild-type sperm,
oocytes in which odCDKle had been knocked down developed
normally (Fig. 7D). In contrast, oocytes in which odCDK1d had
been knocked down were infertile, a phenotype that was rescued
by dsRNA-insensitive odCDK1d-eGFP cmRNA (Figs. S4A, C
and S5D, E). An analysis of early events following fertilization
showed that these oocytes were unable to emit polar bodies or
cleave when exposed to wild type sperm (Fig. 7C, E). Some of
these oocytes displayed non-cortical nuclear positioning and the
appearance of 2—4 small nuclei (Fig. 7E, bottom panels), indica-
tive of polyspermy. Interestingly, when odCDK1d was knocked
down, oocyte chromatin retained a nuclear envelope as shown by
persistent lamin staining (Fig. 7F) as opposed to wild type
oocytes that are spawned in metaphase I arrest.” Therefore, when
CDKI1d activity was reduced via dsRNA knockdown, resump-
tion of meiosis from prophase I arrest to metaphase I was
impaired and NEBD did not occur.

Thus, whereas the odCDKle paralog does not appear to exe-
cute essential non-redundant functions, the odCDKla and d
paralogs clearly play different and essential roles in the successful
maturation of viable oocytes from the coenocystic ovary.

Discussion

In yeast, a single CDK1 ortholog (cdc28) interacts with multi-
ple different cyclins to control cell cycle progression. The classical
view of the evolution of cell cycle control mechanisms was that in
higher, multicellular, eukaryotes, each cell cycle phase came to be
driven by specific CDKs, notably CDK4, CDK6 and CDK2, with
CDKI1 retaining a primary control of M-phase. Genetic experi-
ments in mice challenged this view,”” revealing that CDK1 alone
was still able to drive the complete mammalian cell cycle, leading
to an alternative view that primary CDK1 control of the
“essential” cell cycle was conserved and that interphase CDKs were
required for cell type specialization.’® The chordate, Oikopleura
dioica model provides an additional new element to this scenario.
It not only possesses the normal higher eukaryote complement of
specialized interphase CDKs, but is the first known example of a
metazoan to have more than one CDKI, expressing 5 distinct
CDKI1 paralogs over the course of its life cycle.”® Here we show
specific sub-functionalization of 2 of these paralogs, CDKla and
CDK1d, during the O. divica meiotic oogenesis program.

Centrosome-like Organizing Centers associate differentially
with coenocyst nuclei as oogenesis progresses

The OCs in the coenocyst showed a clear spatial and composi-
tional evolution as oogenesis progressed. Following the asymmet-
ric germline nuclear division in P1,%® which gives rise to
endocycling nurse nuclei and meiotic nuclei in a 1:1 ratio, OCs
were only retained in close proximity to each of the meiotic
nuclei through to P3 and were no longer associated with the ter-
minally differentiated nurse nuclei, analogous to the loss of cen-
trosomes from endocycling nurse nuclei in the Drosophila
ovariole.”” Within each pro-oocyte, there was a clear polarity: the
meiotic nucleus was anchored to the future animal pole, opposite

www.tandfonline.com

Cell Cycle

the ring canal connection to the general coenocyst cytoplasm,
and the OC was positioned intermediately along this axis, in
closer proximity to the meiotic nucleus than to the ring canal. In
the syncytial environment of the Drosophila ovariole there is a
clear axis of polarity with the growing oocyte positioned at the
posterior end while the 15 nurse nuclei occupy the anterior
region. In the syncytial O. dioica coenocyst there is no such linear
polarity. Nurse nuclei, and pro-oocytes harboring meiotic nuclei,
are distributed throughout this unicellular cytoplasm. Instead,
each growing oocyte must establish its own localized polar envi-
ronment and the large OC may play an important role in such
an organizational context.

During the transition to P4, all meiotic nuclei exhibited fur-
ther chromatin compaction to the m—configuration, but only a
subset were retained in oocytes selected to mature. The unse-
lected meiotic nuclei were present in the general coenocyst cyto-
plasm and lost their close association with OC, and were often
found embedded in the envelope of nurse nuclei. In contrast the
association of OC with selected meiotic nuclei was enhanced,
with OC abutting the selected nuclei adjacent to a region of clus-
tered nuclear pore complexes. At this stage, the odLamin 1 splice
variant (present on all of the nurse nuclei) appeared in the nuclear
envelope of selected meiotic nuclei but remained absent from the
nuclear envelope of unselected meiotic nuclei. As P4 progressed,
OC that had been released from association with unselected mei-
otic nuclei were increasingly found in large pocket invaginations
in nurse nuclear envelopes and appeared to be a focal point for
increased collection of coenocyst nurse and unselected meiotic
nuclei in a reduced local cytoplasmic volume.

Differential translocation of meiotic kinases from
Organizing Centers to prophase I nuclei during P4 define
selected versus non-selected meiotic nuclei

Activated Aurora kinase was present in OC and all meiotic
nuclei during P3 but was lost from OC and became restricted
only to selected meiotic nuclei in P4. On the other hand Plkl,
only observed on OC during P3, translocated to selected meiotic
nuclei and nurse nuclei in P4, and was no longer retained on OC
at this stage. The odCDKla, d and e paralogs, like Plk1, were
present only on OC during P3, but during P4, they translocated
exclusively to non-selected meiotic nuclei, a complementary,
opposite, behavior to that of Plkl. The absence of Plkl in non-
selected nuclei indicates that they will be unable to proceed prop-
erly with synaptonemal complex disassembly during meiotic pro-
gression.”” The purpose of the P4 translocation of odCDKla, d
and e paralogs to non-selected meiotic nuclei is at present
unclear. In the absence of synaptonemal complex disassembly
regulated by Plk1, they might drive non-selected nuclei into a
meiotic crisis, culminating in their eventual apoptosis in ps5.28
Alternatively it may be that retention of these CDK1 paralogs on
OC during P4 is incompatible with changes in OC localization/
function in the transition from P3 to P4. Thus, the non-selected
meiotic nuclei could serve as a site of sequestration of CDK1
activity in P4, so as to prevent interference with continued nurse
nuclear endocycles or premature resumption of meiosis in vitello-
genic oocytes. Taken together, our results show that Plkl and
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Aurora kinase concentrations designate selected meiotic nuclei,
whereas premature odCDKI1 translocation, combined with
absence of Plkl and Aurora kinase, define non-selected meiotic
nuclei.

Sub-functionalization of odCDK1a and d paralogs during
O. dioica oogenesis

Knockout experiments in mice have demonstrated that CDK2
and CDK4 are required for fertility in females.* This approach
has not been able to assess specific requirement for CDKI1 in mei-
osis because of the early embryonic lethality of CDKI1 knockout
mice. In general, the loss of individual cyclins or CDKs generates
more pronounced effects in the meiotic as opposed to mitotic
cell cycle, suggesting more specialized roles during meiotic pro-
gression. Thus we were interested as to whether the odCDK1
paralogs exhibited specific or redundant functions during coeno-
cystic oogenesis.

Knockdown of the odCDKla paralog in females produced
small infertile oocytes. In Drosophila egg chambers, similar small,
non-viable, oocytes were produced in lines mutant for the
DMYPT1 (myosin targeting) or Flw/PP1f (phosphatase) subu-
nits of myosin phosphatase.”>*® Mutant DMYPT1 or Flw/PP13
subunits prevent inactivation of myosin II and cause over-con-
striction of ring canals, restricting cytoplasmic transfer into devel-
oping Drosophila oocytes. CDKI1 is known to generate
phosphoepitopes that regulate MYPT1 activity and local inhibi-
tion of CDKI1 activity drives cleavage furrow formation in Dro-
sophila oocytes.*** Indeed, inhibition of CDKI1 activity by
roscovitine, or PP1 activity by calyculin A, also produced small,
non-viable oocytes from the O. divica coenocyst. However, we
did not observe any direct alterations in ring canal diameter
under these conditions. The knockdown of 0odCDK1a by dsRNA
did not increase the proportion of meiotic nuclei selected to pop-
ulate growing oocytes as compared to those meiotic nuclei that
remained non-selected in the general coenocyst cytoplasm. Con-
sistent with this, an increase in oocyte number, proportionate to
the decrease in oocyte diameter, was not observed. Instead, our
data show that knockdown of 0dCDK1a results in small, infertile
oocytes, through impaired and incomplete transfer of coenocyst
cytoplasm into growing oocytes. The mechanism through which
odCDKla exerts this regulatory control on cytoplasmic flow,
and ultimately, oocyte size, remains unclear.

The odCDK1d paralog was also required to produce viable
oocytes. Knockdown of odCDKI1 yielded normal size oocytes,
but they were unable to extrude polar bodies upon exposure to
wild type sperm. This resulted from loss of the classical function
of CDKI1 in meiotic resumption from prophase I arrest. Thus,
both odCDK1la and d paralogs are required to generate viable
oocytes, through different specialized functions in regulating
oocyte growth and meiotic progression.

Conclusions

The capacity of O. divica to adjust its reproductive output
over 3 orders of magnitude in a short time frame is important in
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its ability to rapidly adjust population size in response to algal
blooms.*** The coenocystic oogenesis strategy is central to this
adaptation, in which an excess of meiotic nuclei in prophase I is
generated, with a variable subset subsequently selected to seed
maturing oocytes as a function of nutritional resources. Here we
have characterized the spatiotemporal dynamics of cytoplasmic
OC during oogenesis and shown that differential translocation of
meiotic kinases from OC to meiotic nuclei defines the selection
of this subset. Finally, we demonstrate specific roles of CDK1
paralogs in carrying out this meiotic oogenic program.

Materials and Methods

Animal culture and collection

O. dioica were maintained in culture at 15°C.* Day 4-6 ani-
mals were placed in filtered seawater, removed from their houses
and anesthetized in cold ethyl 3-aminobenzoate methanesulfo-
nate salt (MS-222, 0.125 mg/ml; Sigma), before collection.

In vitro fertilization (IVF) and developmental analysis

Sperm solutions were prepared by transferring 3—4 mature
males to a petri dish containing artificial seawater, on ice, and
sperm quality was assessed using a Nikon Eclipse E400 micro-
scope. Mature females were transferred to artificial sea water in
6-well plates coated with 0.1% gelatin. Aliquots of spawned
oocytes were collected for qRT-PCR and remaining oocytes fer-
tilized with 100 pl sperm solution. Development was docu-
mented using a Spot RT-KE camera on a Nikon Eclipse
TE2000-S inverted microscope. Unfertilized (UF) (1-cell), cleav-
age arrested (CA) (2—4 cell) and normally developing (D)
embryos were counted in Image] using the Cell Counter plugin
Oocyte
diameters were measured in Image] and treatments compared
using Student’s T-test.

(htep://rsbweb.nih.gov/ij/plugins/cell-counter.html).

Quantitative reverse transcription-PCR

Oocytes were washed with 100 wl PBS. PBS was replaced by
100 pl of lysis solution and samples were snap-frozen in liquid
nitrogen and stored at —80°C until further processing. RNA was
isolated from 20-30 oocytes following the manufacturer’s proto-
col using RNAgqueous®-Micro Kit (Ambion). Total RNA
(200 ng) was reverse transcribed using M-MLYV reverse transcrip-
tase (Life Technologies), with oligo-dT primers (Promega).
Quantitative reverse transcription—polymerase chain reactions
(gqRT-PCR) of 20 I were assembled using cDNA equivalent to
2 ng total RNA, 500 nM gene specific forward and reverse pri-
mers2® and 10 pl iQ™ SYBR® Green Supermix (Bio-Rad).
gRT-PCR reactions were run on a CFX-96 (Bio-Rad). Relative
expression levels were normalized to RPL23 and EF-13 mRNA
expression. Statistical significance of knockdown experiments
was assessed by Student’s T-test.

Microinjection

Injection solutions were prepared by mixing 400 ng/ul
capped mRNA (cmRNA) and 100 ng/pl Alexa Fluor® 568
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dye (Molecular Probes), with 400 ng/pl double stranded RNA
(dsRNA) in RNase free water. Anesthetized day 4 animals in
filtered seawater were transferred to Petri dishes coated with
3% agarose. Gonads were injected on a Nikon Eclipse
TE2000-S inverted microscope equipped with Narishige
micromanipulators and transjector 5246 micro injector
(Eppendorf). Holding pipettes were crafted from borosilicate
capillaries with an outer diameter of 1 mm and inner diameter
of 0.5 mm (Sutter instruments). Injection needles (quartz,
Sutter instruments) were pulled with outer diameter of 1 mm
and inner diameter of 0.7 mm on a Flaming/Brown P87
Micropipette puller (Sutter instruments). Injected day 4 ani-
mals were transferred to watch glasses containing filtered sea-
water for recovery and then transferred to 3 L beakers for
subsequent culture.” Animals were collected from day 4-6
for immunofluorescent assessment, or raised until spawning
for IVF and immunofluorescence. Injected embryos were
transferred to 6-well plates coated with 0.1% gelatin and col-
lected shortly after hatching.

eGFP fusion constructs

O. dioica CDK]1 paralog a, d and e protein coding sequences
and 3’'UTRs were amplified separately by polymerase chain reac-
tion (PCR) on ¢cDNA (primers, Table S1). PCR products were
cloned into TOPO 2.1 vectors (Life Technologies). CDKI1
eGFP fusion constructs for cnRNA expression were driven by a
T7 promoter. Constructs were purified by maxi prep (QIA-
GEN). dsRNA insensitive odCDK1 paralog-eGFP fusion con-
structs, for RNAI rescue, were constructed by replacing the
dsRNA rtarget sequence with gBlocks® gene fragments (Inte-
grated DNA Technologies), possessing numerous silent muta-
tions within the mRNA coding regions (Fig. S5). An H2B-eGFP
construct was used to produce cmRNA,>* as a successful injection
control in dsRNA experiments. The odLamin 1-eGFP construct
was as previously described.*

Capped mRNA and dsRNA synthesis

O. dioica CDKI1-eGFP fusion-constructs including endoge-
nous 3’'UTRs were linearized using Xmal (odCDKla and d),
Afel (odCDKle), or Xbal (H2B-eGFP) and purified by phenol-
chloroform extraction followed by ethanol precipitation.
cmRNAs were synthesized from these templates using mMessage
mMachine (Ambion) followed by poly(A) tailing (Ambion)
according to the manufacturer’s protocol and purified by Lith-
ium chloride precipitation.

DNA templates for dsRNA synthesis were prepared by PCR
using gene-specific primers with T7 overhang (Table S1), and
purified by phenol-chloroform extraction. Sense and antisense
RNA were synthesized in a single reaction following the recom-
mended protocol using T7 RiboMAX™ Express RNAi system
(Promega).

Chemical Inhibitors
Day 6 females were transferred to artificial seawater contain-
ing 50-200 nM calyculin A (PP1 inhibitor; LC Laboratories) or
5-20 mM (CDK1 inhibitor; Cell

roscovitine

Signaling
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Technology) in DMSO and incubated until spawning (2-6 h).
Controls were treated with DMSO diluted 1:2000 in artificial
seawater. Diameters of successfully spawned oocytes and develop-
ment post fertilization were analyzed as above. We were unable to
use RO-3306 as an inhibitor of CDKI activity because of diffi-

culties in sustaining its solubility in seawater.

Immunofluorescence

Samples were processed for immunofluorescence and analyzed
by confocal microscopy as described,*® with the following modi-
fications. Gonads were separated from the trunk and tail using 2
needles after 1 h fixation at room temperature. Gonads were
transferred back to fixative O/N at 4°C. After washing, gonads
were permeabilized with 20 pg/ml proteinase K (New England
BioLabs) in washing solution for 3 min. Gonads were washed 6
X 3 min in washing solution and blocked O/N at 4°C. For
gamma-tubulin staining, live animals were exposed to 1 wM Pac-
litaxel (Sigma) in filtered seawater for 15 min before transfer to
fixative containing 1 pM Paclitaxel. For actin detection, 0.6 U/
ml Alexa488-conjugated phalloidin (Molecular Probes) was
added to the secondary antibody incubation step. Images were
processed in Image J.

Organizing Center/meiotic nuclei distance analysis

X, Y and Z coordinates of organizing centers (OCs) and mei-
otic nuclei were obtained from confocal Z-stack images using
Image] with the Cell Counter plugin. Distances between OCs
and meiotic nuclei were calculated based on the distance from
each meiotic nucleus to the closest OC. Distance variations were
assessed using the Students T-test.

Transmission electron microscopy

Sample preparation procedures were performed at room
temperature. Day 5 and 6 male and female animals were
fixed in 2.5% glutaraldehyde/0.1 M sodium cacodylate/
0.24 M NaCl (pH 7.4) for 1 h. After rinsing in 0.1 M
sodium cacodylate/0.24 M NaCl (pH 7.4), dissected gonads
were post-fixed in 1% OsO4/0.1 M sodium cacodylate/
0.24 M NaCl (pH 7.4) for 1 h and rinsed in distilled water.
Specimens were en bloc stained for 30 min in 2% OsO4/
1.5% potassium ferricyanide/0.1 M sodium cacodylate (pH
7.4). Following rinsing in distilled water; they were incubated
in 2% aqueous uranyl acetate for 30 min and washed in dis-
tilled water. Samples were dehydrated stepwise in 50%, 70%,
80%, 90%, 96% and 100% ethanol for 10 min at each step
with the incubation at 100% repeated 3 times before twice
exchanging with propylene oxide. Embedding was performed
using the TAAB Araldite 502/812 kit (TAAB Laboratories
Equipment Ltd), in which mixture A consisted of Embed-
812/Araldite 502/DDSA (Dodecenyl Succinic Anhydride).
To embed, propylene oxide was replaced by successive 4 h
incubations of 1:3, 1:1 and 3:1 propylene oxide:mixture A,
before O/N incubation in pure mixture A. Samples were
transferred to fresh medium consisting of Embed-812/Aral-
dite 502/DDSA/BDMA (Benzyl Dimethyl Amine) and poly-
merized at 60°C for 48 h. Ultrathin sections (70 nm) were
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cut with a Leica EM UC7 and counterstained with 2% ura-

nyl acetate and lead citrate. Images were acquired on a Jeol
JEM-1230 transmission electron microscope equipped with a
1k x 1k CCD camera (Gatan multiscan).

culture.
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