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C. elegans pronuclei fuse after fertilization through a

novel membrane structure

Mohammad Rahman, Irene Y. Chang?3, Adam Harned?3, Richa Maheshwaril, Kwabena Amoateng!, Kedar Narayan?3®, and Orna Cohen-Fix'@®

After fertilization, parental genomes are enclosed in two separate pronuclei. In Caenorhabditis elegans, and possibly other
organisms, when the two pronuclei first meet, the parental genomes are separated by four pronuclear membranes. To
understand how these membranes are breached to allow merging of parental genomes we used focused ion beam scanning
electron microscopy (FIB-SEM) to study the architecture of the pronuclear membranes at nanometer-scale resolution. We find
that at metaphase, the interface between the two pronuclei is composed of two membranes perforated by fenestrations
ranging from tens of nanometers to several microns in diameter. The parental chromosomes come in contact through one of
the large fenestrations. Surrounding this fenestrated, two-membrane region is a novel membrane structure, a three-way
sheet junction, where the four membranes of the two pronuclei fuse and become two. In the plk-1 mutant, where parental
genomes fail to merge, these junctions are absent, suggesting that three-way sheet junctions are needed for formation of a

diploid genome.

Introduction

The nuclear envelope (NE) is composed of a double membrane
that forms a diffusion barrier between the cytoplasm and nu-
cleoplasm. It also includes various proteins and protein com-
plexes, such as nuclear pore complexes (NPCs) and the nuclear
lamina (for reviews, see Ungricht and Kutay, 2017; Cohen-Fix
and Askjaer, 2017; De Magistris and Antonin, 2018). During
mitosis in metazoans, NE breakdown (NEBD) allows micro-
tubules nucleated by cytoplasmic centrosomes to access the
chromosomes. NEBD requires the activity of various kinases,
including cyclin-dependent kinase 1 and Polo-like kinase 1,
which drive the disassembly of the NPCs and nuclear lamina
(Heald and McKeon, 1990; Laurell et al., 2011; Rahman et al.,
2015; Martino et al., 2017; Linder et al., 2017). However, in
many cell types, the membranes of the NE persist and become
highly fenestrated such that they exclude organelles but no
longer pose a diffusion barrier (Ellenberg et al., 1997; Yang et al.,
1997; Hepler and Wolniak, 1984; Schweizer et al., 2015; Luckner
and Wanner, 2018).

After fertilization, the two parental genomes are initially
encased within separate nuclei, called pronuclei. The two pro-
nuclei migrate toward each other and meet, and as the cell en-
ters mitosis, the NE begins to break down to facilitate the

merging of parental chromosomes (Longo, 1973). The fate of the
pronuclear membranes during fertilization is largely unknown;
if they were to persist, as in somatic cell mitosis, they could
interfere with the formation of the zygote’s diploid nucleus. A
number of studies, mainly in the 1960s and 70s, that examined
the state of the two pronuclei after fertilization with transmis-
sion EM suggested that pronuclear membranes in certain or-
ganisms can fuse (reviewed in Longo, 1973). However, owing to
the inability to generate 3D reconstructions from these EM
images, the extent of fusion and the membrane configuration
that ultimately allowed merging of parental genomes remained
unknown. The only system in which merging of parental ge-
nomes is understood at a molecular level is nuclear fusion
during budding yeast mating. In this system, the two nuclei fuse
in a two-step process: first, the two outer nuclear membranes
fuse, followed by fusion of the two inner ones, generating a
single “fusion pore” (Melloy et al., 2007; Rogers and Rose, 2014).

In Caenorhabditis elegans, after fertilization, the parental ge-
nomes merge at the first metaphase through a membrane gap
that forms at the pronuclear interface (where the two pronuclei
are juxtaposed) and is visible by fluorescence microscopy
(Poteryaev et al., 2005; Audhya et al., 2007; see Fig. 1, A and B).
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Figure 1. Pronuclear membranes persist after prophase and become highly fenestrated in metaphase. (A and B) A one-cell embryo expressing the NE
protein LEM-2 fused to GFP and histone H2B fused to mCherry was imaged at the indicated time points (metaphase = time 0). LEM-2 persists on the pronuclear
membranes throughout mitosis, allowing the visualization of the pronuclear membranes between the two pronuclei. Merging of parental chromosome occurs
at metaphase through a fenestration in the pronuclear interface membranes (B). Scale bars, 10 um. (C) 2D cross sections from FIB-SEM image volumes of a
subset of embryos (top row) and their reconstructed chromosomes (middle row) used in this study. The illustration on the left depicts the orientation of the
centrosomes (orange circle) and spindle microtubules (black lines) relative to the images shown (chromosomes are in red). Some panels are from the plane of
imaging and some are oblique 2D slices through a reconstructed FIB-SEM image volume, aligned orthogonal to the membrane interface. Embryos were ordered
from prometaphase to metaphase by the degree of chromosome alignment and compaction, based on total chromosome volumes, shown below the 3D
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chromosome reconstructions. The pronuclei shown are from the following embryos (from left to right): PM2, PM4, M1, M2, and M3. Scale bars, 1 um.
(D) Examples of peripheral pronuclear membranes (blue rectangle in the cartoon depiction of two associated pronuclei) from prophase (P1), prometaphase
(PM2), and metaphase (M1) embryos. The image on the far left is an enlargement of a membrane segment from the prometaphase embryos showing the two
nuclear membranes (inner and outer) and the constriction that is seen where an NPC is embedded. Arrowheads in the “metaphase” panel point to holes that
are larger than the expected size for NPC holes. Scale bars represent 500 nm, except in the inset, where the scale bar represents 100 nm. INM, inner nuclear
membrane; ONM, outer nuclear membrane. (E) Segmented volumes of peripheral pronuclear membranes from the embryos shown in D. Scale bars represent
500 nm, except for the metaphase image on the right, for which the scale bar is 1 um. P1, prophase; PM2, prometaphase; M1, metaphase. (F) Quantification of
hole area in the peripheral pronuclear membranes of an embryo in prophase (P; embryo P1), prometaphase (PM; embryo PM2) and two embryos in metaphase
(M1 and M2). For each embryo, data were derived from several segmented areas that were at least 1 um? in size. The total number of holes measured and
number of areas per embryo were as follows: prophase, n = 213, nine areas; prometaphase, n = 153, nine areas; M1, n = 58, six areas; and M2, n = 46, five areas.
Note that the y axis is discontinuous; blue background highlights the upper segment of the graph (hole area >0.04 pm?). Statistical analyses were done using
the Kruskal-Wallis test with correction for multiple comparisons. The adjusted P values for the nonsignificant differences (n.s.) were >0.9999. See Fig. S1 for

statistical analyses of the lower segment.

Failure to form this gap, such as in plk-I' mutants, results in a
“paired nuclei” phenotype, where the daughter cells contain two
nuclei each, one with the maternal chromosomes and one with
the paternal ones (Rahman et al., 2015). This phenotype is ob-
served under other conditions (Audhya et al., 2007; Galy et al.,
2008; Golden et al., 2009; Gorjdnacz and Mattaj, 2009), but the
underlying defect is largely unknown. Here we examined the
configuration of the pronuclear membranes throughout the first
mitotic division in C. elegans embryos using focused ion beam
scanning EM (FIB-SEM; Narayan and Subramaniam, 2015). We
reasoned that uncovering the membrane configuration around
the interface membrane gap would shed light on the mechanism
of its formation. A priori, the membrane gap could have resulted
from independent, but aligned, fenestrations in the nuclear
membranes of each of the two pronuclei; such fenestrations
could have resulted, for example, from the enlargement of
membrane pores left behind following NPC disassembly. Alter-
natively, the membrane gap could have formed through inter-
pronuclear membrane fusion, such as in nuclear fusion in
budding yeast. Our data reveal that the membrane gap at the
pronuclear interface forms in a process that has elements of
these two mechanisms. We find that the two pronuclei become
linked by different kinds of membrane structures, including a
novel type of membrane junction, a three-way sheet junction.
Our results also shed light on the role of PLK-1 in the process and
suggest that these membrane junctions are necessary for
merging of parental genomes.

Results and discussion

Analysis of the first zygotic mitosis in the one-cell C. elegans
embryo using FIB-SEM

Analyzing the configuration of the membranes at the pronuclear
interface requires imaging micron-scale structures at nanome-
ter resolution and in 3D. To meet these requirements, we used
FIB-SEM imaging, an EM approach that has been used in recent
years in a variety of biological system and allows the interro-
gation of nanoscale architectures in 3D at near-isotropic reso-
lution (Narayan and Subramaniam, 2015; Xu et al., 2017
Kizilyaprak et al., 2019). Briefly, a single C. elegans embryo
shortly after fertilization was inserted into a cellulose capillary
tube and followed by light microscopy until it reached the pro-
nuclear migration stage, typically 7-8 min before prometaphase/
metaphase (Oegema and Hyman, 2006). The tube was then
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sealed, and, at the desired mitotic stage, the embryo was cry-
ofixed by high-pressure freezing, followed by freeze substitu-
tion and embedding in resin. The block was then subjected to
FIB-SEM imaging, with scanning EM acquired at 3-nm lateral
pixel sampling and 9-nm intervals. Image volumes typically
encompassed 22 x 14 x 16 pm, sufficient to capture the two
pronuclei. Image stacks, typically comprising several thousand
images, were registered, binned, and inverted using in-house
scripts (Murphy et al., 2011) to generate 9 x 9 x 9 nm voxel
image volumes. These were then visualized, segmented, and
analyzed using IMOD and Amira packages. Using this approach,
we analyzed multiple one-cell embryos at various stages of
prometaphase/metaphase. Embryos were staged relative to each
other based on their chromosome configuration and their total
chromosome volume, as obtained from 3D reconstructions (Fig. 1
C). Prometaphase and metaphase embryos differed in the spatial
distribution of their chromosomes, from being dispersed to be-
ing aligned on the metaphase plate with contact between the
parental chromosomes. Embryos also differed in the total vol-
ume of their chromosomes, with metaphase chromosomes that
have breached the pronuclear interface membrane being the
most compact (Fig. 1 C).

The peripheral pronuclear membranes become fenestrated
during metaphase

As proof of principle that our experimental approach is valid, we
first analyzed the configuration of the pronuclear membranes
away from the interface (referred to here as the peripheral
pronuclear membrane; Fig. 1 D). At prophase and prometaphase,
the only fenestrations expected in the peripheral pronuclear
membranes are the ones associated with NPCs. Measurements of
fenestration areas from randomly chosen regions throughout the
peripheral pronuclear membrane of prophase and prometaphase
embryos revealed that in both cases, the average hole area was
0.015 + 0.004 pm? (Fig. 1, E and F). The aspect ratio of these
fenestrations was nearly 1 (0.99 + 0.19 for prophase and 1.01 + 0.2
for prometaphase), indicating that the fenestrations are mostly
round, with a diameter of roughly 68 nm. This is comparable to
inner diameter of the NPC ring in other organisms (50-75 nm in
Xenopus laevis [Frenkiel-Krispin et al., 2010] and 40-80 nm in
human cells [Bui et al., 2013]) and in excellent agreement with
previous measurements in C. elegans using transmission EM
(Cohen et al., 2002). Thus, the FIB-SEM approach faithfully
captures salient features of the nuclear membranes.
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Our analysis of peripheral pronuclear membranes in two
metaphase embryos revealed two populations of fenestrations:
most fenestrations were only slightly (but significantly) larger
than the prophase and prometaphase fenestrations, while a few
fenestrations were much larger (>0.04 pm?, Fig. 1, E and F; and
Fig. S1 A). Over 20% of the peripheral pronuclear membrane at
metaphase was missing, and the degree of fenestration in the
two pronuclei of a given embryo was very similar (78.04% and
71.59% of the membrane was retained in the two pronuclei of
embryo M1 [total area measured: 7.06 pm? and 7.19 pm?, re-
spectively] and 77.62% and 77.36% of the membrane was re-
tained in embryo M2 [total area measured: 5.16 pm? and 7.45
pm?, respectively]). We speculate that the smaller metaphase
fenestrations are the result of the enlargement of the membrane
holes left behind after NPC disassembly, consistent with a model
proposed by (Terasaki et al., 2001). The large fenestrations could
be a result of enlargement and/or fusion of smaller fenestra-
tions. The forces leading to the formation of larger fenestrations
are currently unknown but could be a result of microtubule-
dependent forces, as proposed previously (Beaudouin et al.,
2002; Salina et al., 2002). Regardless, during metaphase of the
one-cell C. elegans embryo, the chromosomes are enclosed
within a perforated double membrane.

The membranes at the interface between the two pronuclei
become fenestrated during prometaphase

We next examined the configuration of the pronuclear mem-
branes at the interface between the two pronuclei, starting at
prometaphase. To do so, we reconstructed segments of the ad-
jacent interface pronuclear membranes in two prometaphase
embryos (Fig. 2, A and B). Unlike the membranes at the pro-
nuclear periphery at prometaphase, which contained only NPC-
sized holes, the membranes at the interface contained both small
and larger holes (Fig. 2, B and C). There was no difference in the
hole size distribution between the two surfaces (Fig. 2 C). The
presence of larger holes at the interface, but not the periphery, is
consistent with NEBD occurring earlier at the interphase, as was
seen by others for NPC disassembly ( Schetter et al., 2006; Galy
et al., 2008; Hachet et al., 2012; Martino et al., 2017). Interest-
ingly, the holes in the interface membranes of the two pronuclei
did not align (note that the membrane of the adjacent pronu-
cleus is visible through most holes).

FIB-SEM analysis of the prometaphase pronuclear membrane
interface also revealed four different types of structures be-
tween the two pronuclei (Fig. 2, D and E): (1) membrane frag-
ments that resemble ER sheets; (2) membrane vesicles, which
were associated with one, both, or neither of the two outer
pronuclear membranes and distributed throughout the region
between the two pronuclei; (3) amorphous densities, which of-
ten appeared as poorly demarcated dark staining features be-
tween the two pronuclei, mostly at the interface periphery; their
size was roughly 89 nm wide and 105 nm long (length = between
the two outer pronuclear membrane, n = 16), and the length of
the amorphous structures was substantially smaller than the
average distance between the two pronuclei (237.36 + 73.62 nm,
n = 16 independent locations), suggesting that the amorphous
structures either tend to form where the pronuclei are closer to

Rahman et al.

Worm pronuclei fuse via three-way sheet junctions

each other or that their formation brings the two outer pronu-
clear membranes into closer proximity; and (4) fusion between
the two outer pronuclear membranes, referred to here as
outer-outer junctions. This structure was relatively rare in
prometaphase (Fig. 2 D) but prevalent in metaphase embryos
(see below). The ER sheet fragments and vesicles could repre-
sent cytoplasmic structures that were trapped between the two
pronuclei during pronuclear meeting. Given the distribution of
the amorphous structures, they could be precursors of the
structures seen between the pronuclei at metaphase, as dis-
cussed below.

At metaphase, the membrane at the pronuclear interface
contains large fenestrations
The membrane interfaces of two metaphase embryos were
segmented (Fig. 3 A). This allowed us to determine the sizes of
the interface membrane holes (Fig. 3 B), as was done above for
the prometaphase interface. It also allowed us to examine the
position of the chromosomes relative to the membrane (Fig. 3 C)
and determine the configuration of the interface membranes at
this stage (see below). As in prometaphase, the metaphase in-
terface had both large and small holes (Fig. 3 D). Unlike pro-
metaphase, however, the metaphase interface membranes were
perforated by holes that connected the two pronuclear lumens
(Fig. 3 B). In one of the metaphase embryos (M1), the chromo-
somes were still separated by the interface membranes, whereas
in the other (M2), the chromosomes had come in contact
through one of the large holes (Fig. 3 C; see also Fig. 1 C). The two
large fenestrations at the interface membrane of the M2 embryo
were significantly larger than the largest holes of the M1 embryo
(~15 and 30 pm? in M2 compared with ~0.05-1.5 um? in MI;
Fig. 3 D), consistent with the M2 embryo being further along in
mitosis. Interestingly, the size of the small fenestrations (<0.04
pm?) was the same in prometaphase and metaphase (Fig. S1 B).
At the pronuclear periphery, on the other hand, the metaphase
small holes were significantly larger than the prometaphase
ones (Fig. S1 A). This suggests that the regulation and/or
mechanism of hole size expansion in the periphery may be
distinct from that which drives hole expansion at the interface.

While the size of large holes at the interface of the two
metaphase embryos varied widely, the size distribution of the
small holes was similar (Fig. S1 C). We speculate that at the in-
terface there is a selective expansion of only some fenestrations,
either by fusion of neighboring holes or expansion of individual
ones. Live imaging data (Rahman et al., 2015; Fig. 1, A and B)
showed that chromosomes are aligned close to the membrane
gap that is visible by confocal imaging, raising the possibility
that one or more factors associated with chromosomes could
affect hole expansion in the vicinity of the chromosomes. Of
note, while the two parental genomes merge at metaphase of the
one-cell-stage, the maternal and paternal chromosomes them-
selves intermingle only at the four-cell stage (Bolkovd and
Lanctdt, 2016), similar to the situation in mouse (Mayer et al.,
2000).

We also noticed several types of membrane structures within
the pronuclei at metaphase, including tubules, flattened mem-
branes, and vesicles (Fig. 3, E and F). The membrane tubes and
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Figure 2. The interface membranes of the two pronuclei during prometaphase have enlarged fenestration and are connected by various structures.
(A) A 2D cross section from a FIB-SEM image volume (top) and segmented subvolumes (bottom) of the pronuclear membranes at the interface (blue rectangle
in the cartoon above) of a prometaphase embryo (PM2). The two arrowheads in the top panel are pointing to holes that are larger than the expected size for
NPC holes. Scale bars, 1 um. The membranes of the “top” pronucleus are labeled in red and the “bottom” pronucleus in green. (B) Segmented subvolumes from
the interface membranes of two embryos in prometaphase, PM2 and PM4, viewed through the plane of the membrane interface: “top down” (left panels) or
“bottom up” (right panels). The membranes of the two pronuclei were labeled in red or green, as in A. Scale bars, 200 nm. (C) Quantification of the hole areas of
the top and bottom pronuclear membranes at the interface (as in A and B) of the PM2 embryo. n = 100 and 102 holes for the top and bottom surfaces,
respectively. Note that the y axis is discontinuous; blue background highlights the upper segment of the graph (hole area >0.04 pm?). The differences between
the two sets of hole sizes are not statistically significant (P = 0.605, two-tailed Mann-Whitney test). (D) Distribution of vesicles (yellow), amorphous densities
(green), and outer-outer junctions (purple) present between the two pronuclei in two prometaphase embryos (PM2 and PM4). The interface is shown from a
“top” view. Scale bars, 500 nm. (E) Examples of four types of structures that are seen between the two pronuclei at prometaphase (arrows), as indicated above
each column. Images are from PM2 and PM4. Scale bar, 500 nm (applies to all panels).
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Figure 3. The pronuclear membrane interface at metaphase contains large holes and only two membranes. (A-C) 2D image slices from a FIB-SEM
reconstruction (A; arrows point to the interface), segmented volumes of part of the interface membrane (B and C, green), and segmented volumes of
chromosome (C, red) of two one-cell metaphase embryos, M1 and M2. B is a top view of the interface, and C is a view of the metaphase plate from the
centrosome’s viewpoint (a ~45° rotation of the image in B around the x axis). Scale bars, 1 um. (D) Areas of holes in the interface membranes shown in B. Note
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that the y axis is discontinuous; blue and green backgrounds highlight the middle and upper segment of the graph (0.04 pm? < hole area <20 pum? for the
middle segment, and hole area >20 um? for the upper segment). See Fig. S1 for statistical analyses of the lower segment. n = 93 and 69 for M1 and M2,
respectively, measured using the segmented areas shown in B. (E) Examples of intrapronuclear membrane structures at metaphase (M1). Colors of arrows
correspond to the structures shown in F. Scale bar, 250 nm. (F) Reconstruction of all the intrapronuclear membrane structure in two metaphase embryos (M1
and M2). Orange, membrane tubules; blue, flattened membranes, or small sheet-like structures; purple, membrane vesicles. Arrows point the approximate
location of the pronuclear interface. Scale bars, 500 nm. (G) Quantification of all the intrapronuclear membrane structures observed in two or three embryos at
interphase (11 and 11, red), prophase (P1 and P2, green), prometaphase (PM2 and PM4, blue), and metaphase (M1, M2, and M4, purple) using reconstructions as
shown in F. (H) A 2D cross section from a FIB-SEM image volume (bottom image) and the corresponding segmented volume (top image) of a slice through the
interface of M1. Note that to the left of the hole (arrows), the interface is made of only two membranes. Scale bars, 500 nm. (I) Additional images as in panel H

of the two-membrane pronuclear interface from three different metaphase embryos (from top to bottom: M1, M2, and M3). Scale bars, 500 nm.

flattened membrane structures (also referred to as nucleoplasmic
reticulum; Drozdz and Vaux, 2017) were observed throughout the
cell cycle, but the vesicles were unique to metaphase (Fig. 3 G),
consistent with Waterman-Storer et al. (1993). It is tempting to
speculate that the intrapronuclear vesicles originated from
membrane that was lost from the NE. However, given that at this
stage the peripheral pronuclear membrane is highly fenestrated
(Fig. 1 E), it is also possible that these vesicles originated from the

cytoplasm.

The interface membrane at metaphase is made of only two
membranes and is surrounded by two types of membrane
junctions: outer-outer junctions and three-way sheet junctions
At prometaphase, the interface between the two pronuclei con-
tained four membranes: the two inner and the two outer pro-
nuclear membranes (Fig. 2 A). Strikingly, a cross section of the
fenestrated region of the interface membrane at metaphase re-
vealed that this region contains only two membranes (Fig. 3, A,
H, and I). To understand the origin of the two remaining mem-
branes, we analyzed the membrane structures surrounding this
two-membrane interface region. Two types of structures were
found. The first was termed an “outer-outer junction.” This type
of junction was also seen at prometaphase, albeit to a lesser ex-
tent (Fig. 2 D). Outer-outer junctions form by fusion of the outer
membranes of the two pronuclei (Fig. 4 A) and were found at the
periphery of the interface where the four membranes were still
present, surrounding the perforated two-membrane interface
(Fig. 4 B). 3D reconstructions of these structures (Fig. 4, C and D;
Fig. S2 A; and Videos 1, 2, and 3) revealed that the outer-outer
junctions form membrane tubes with diameters ranging from 36
to 117 nm (average, 80.19 + 22.74 nm; n = 16).

The second type of junction was termed a “three-way sheet
junction” (Fig. 4 E). These junctions encircle the two-membrane
interface region, internal (with respect to the interface) to the
outer-outer membrane junctions (Fig. 4 F), and they form the
intersections between the original four membranes of the two
pronuclei and the two membranes of the interface (Fig. 4, E and
G). If one considers two parallel membranes a membrane sheet, as
in the case of ER sheets, then the “four membrane to two mem-
brane” junctions are, in fact, three-way sheet junctions (Fig. 4 G;
Fig. S2, C-E; and Videos 4, 5, 6, and 7). To our knowledge, this type
of membrane configuration has not been demonstrated before.
Pronuclear fusion is likely not the only process in which three-
way sheet junctions exist; for example, the incorporation of an-
nulate lamellae-associated NPCs into the NE in the Drosophila
melanogaster embryo (and perhaps other organisms) may involve
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a similar membrane configuration (Hampoelz et al., 2016). The
two membrane sheets join through a series of membrane tubes
and cisternae of varying widths, from 37 to 179 nm (average, 89 *
42.77 nm; n = 17; Fig. 4 G; Fig. S2, C-E; and Videos 4, 5, 6, and 7).
The similar size of these tubes and the tubes in the outer-outer
junctions suggests that they are structurally related.

Our observations raise two related questions: how do the
three-way sheet junctions form, and what is the origin of the
two membranes at the metaphase interface? We propose that
the first step in this process is the formation of outer-outer
junctions, possibly in a process that is analogous to atlastin-
driven ER tubule fusion (Wang and Rapoport, 2019). If one as-
sumes that the small holes at the metaphase pronuclear interface
originated from dissociated NPCs, then this interface must be
both inner and outer pronuclear membranes. To reach this
point, the three-way sheet junctions could have formed by fu-
sion of both the inner and outer nuclear membranes of one
pronucleus with the outer membrane of the second pronucleus,
leaving a continuous inner and outer membrane of the second
pronucleus at the interface (Fig. 5 A). Alternatively, one could
imagine a mechanism that is analogous to yeast karyogamy,
whereby the two outer membranes fuse and retract, leading to
juxtaposition and fusion of the two inner membranes (Fig. 5 B).
In this case, the interface membrane would be composed of two
inner membranes. Confocal microscopy of an inner and an outer
nuclear membrane-associated proteins, SUN-1 and ZYG-12, re-
spectively (Bone and Starr, 2016), which do not disperse in
mitosis, revealed that both proteins are present at the metaphase
interface (Fig. S3). This, together with the relative similar size of
the holes at the interface in prometaphase and metaphase,
suggest that the first model is correct. However, due to the
presence of membrane junctions, we cannot rule out the pos-
sibility that ZYG-12 and/or SUN-1 are no longer exclusively at
the original outer and inner nuclear membranes, respectively. It
is also possible that the complex does not remain intact during
this stage, rendering the assignment of inner and outer pro-
nuclear membranes ambiguous.

Pronuclear membrane junctions are absent in plk-1 mutant
embryos, which fail to merge their parental genomes

Finally, we wanted to examine whether membrane junctions are
needed for merging of parental genomes. We previously showed
that when the activity of PLK-1 is down-regulated, parental ge-
nomes fail to merge (Rahman et al, 2015). To examine the
configuration of the pronuclear membrane interface under these
conditions, plk-I* worms were grown at the semipermissive
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Figure 4. At metaphase, the two pronuclei are connected by two types of junctions, outer-outer junctions and three-way sheet junctions, that
surround the two-membrane interface. (A) 2D cross sections from FIB-SEM image volumes of outer-outer membrane junctions at the interface of met-
aphase pronuclei. Scale bar, 200 nm (applies to all panels). (B) Distribution of outer-outer junctions (purple spheres) relative the membrane interface (in green)
of two metaphase one-cell embryos. Top panel, M1; bottom panel, M2. Scale bars, 1 um. (C) Segmented volumes of two adjacent outer-outer junctions from
the M1 metaphase embryo. The yellow and red arrowheads serve as markers for the two junctions shown in D. See also Fig. S2 A. Scale bars, 100 nm.
(D) Consecutive FIB-SEM images of the outer-outer junctions shown in C. The distance between slices is 9 nm. See also Fig. S2 B. Scale bar, 100 nm (applies to
all panels). (E) 2D cross sections from FIB-SEM image volumes of intersections between the four original pronuclear membranes and the two-membrane
interface of the M1 embryo. Scale bars, 200 nm. (F) Distribution of the junctions (orange spheres) such as shown in E relative the membrane interface (in green)
in two metaphase one-cell embryos. Left panel, M1; right panel, M2. Scale bar, 500 nm. (G) A segmented volume of three-way sheet junctions from embryo M2.
Structures were rotated along the y axis as indicated, except for the right-most image, which is a top view of the segmented volume. See Fig. S2, C-E, for more
examples. Scale bars, 100 nm.
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Figure 5. The three-way sheet junction likely forms by loss of the membranes from one of the pronuclei and is absent in the plk-1 mutant, which fails
to merge its parental genomes. (A and B) Two models to explain how three-way sheet junctions might form. (A) Removal of the membranes of the “bottom”
pronucleus in the region bound by the outer-outer junctions (dashed lines) leaves behind the inner and outer membranes of the “top” pronucleus along with its
holes. (B) Expansion of an outer-outer junctions (first step, gray arrows) allows juxtaposition of the inner nuclear membranes (second step, gray arrows),
followed by inner nuclear membrane fusion, resulting in fenestration (final step). See text for more detail. (C) 2D cross sections from FIB-SEM image volumes
(left) and segmented volumes of chromosomes (right) of pronuclei from two plk-1* mutant one-cell embryos grown at a semipermissive condition (23°C). Scale
bars, 1 um. (D) Reconstruction of intrapronuclear membrane structures for the same two plk-1t one-cell embryo at metaphase shown in D, as described in
Fig. 3 F. Arrows show the approximate location of the interface. Scale bars, 1 um. (E) Segmented subvolumes from the interface membranes of a one-cell
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plk-1 embryo at metaphase (plk-1 M2), viewed through the plane of the membrane interface. The membranes of the two pronuclei were labeled in red or
green, as in Fig. 2 B. Scale bars, 500 nm. (F) Quantification of hole size in two pronuclear membranes at the interface of a plk-1ts embryo at metaphase (plk-1ts
M2) compared with interface hole size in two wild-type metaphase embryos, excluding holes >1 um?. n = 252 for plk-1t and 159 for wild type. Note that the y
axis is discontinuous, blue background highlights the upper segment of the graph (hole area >0.04 pm?). Statistical analyses were done using a two-tailed
Mann-Whitney test. (G) Examples of the interface of two plk-1% one-cell embryos at metaphase (plk-1* M1 and M2). Scale bars, 1 um. See also Video 8 (wild

type) and Video 9 (plk-1%).

temperature, and embryos at metaphase were analyzed by FIB-
SEM as described above. For reasons that are currently un-
known, the plk-1 embryos were exceedingly fragile, and many
did not survive the high-pressure freezing/freeze substitution
steps. Nonetheless, three metaphase plk-I embryos were re-
covered. Because PLK-1 is needed for chromosome alignment,
we could not ascertain the embryos’ mitotic stage by chromo-
some position (Fig. 5 C). However, the degree of chromosome
compaction in the plk-I' embryos was consistent with the em-
bryos being in metaphase (4.15-5.59 x 10° nm?; compare to Fig. 1
B). Furthermore, the plk-I* embryos contained vesicles inside
the both pronuclear lumens (Fig. 5 D), which is characteristic of
embryos at metaphase (Fig. 3, F and G).

The interface membranes of the metaphase plk-1* embryos
were highly fenestrated (Fig. 5, E and F), with an average hole size
of 0.048 + 0.101 um?. However, only a fraction of openings con-
nected the lumens of the two pronuclei, and in none of the three
plk-1* embryos did we observe fenestrations as large as the ones
seen in wild-type metaphase one-cell embryos (Fig. 5, E and F; and
data not shown). However, if one excludes the very large wild-
type holes at the metaphase interface (>1 um?), there was a trend
toward larger holes in the plk-1* mutant (median hole size 0.01
pm? and 0.024 um? for wild type and plk-I*, respectively; Fig. 5 F),
as if there was a general expansion of membrane holes in the plk-
I’ mutant as opposed to selective expansion seen in wild-type
cells. Importantly, unlike in wild-type one-cell metaphase em-
bryos, where there were membrane junctions between the two
pronuclei (Video 8), in none of the three plk-I* one-cell metaphase
embryos did we observed junctions anywhere throughout the
entire interface (Fig. 5 G and Video 9). As in the case of wild-type
embryos in prometaphase (Fig. 2), the formation of holes larger
than NPC-sized openings at the pronuclear interface was inde-
pendent of junctions. However, junctions appear to be needed for
efficient removal of membrane between the two pronuclei.

We also noted that distance between the two pronuclei was
greater in the plk-I' metaphase embryos than in wild-type em-
bryos at prometaphase (389 + 146 nm vs. 237 * 73 nm, respec-
tively; distances were measured at 16 [wild type] and 21 [plk-1%7]
locations). Thus, PLK-1 is needed for junction formation either
directly, by activating one or more proteins involved in junction
formation, or indirectly, for example by promoting pronuclear
juxtaposition and/or NPC disassembly (Rahman et al., 2015;
Martino et al.,, 2017; Linder et al., 2017) that may be a prereg-
uisite for junction formation. Taken together, our data suggest
that membrane junction formation is needed for merging of
parental genomes in the zygote.

This study examines the process by which parental genomes
merge after fertilization at a resolution that allowed the visual-
ization of both pronuclear membranes up to the point when
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parental chromosomes come in contact. It is largely assumed that
NEBD at mitosis removes the barrier between the two genomes.
However, our data show that pronuclear membranes persist all
the way to metaphase and that membrane junctions, in the form
of outer-outer junctions and three-way sheet junctions, are in-
volved in configuring the pronuclear membranes to facilitate
formation of a diploid genome. If the two pronuclei indepen-
dently form enlarged fenestration at the interface between them,
then why go through a membrane fusion process? First, in the
plk-I'* embryos, where the interface membranes are highly fen-
estrated, there is still a “web” of membrane that likely precludes
parental chromosome merging (Fig. 5 E). Second, our analysis
revealed that trapped between the two pronuclei are membra-
nous structures, in particular flattened membranes that resemble
ER sheets that also fuses with the pronuclear membranes (Fig. 2 E
and Video 8). We propose that membrane junctions serve to
remove all membranes except for a pair of inner and outer
membranes and that the fenestrations through which the two
genomes ultimately merge originate from enlarged and/or fused
holes left behind after NPC disassembly. It is likely that parental
chromosome merging requires the activity of a membrane fusion
machinery, the nature of which remains to be determined. An
obvious candidate for this process is the protein Kar5/Bram-
bleberry, which is involved in nuclear and karyomere fusion in
yeast and zebrafish, respectively (Abrams et al., 2012; Rogers and
Rose, 2014). However, we and others (Ning et al., 2013) have not
been able to find a Kar5/Brambleberry homologue in C. elegans.
It was recently shown that in mice, the first zygotic mitosis
occurs on two separate, and often parallel, spindles (Reichmann
et al., 2018). If the mechanism of pronuclear membrane remod-
eling in C. elegans applies to vertebrates, then these two spindles
may be separated by remnants of the pronuclear membranes. In
humans, the sperm brings with it centrosomes, similar to the
situation in C. elegans and unlike the situation in mice, where the
first zygotic division is acentrosomal (Sathananthan et al., 1991).
Thus, after fertilization, the human embryo is likely to use a single
spindle for its first mitosis and may encounter similar challenges as
the worm embryo in terms of ensuring that the nuclear membranes
are removed in a timely fashion to allow merging of parental
chromosome. We suspect that three-way sheet junctions also exist
in vertebrates, and understanding the mechanism of junction for-
mation will shed light on early steps in human fertilization.

Materials and methods

C. elegans strains and feeding RNAi

The following C. elegans strains were used in this study: OCF3
(unc-119(ed3); jjIs1092[pNUTL:npp-1:GFP + unc-119(+)] 1tIs37
[pAA64: pie-1p:mCherry::his-58 + unc-119(+)]; Golden et al,
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2009); OCF46 (unc-119(ed3); qals3507[unc-119(+) + pie-1::GFP::
lem-2] III; 1tIs37 [pAA64: pie-lp:mCherry::his-58 + unc-119
(+)]; Rahman et al., 2015); OCF85 (0jIs9 [zyg-12::GFP + unc-
119(+)]; and ieSi21 [sun-1p::sun-1::mRuby::sun-1 3'UTR + Cbr-
unc-119(+)] IV). FIB-SEM experiments were done with N2
(Bristol; Brenner, 1974) and OCF64 (plk-1(or683)III/hT2 [qls48]
(LITT); 1tIs37 [pAA64: pie-lp:mCherry::his-58 + unc-119(+)]).
Strains were maintained at 20°C using standard methods un-
less noted otherwise (Brenner, 1974).

Confocal microscopy and image processing

The images in Fig. 1, A and B, were taken using a Nikon Eclipse
TE2000U spinning-disk confocal microscope with IPLab4.0.8
(BioVision Technologies) or Metamorph7.8.8.0 (Molecular De-
vices) software. The microscope was equipped with a 60x 1.4-NA
Apo objective, an LMMS5 laser merge module with four diode la-
sers (excitation at 405, 491, 561, and 655 nm) from Applied Re-
search, a Yokogawa CSUIO spinning disk, and a Hamamatsu
€9100-13 EM-CCD camera. Embryos were placed in standard M9
media (IPM scientific) on 2% agarose (Invitrogen) pads for
imaging at z = 1-um intervals. Images were processed with Image]J
(release 1.50i; http://imagej.nih.gov/ij) or Adobe Photoshop CC
(release 19.0). Images in Fig. S3 were taken on a Nikon confocal
Ti2 with Yokagawa CSU-X1 spinning disk and a photometrix
Prime 95B camera using a Nikon water 60x 1.2-NA Apo Plan ob-
jective. Images were captured and deconvolved using Elements
version 5.20.00 software, after which they were cropped with
Aivia software (DRVision Technologies); four cropping planes
were applied to each dataset to remove fluorescence signals from
outside of the interface. The angles of the cropping planes were
adjusted manually to align best with the interface while keeping
them close to 90° to each other. The cropped volume was then
rotated in 3D to show the membrane structure en face. Linear
histogram adjustments (brightness) were applied to both the GFP
(488 nm) and RFP (568 nm) channels.

High-pressure freezing of C. elegans embryos

Samples for FIB-SEM were prepared as described previously
(Woog et al., 2012); gravid adults grown on plates with OP50
bacteria at 20°C (23°C for plk-1 worms) were dissected in 20%
BSA. Fertilized embryos were selected under a stereo microscope
(SMZ645, 50x total magnification; Nikon) and collected into
cellulose capillary tubes (16706869; Leica Microsystems) with an
inner diameter of 200 um and a wall thickness of 8 um (dry). The
embryos inside a capillary were followed under the stereo mi-
croscope until they reached the appropriate cell cycle stage, at
which point they were transferred into metal carriers (16770152,
Cu-Au 3.0 x 0.5 mm; Leica Microsystems) for immediate cry-
oimmobilization using a high-pressure freezer (model EM ICE;
Leica Microsystems). We typically used a combination of A and B
carriers that resulted in a cavity of 200 pum.

Freeze substitution and resin embedding of embryos

High-pressure frozen (HPF) samples were freeze-substituted
using a quick freeze substitution (QFS) method as published
previously (McDonald and Webb, 2011) with slight modifications:
0.2 g 0s0O, (Electron Microscopy Sciences) was dissolved in in
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9 ml acetone and mixed with 0.5 ml of 2% uranyl acetate
(Electron Microscopy Sciences) in methanol and 0.5 ml double-
deionized water. 1 ml of the QFS cocktail was transferred into
each of up to eight cryo vials and frozen in a metal block placed
inside liquid N, in an ice bucket. Metal carrier sandwiches of
HPF embryos were opened under liquid N, and transferred into
individual cryo vials. The cold metal block was quickly trans-
ferred and placed sideways in a second ice bucket containing
dry ice and then further buried under dry ice, covered, and
placed on a rotary shaker at 60 rpm for 3 h. After decanting the
dry ice and removing the lid, the bucket was returned to the
shaker until the metal block reached room temperature (typi-
cally 1 h), as determined by an infrared thermometer (model
IRT207; General Tools & Instruments). After removal of the
QFS cocktail, the freeze-substituted samples were subjected to
three gentle 10-min washes with acetone and then infiltrated
with Polybed 812 resin (08791; Polysciences) of medium hard-
ness (14.6 g Polybed, 8.4 g DDSA, 7.0 g NMA, and 0.42 ml DMP-
30) in increasing resin/acetone ratios of 1:2, 11, and 2:1 (1 h
each). The samples were subsequently incubated in 100% resin
overnight, transferred to fresh 100% resin for 6 h before they
were embedded in beem capsules, cavity side facing inward,
and cured in a 55°C oven for ~64 h.

FIB-SEM sample preparation

Excess resin around the metal carriers was removed using a
jeweler’s saw and razor blades, and the exposed carriers them-
selves were removed carefully by repeated dipping in liquid N,
and heating with a heat gun (Master Appliance Corp). A mi-
crotome (Ultracut UC7; Leica Microsystems) was used to
smoothen the face of the sample block, and resin was further
removed in 200-nm increments until the top surface of the
embryo was exposed, as confirmed by toluidine blue staining of
the sections. The sample block was cut off from the beem cap-
sule, cleaned in a series of distilled water baths with an ultra-
sonicator, mounted on a standard scanning EM stub (16111-9; Ted
Pella) using super glue, and painted with colloidal silver solution
(Electron Microscopy Sciences). The sample was left to dry
overnight in a chemical hood and then coated with gold using a
gold coater (EMITECH) to provide a conductive pathway from
the resin-embedded embryo to ground.

FIB-SEM data acquisition and postprocessing

The sample stub was placed in a Zeiss FIB-SEM instrument
(Crossbeam 540; Carl Zeiss); using the partially exposed oblong
embryo on the surface, the sample was oriented for milling such
that the long axis of the embryo was perpendicular to the FIB
sectioning and scanning EM imaging plane. For some samples,
the long axis was oriented parallel to this plane to reduce the
total run length; however, the relative orientation of the embryo
had little impact on the quality of the data. After a protective
carbon pad, 300 nm thick, was deposited over the embryo and a
trench well in front of the expected front edge of the embryo
was milled, with FIB beam current set at 65 nA. We then reduced
the FIB current to 3 nA and executed a “sneak and peek” pro-
tocol, where 1-um-thick sections were milled until the embryo
was detected by the scanning EM at the cliff face. At this point, a

Journal of Cell Biology
https://doi.org/10.1083/jcb.201909137

11


http://imagej.nih.gov/ij
https://doi.org/10.1083/jcb.201909137

1.5-pm-thick patterned platinum pad was deposited over the
carbon pad, followed by a further carbon pad to protect the
notches (Narayan et al., 2014). We then continued FIB milling
across the entire embryo and more with a current of 1.5 nA until
a recognizable feature such as the hazy pericentriolar material
was observed, at which point pronuclei could be reliably ex-
pected proximally. Now, an imaging run was initiated using
ATLAS 5 (Fibics). A high-resolution region of interest was
drawn over the area thought to contain the pronuclei, and the
following milling and imaging parameters were chosen: the
scanning electron microscope was operated at 1.5 kV accelerat-
ing voltage and 1.0-nA current and FIB parameters were 30 kV
with a 1.5-nA or 700-pA current. The in-column energy selective
backscatter detector was used with a grid voltage of 1,000 V to
record high-resolution, high-m/z contrast signals. 8-bit gray-
scale images were collected at total dwell time of 3 us at 3 x 3-nm
pixel size and a FIB slice thickness of 9 nm. Focus and stigmation
of the beams were executed on the fly every ~0.5 pm, and key
frames were usually not collected. A typical run generated
several thousand high-resolution images, collected over 40-60 h
continuously and automatically.

Once acquisition of the dataset was complete, the image stack
was locally cropped as required and then processed on the Na-
tional Institutes of Health Biowulf cluster using IMOD-based
scripts to produce aligned, inverted, and binned .mrc files
(Kremer et al., 1996). The resulting image volumes were made of
9-nm isotropic voxels and also benefitted from denoising by
averaging in x and y, allowing for easy visualization and accurate
segmentation from any angle with minimal warping. These files
were subsequently used for model visualization, segmentation,
and rendering. Occasionally, beam instabilities caused a “wash
effect” in some datasets; this is a known artifact of multifactorial
provenance, where FIB milling progresses through the insulating
resin trench in jumps and spurts rather than in a smooth linear
fashion. This results in contrast gradation, especially toward the
bottom of the high-resolution regions of interest, resulting from
a combination of actions such as redeposition and beam-induced
baking. The slight brightening in background grayscale value
along the y axis in the raw image has a periodicity over several
slices; thus, the effect is most evident as stripes of repeating
contrast variation when the image volume is viewed from ob-
lique angles. Importantly, the few datasets with the “wash effect”
showed the artifact on the order of a tens of nanometers and did
not result in major physical artifacts such as shelves in the cliff
face. Postprocessing routines to remove the wash did result in
some improvement but also introduced some variation in signal
from biological features. This approach was therefore aban-
doned. For segmentation of features that occurred in areas with
these grayscale variations in the images, in practical terms, this
meant that automated or threshold-based segmentation routines
were supplanted with significant manual cleanup and cross-
checked for accuracy, as detailed below.

Analysis of FIB-SEM datasets to display nuclear architecture
with 3D models

Amira 6.5.0 (release 2018-03-07; Thermo Fisher Scientific)
software with XIMagePAQ, XMesh, and XSkeleton extension
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packages were used for a threshold-based automated segmen-
tation. Segmentation using Amira was done following a general
scheme unless specified elsewhere. A threshold-based selection
of membranes or chromosomes was followed by three rounds of
slice-by-slice visual inspection (through xy, yz, and xz planes
separately). Upon careful visual inspection, all undetected areas
were manually traced/added to the segmented volume. Any
unrelated structures that were automatically segmented along
with the NE due to similar threshold levels (e.g., ER membranes
surrounding NE; lipid droplets, mitochondria, and other or-
ganelles in the proximity of the NE) were removed manually. In
total, FIB-SEM data from seven wild-type embryos were in-
cluded in this study: one prophase embryo (P), two prometa-
phase embryos (PM2 and PM4), and four metaphase embryos
(M1, M2, M3, and M4). In addition, the study includes FIB-SEM
data from three plk-I*s embryos.

Segmentation of pronuclear membrane junctions

Pronuclear membrane junctions were segmented as above on
separate subvolumes created with Amira. A standard Gaussian
filter (interpretation: xy planes; kernel type: separable, SD x:1,
SD y:1) was applied before segmentation unless otherwise
specified. Typically, a threshold range between 110 and 165 was
chosen for automated segmentation/selection. Selected voxels
were added to a new material in a specific label field. A surface
was generated from selected voxels using a variable smoothing
range between 2.5 and 5 (range, 0-10). No filter was used for
segmentation of PM2 interface membrane or M1 three-way
junctions. For PM4, we used a Gaussian kernel, and for M2
segmentation, we used 2, 2 (other parameters unchanged) for
both outer-outer and three-way sheet junctions.

DNA volume measurements

The regions containing chromosomes in each FIB-SEM dataset
was volume cropped to generate a separate Amira file. After
applying a Gaussian filter with SD range between 2 and 3 and
leaving other general scheme parameters unchanged, a surface
was generated as described in the general scheme. We used the
“Materials Statistics” module in Amira to measure the volume of
chromosomes from its 3D surface generated from selected voxels
based on a threshold-based segmentation/selection method as
per the general scheme.

NE openings/hole size measurements

We used the slicer module in 3dmod to rotate and capture tiff im-
ages of NE regions with openings/holes captured in-plane. All tiff
images were imported to Image]J, and then the Image] 2D measure
tool was used to determine size/area of NE openings/hole by mea-
suring two perpendicular diameters of each hole. These diameters
were used to calculate aspect ratio and hole area assuming circu-
larity. The native 2D measure tool in Amira was used to analyze NE
openings/hole size from segmented 3D reconstructions/models.

Measurements of membrane tube width in outer-outer and
three-way sheet junctions

The width of the membrane tubes that form at prometaphase or
metaphase between parallel membrane sheets in either the

Journal of Cell Biology
https://doi.org/10.1083/jcb.201909137

12


https://doi.org/10.1083/jcb.201909137

outer-outer junctions or three-way sheet junctions were mea-
sured using the Amira 2D scale tool using 3D segmented vol-
umes. Each measured tube was reconfirmed by manually
scoring through the scanning EM image slices. At least 20 tubes
for each junction types were measured. Average widths were
determined using Excel.

Measurements of distances between pronuclear membranes
The distances between pronuclear membranes were measured
based on tiff images from scanning EM image stacks, using
3dmod software package and the Image] measurement tool. The
distance between pronuclear membrane was defined as the
distance between the outer nuclear membranes of opposing
maternal and paternal pronuclei.

Data

Raw FIB-SEM data files (mrc and/or am files) used for segmentation
and 3D surface reconstructions (surf files) can be obtained at https://
cssi-dec.ncinih.gov/cssiportal /view/5dea900b0c4bb14f0da5{027/.

Statistical analyses

Statistical analyses were done using Prism 8 version 8.2.0
(GraphPad Software). For each dataset, normalcy was deter-
mined and the appropriate test (parametric vs. nonparametric)
was applied as indicated in the figure legends.

Online supplemental material

Fig. S1 provides additional statistical analyses of membrane hole
sizes <0.04 pum? (related to Figs. 1, 2, and 3). Fig. S2 provides
additional examples of outer-outer junctions and three-way
sheet junctions (related to Fig. 4). Fig. S3 provides fluorescent
images to test the models shown in Fig. 5, A and B. Videos 1, 2,
and 3 show 3D reconstructions of outer-outer junctions (related
to Fig. 4). Videos 4, 5, 6, and 7 show 3D reconstructions of three-
way sheet junctions (related to Fig. 4). Video 8 shows the in-
terface of wild-type one-cell embryos at metaphase (related to
Fig. 5). Video 9 shows the interface of plk-I* one-cell embryos at
metaphase (related to Fig. 5).
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