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SUPPLEMENTAL FIGURES.

Nonhuman Primate Apposed Pronuclei Aligned to the:

Animal-Vegetal Equatorial ( Eq) Oblique (ODb)

AXis AXxis

Supplemental Figure S1. Cytoplasmic Orientation of Apposed Male and Female
Pronuclei Relative to the Animal-Vegetal (A—V) Axis in NHP Zygotes. By convention, the
2" polar body defines the animal pole in mammalian oocytes. Here, the white lines depict the
animal-vegetal axis of the NHP zygote, while black lines show the equatorial axis. A: Apposed
male and female pronuclei aligned along the A—V axis (white line) prior to the onset of
pronuclear envelope breakdown. B: Eccentric apposed male and female pronuclei aligned
along the equatorial axis (black line) in a fertilized zygote. C: Apposed cortical male and female
pronuclei aligned obliquely to either the A—V or equatorial axis. Most NHP zygotes with

apposed pronuclei align oblique to the A—V axis. Bar=10um.



Supplemental Figure S2. Microtubules and Myosin Il during Cleavage of Fertilized Mouse
Zygotes. A: Prophase. The apposed male and female pronuclei beginning nuclear
condensation (blue) are surrounded by numerous small microtubule asters on both pronuclear
surfaces (green, arrowheads). The incorporated sperm axoneme lies in the cytoplasm (red,
small arrows), and the meiotic midbody connects the ejected second polar body (Pb) to the
zygote. Inset: The acentriolar maternal pericentriolar material that nucleates cytoplasmic
microtubules are shown aligned along the male and female pronuclear surface towards the end
of interphase stage (arrowheads, PCM, y—tubulin; arrows, sperm axoneme). B: The mouse
central anaphase mitotic spindle (green) is anastral with elongating, crisscrossing interzonal
microtubules radiating toward the cortex as the chromosomes segregate to opposite poles
(blue). C: Asthe chromosomes complete migration to opposite poles at telophase (blue), the
spindle microtubules expand from the spindle apparatus (green). Cleavage furrow formation
begins symmetrically in the opposing cortical regions and orthogonal to developing midbody
(arrows). D: Enhanced myosin Il (green) at telophase is observed at the leading edges of the
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symmetrical invaginating cleavage furrow (arrows) as daughter cell nuclei reform (blue). A:
triple-labeled for microtubules (green), acetylated a-tubulin (red) and DNA; B and C: double-
labeled for microtubules (green) and DNA (blue); D: double-labeled for myosin Il (green) and

DNA (blue). Bar=10um.
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Supplemental Figure S3. Random Orientation of the Interphase Pronuclei after ICSI
Induces Off-Axis Mitotic Spindle Assembly and Unequal Cleavage Division Compared to
IVF Zygotes. (A-D): Representative images of mitotic IVF fertilized zygotes. At metaphase, an
anastral bipolar spindle (A: green) forms para-tangential to the overlying cortex. Cleavage
progression is orthogonal to the aligned equatorial chromosomes (A: blue), indicating equal
daughter blastomere formation after cytokinesis. At early anaphase, as the sister chromatids
separate (B: blue), the spindle poles broaden and start assembly of polar microtubules toward
the cortex (B: green). Note orthogonal division plane through the separating sister chromatids
would include passage through the 2" polar body (B: Pb). By late anaphase, extensive spindle

pole microtubules project toward the cortex (C: green) as the asymmetric cleavage furrow



begins to invaginate (C: arrowhead) orthogonal to the plane of chromosome separation (C:
blue). D: a polyspermic IVF oocyte with 3 sets of mitotic chromosomes at early telophase
(blue). Spindle pole microtubules (green) overlapping at the adjacent cortex signal the initiation
of cleavage furrow assembly orthogonal to the plane of separating chromosomes (arrowhead).
(E-H). Representative images of mitotic ICSl-fertilized zygotes. After ICSI fertilization, random
apposed cortical pronuclear orientation positions centrosomes that assemble mitotic metaphase
spindles with a radial cortical orientation (E: green; DNA, blue). At early anaphase, as sister
chromatids separate (F: blue), no enhanced spindle pole microtubule assembly toward the
cortical region is observed (F: green). The cleavage plane expected to pass orthogonal to the
plane of separating chromosomes would produce unequally sized daughter blastomeres post-
cytokinesis. With advancing anaphase (G: blue, DNA), sparse spindle pole microtubules radiate
cortically (G: green) as the asymmetric cleavage furrow begins to progress orthogonal to the
separating chromosomes. Unequal daughter cell formation is expected as the furrow plane
advances. H: an ICSI zygote with a central cytoplasmic telophase spindle having well-
separated chromosomes (blue), elaborated spindle pole microtubules (green), and interzonal
microtubules forming the midbody (arrow). Note the late onset of cleavage furrow initiation at
this advanced mitotic stage. All images are double-labeled for microtubules (green) and DNA

(blue). Bar=20um.
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Supplemental Figure S4. Eccentric Pronuclear Orientation in NHP Zygotes is Unique to
the Male Pronucleus. (A-C): Three examples of pronuclear-stage parthenogenotes (no male
contribution) produced by artificial activation in 5uM ionomycin for 5 min, followed by 4hr in
1.9mM 6-DMAP exposure. At the end of 6-DMAP treatment, often a single diploid female
pronucleus (FPn) forms in the cytoplasm, initially at the site of the second meiotic spindle (A-B,
short arrows). Rarely, two haloid FPn from the product of meiosis-ll completion, without the
elicitation of the second polar body, forms. The FPn formed in parthenogenotes often drift
toward the central cytoplasm after activation and before the onset of first mitosis (C: arrows).
The polar bodies (Pb) in A-C (long arrows) represents the products from completion of first
meiosis. (D-F): Rhesus parthenogenotes derived by injection of a crude sperm factor into

mature oocytes. Unlike ionomycin/6-DMAP activation, injection of a crude sperm extract



triggers the completion of second meiosis with the elicitation of the second polar body (Pb). By
20 hrs post-activation, the single female pronucleus formed in each zygote (arrows) drifts away
from the cortical region toward the central cytoplasm, where spindle assembly occurs following
nuclear envelop breakdown. (G-l): Three examples of pronuclear-stage androgenotes (no
female nuclear contribution) formed by ICSI fertilization of enucleated oocytes produced when
the female chromosomes and the second meiotic spindle apparatus were removed with a
micropipette. The eccentric male pronuclei (arrows) tightly associate with the cortex by 13-hrs
post-ICSI, unlike observations made in parthenogenetic zygotes. Hoffman Modulation Contrast

(HMC) Imaging. Pb:1%t or 2" polar bodies. Bar=20um.
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Supplemental Figure S5. First Cleavage Patterns in Parthenogenetic and Androgenetic
Zygotes. (A1-A4): Diploid female parthenogenetic zygote (no 2" polar body elicitation)
created by chemical activation with ionomycin/6-DMAP. By 8hrs p-ICSlI, the dual haploid female
pronuclei have formed and migrated toward the central cytoplasm (Al; inset: 1 Pb). By 11.5

hrs p-ICSI, the central female pronuclei undergo nuclear envelope breakdown (NEBD) with the



formation of an asymmetric cleavage furrow at the distal cortex (A2: arrow). The cleavage
furrow progresses to the opposite cortex (A3: arrows), forming roughly equal daughter
blastomeres with slight fragmentation observed after cell division (A4; inset: 1% polar body at
opposite cortex). (B1-B4): A haploid single pronuclear female parthenogenote (with 2" polar
body elicitation) after injection of NHP crude sperm factor. By 18.5 hrs p-ICSlI, the central
cytoplasmic female pronucleus quickly migrates toward the cortex, where the 2" polar body
(B1: Pb) formed after oocyte activation (B1: arrowhead, FPn; small arrows: direction of
pronuclear movement). By ~22.5 hrs p-ICSl, the female pronucleus undergoes NEBD as the
asymmetric cleavage furrow begins at the adjacent cortex (B2: arrow). As cleavage progresses
(B3: arrows), cytoplasmic “clearing,” fragmentation, and a massive cortical rotation ensue, with
the Pb and cytoplasmic fragments located between equal-sized daughter blastomeres (B4,
arrow). (C1-C4): Haploid androgenote produced by ICSI after “enucleation” of the second
meiotic spindle and 1% polar body. A fibroblast cell (Fib) inserted under the zona pellucida failed
to fuse in this somatic cell nuclear transfer attempt. By 18 hrs, the eccentric cortical male
pronucleus (MPn) undergoes NEBD cortically (C1: arrowhead). Cleavage furrow initiation
begins at the oolemma overlying the former MPn site (C2: arrow) and progresses
asymmetrically to the opposite cortex (C3: arrows). The non-fused fibroblast cell (C4: Fib)
rotates into the cleavage furrow, residing between the daughter blastomeres after cytokinesis.
All panels are Hoffman Modulation Contrast (HMC) images taken from TLVM movies of
artificially activated parthenogenetic oocytes (A and B) or androgenotes derived by ICSI of

oocytes devoid of maternal chromatin. Time in hrs:min (h:m) post-ICSI (p-ICSl). Bar=20um.
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Supplemental Figure S6. Microtubule and DNA Patterns in Parthenogenetic Zygotes.

(A): Interphase parthenogenotes generated using cytoplasmic injection of a crude sperm factor
into a metaphase llI-arrested rhesus oocyte. By 19hrs post-sperm factor activation, random
cytoplasmic microtubule patterns assemble in the cytoplasm around the centralized female
pronucleus without any paternal centriole contribution (A: green). (B): A parthenogenetic zygote
produced by chemical activation with ionomycin/6-DMAP assembles short, anastral bipolar
spindles (green, microtubules) with aligned chromosomes (blue, DNA) in the central cytoplasm
by 23hrs post activation. Pb: the first polar body undergoing division. (C): A parthenogenetic
zygote at mitotic anaphase produced 19hrs post-activation after microinjection of crude sperm
factor. As the duplicated chromatids segregate toward their respective spindle poles (blue),

short microtubules extend from the anastral bipolar spindle, crisscrossing at the spindle equator



but not extending to the distal cortex (green, microtubules), to signal asymmetric cleavage
furrow initiation. Pb: 2" polar body. (D): A 22hrs-post-activation late anaphase parthenogenetic
zygote produced after crude sperm factor microinjection. As the separated female chromatids
reach their respective spindle poles (blue), microtubule assembly increases dramatically from
both spindle poles (green), with some radiating toward distal cortical regions. Note overlapping
microtubules in the plane directly orthogonal to the spindle equatorial region but the paucity of
microtubules reaching the cortical region, upon which the cleavage furrow is expected to
assemble (arrowheads). (E): A 23hrs-post-activation parthenogenetic telophase zygote
produced by crude sperm factor microinjection. As the separated female chromosomes begin
to decondense into daughter nuclei (blue), microtubules radiate from the spindle poles (green)
but do not contact the cortex, where cleavage furrow initiation (arrowheads) is predicted to form
orthogonal to the assembling midbody (arrow). (F): By 22 hrs post-activation, a crude sperm
factor-activated zygote completes cytokinesis, showing daughter cell nuclei reconstitution (blue)
and greatly reduced spindle pole microtubules (green) as the equal-cleavage furrow invaginates
orthogonal to the well-formed midbody (arrow). Pb: 1st or 2" polar bodies. Time post-
activation in hrs:min (h:m). All images double-labeled for microtubules (green) and DNA (blue).

Bars=20um.
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Supplemental Table 1. Comparison of Fertilization and Cytokinesis Events in Mice, Nonhuman
Primates (NHP) and Human Zygotes.

Event

Mice

NHP (macaques,
baboon)

Human

Selected References

Metaphase-Il Oocyte
polarity

Yes

unknown

Yes

Mice: rev Ajduk et Zernicka-Goetz,
2016; Chaigne et al, 2017

Human: Antczak and Van Blerkom,
1997, Van Blerkom et al, 2008; Garello

et al, 1999; Coticchio et al, 2014
*alternative view: Motosugi et al, 2006

Sperm Incorporation
Cone

Yes

No

Yes

Mice: Longo, 1988; Simerly et al, 1998;
Terada et al, 2000; NHP: Piotrowska-
Nitsche et al, 2009; this report

Human: Iwata et Mio, 2016; Coticchio et
al, 2018

Inherited sperm
centrioles

No
(maternal
acentriolar
MTOCs)

Yes

Yes

Mice: Maro et al, 1985; Schatten et al,
1986; rev, Schatten, 1994; NHP: Wu et
al, 1996; Hewitson et al, 1997

Human: Sathananthan et al,1991;
Simerly et al, 1995; Van Blerkom et al,
1995

Sperm aster assembly
for directed pronuclear
migration

No

Yes

Yes

Mice: Schatten et al, 1985; Schatten et
al, 1986; Maro et al, 1986; NHP: Wu et
al, 1996; Hewitson et al, 1997; Human:
Simerly et al, 1995; Van Blerkom et al,
1995; Van Blerkom, 1996; Coticchio et
al, 2018

Zygote shape change

Yes

Yes

Yes

Mice: Grey et al, 2004; NHP: this study
Human: Payne et al, 1997; Coticchio et
al, 2018

Cytoplasmic
streaming/wave

Yes
(streaming)

Yes
(streaming/wave)

Yes
(wave)

Mice: Deguchi et al, 2000; Ajduk et al,
2011; Lee et al, 2013; Almonacid et al,
2015; Niwayama et al, 2016; NHP: this
study; Human: Payne et al, 1997; rev,
Scott, 2000; Swann et al, 1997;
Coticchio et al, 2018.

Pronuclear position at
end of interphase

central

eccentric

central

Mice: Schatten et al, 1986; Maro et al,
1985; NHP: Wu et al, 1996; Human:
Simerly et al, 1995; Van Blerkom et al,
1995; Payne et al, 1997; Scott, 2000;
Caoticchio et al, 2018

Mitotic spindle assembly

Maternal
acentriolar
MTOCs

Duplicated sperm
centrioles

Duplicated
sperm
centrioles

Mice: Schatten et al, 1986; Maro et al,
1986; NHP: Wu et al, 1996; Human:
Santhanthan et al, 1991; Simerly et al,
1995; Van Blerkom et al,1996.

Cleavage furrow
initiation

symmetric

asymmetric

symmetric

Mice: Schatten et al, 1986; Simerly et al,
1998; Maro et al, 1985; NHP: this study
Human: Simerly et al, 1995; Coticchio et
al, 2018.

Cleavage furrow
perpendicular to aligned
parental genomes

Yes*

Yes

unknown

Mice: Hiiragi et Solter, 2004; NHP: this
study; Human: not reported
*alternative view: Plusa et al, 2005

Cleavage furrow through
animal axis (within 30°
of animal axis [polar
body])

IVF: Yes*

ICSI: unk

IVF: unk

ICSI: Yes

IVF: unk

ICSI: Yes

Mice: Gray et al, 2004; Plusa et al,
2002;2005; NHP: this study; Human:
Desai et al, 2019.

*alternative views: Hiiragi et Solter, 2004

Cleavage furrow through
sperm entrance point

IVF: Yes*

ICSI: unk

IVF: unk

ICSI: No

IVF: unk

ICSI: unk

Mice: Piotrowska et Zernicka-Goetz,
2001; Plusa et al, 2002; Gray et al,
2004; Plusa et al, 2005; NHP:
Piotrowska-Nitsch et al, 2008; Human:
Mio and Maeda, 2008

*alternative views: Davies et Gardner,
2002; Hiiragi et Solter, 2004.
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SUPPLEMENTAL VIDEOS.

Supplemental Video 1. Selected time-lapse video frames from a recording of Rhesus sperm
incorporation during in vitro fertilization. The sperm head is bound to the oolemma by 3hrs post-
insemination (blue arrow). The oocyte’s cortex initially rotates toward the middle oocyte area,
the site of eventual 2" polar body elicitation. Note the cytoplasm “expands” outward as oocyte
activation ensues, carrying the bound sperm head toward the far upper left cortical region. This
is an example of the observed oocyte shape changes during fertilization. The female
pronucleus (out of the plane of focus) forms after 2" polar body extrusion and migrates to the
cortical decondensing male sperm head (pink arrow, FPn). Video is 9 frames taken from an

8.5-hr multidimensional TLVM recording at 5 min per frame.

Supplemental Video 2. Split-screen video of Rhesus in vitro fertilization, with female
pronuclear events observed on the left beginning after 2" polar body elicitation (pink arrow,
FPn), and male pronuclear events beginning with the attached incorporated sperm head seen
on the right (blue arrow, MPn). The female pronucleus migrates to the male pronucleus on the
assembled sperm astral microtubules while the male sperm head undergoes decondensation
and pronuclear formation near the cortex. After female pronuclear migration, the apposed
pronuclei orient radially to the overlying cortex, with the female pronucleus distal to the cortical-
residing male pronucleus. Each video is 11 frames taken from a 16-hr multidimensional TLVM

recording at 15 min per frame.

Supplemental Video 3. Split-screen video of Rhesus ICSI fertilization beginning 3hrs post-
sperm microinjection, with female pronuclear events observed on the left and male pronuclear
events on the right. Polar body elicitation occurs by 5hrs post-ICSI, with female pronuclear
assembly (left: pink arrow, FPn) followed by migration to the cortical decondensing male
pronucleus (right: blue arrow, MPn). The microinjected sperm head glides extensively along the

cortex prior to male pronuclear decondensation (right: blue arrow, sperm head). After
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pronuclear apposition, the pronuclei align para-tangentially to the overlying cortex as opposed to
radial orientation observed after IVF (compare to Supplemental Video 2). Each video is 17

frames taken from a 15-hr multidimensional TLVM recording at 15 min per frame.

Supplemental Video 4. Rhesus ICSI multidimensional TLVM beginning 6.5hrs post-sperm
injection. The video shows female pronuclear (pink arrow, FPn) migration to the cortical male
pronucleus (blue arrow, MPn), radial pronuclear orientation and meridional cleavage, which
begins near the formerly intact male pronucleus that proceeds through the 2" polar body region
(Pb). Video is 14 selected frames from a 24-hr TLVM recording with images taken every 10

min.

Supplemental Video 5. Cynomolgus ICSI multidimensional TLVM recording beginning 3.5hrs
post-sperm injection. The video shows 2™ polar body elicitation, female pronuclear formation
(pink arrow, FPn), and migration to the cortical-residing male pronucleus (blue arrow, MPn).
The apposed pronuclei are para-tangentially arranged to the cortex, with cleavage furrow
initiation beginning near the formerly intact male pronucleus (arrow) and progressing
equatorially to the opposite cortex as the polar bodies rotate into the cleavage furrow (1% polar
body; 2" polar body). Video is 14 frames selected from a 24-hr recording with image capture

every 10 min until mitosis, when recordings are switched to 2 min per image capture.

Supplemental Video 6. Baboon ICSI multidimensional TLVM recording beginning 11.5hrs
post-sperm injection. The apposed male (blue arrow, MPn) and female (pink arrow, FPn)
pronuclei are oriented radially to the overlying cortex. Two PHA-coated fluorescent beads are
attached to the outside oolemma, a large 5-pum bead marking the site of ICSI (white arrow, MIP)
and a smaller 3-um bead labeling an off-target cortical site (green arrow, cortical fluorescent
bead). Female pronuclear breakdown occurs before male pronuclear breakdown, and the
cleavage furrow initiates near the site of the formerly intact male pronucleus (white arrow,
cleavage initiation), progressing meridionally to the opposing cortex, where the polar bodies
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(Pbs) reside, but not through either cortical site marked by the attached fluorescent beads.
Cytokinesis forms unequal-sized daughter blastomeres, with the polar bodies between the
daughter cells and both fluorescent beads rotating toward the furrow region. Video is 14 frames

taken from a 20-hr recording with frames taken every 10 minutes.

Supplemental Video 7. Baboon ICSI multidimensional TLVM recording beginning 10 min post-
ICSI. The video shows 2" polar body elicitation, female pronuclear formation (pink arrow, FPn),
and migration to the cortical male pronucleus (blue arrow, MPn). The apposed pronuclei briefly
separate and then re-establish contact as they tumble along the cortical region prior to
pronuclear envelope breakdown, with the female pronucleus nearest the overlying cortex at
mitosis onset. The cleavage furrow begins near the site of the formerly intact female pronucleus
and proceeds meridionally to the opposing cortex through the 2" polar body region in an
unequal cleavage pattern. A 3-um fluorescent bead marks the site of ICSI at the microinjection
point (MIP) but detaches as the pronuclear migration occurs and the zygote cytoplasm
contracts. As mitosis begins, the cytoplasm expands and re-engages the fluorescent bead,
which rotates toward the cleavage furrow. Note, neither cleavage initiation nor progression
includes the cortical site marked with a fluorescent bead. Both blastomeres undergo equatorial
cleavages at second division. Video is 14 frames taken from a 40.5-hr recording with frames

taken every 10 min.

Supplemental Video 8. Split-screen videos of Rhesus oocyte ionomycin/6-DMAP
parthenogenetic activation (left) and androgenesis (right) from an “enucleated” oocyte that failed
to fuse with a somatic cell (somatic cell nuclear transfer failure). Parthenogenetic activation
begins in late interphase with two haploid female pronuclei (pink arrows, FPN) visible in the
cytoplasm distal to the 1% polar body. Following simultaneous female pronuclear breakdown,
the cleavage furrow (arrow) begins near the site of the 1% polar body (not visible in focal plane)

and moves to the opposing cortical site. The first polar body resides at the opposite cortex
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following migration along the cleavage furrow during cytokinesis. In the androgenote (right
video), the oocyte was first enucleated to remove the second meiotic spindle apparatus and the
first polar body; this was followed by ICSI. A somatic cell was inserted under the zona pellucida
after ICSI and an electric current applied to fuse with the enucleated oocyte, but this failed. The
ICSI oocyte formed a single haploid male pronucleus near the cortex (blue arrow, MPn) by
18.5hrs post-sperm injection, with cleavage furrow formation near the formerly intact male
pronucleus and progressing to the opposing cortex. The bound somatic cell rotates in to the
cleavage furrow region during cytokinesis. The parthenogenote video is 8 frames selected from
a 12-hr TLVM recording with image capture every 5 min. The androgenote video is 8 frames

selected from a 4-hr recording with image capture every 5 min.
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