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ABSTRACT

Spiralia represents one of the main clades of bilaterally symmetrical metazoans (Bilateria). This
group is of particular interest due to the remarkable conservation of its early developmental pat-
tern despite of the high diversity of larval and adult body plans. Variations during embryogenesis
are considered powerful tools to determine ancestral and derived characters under a phylogenetic
framework. By direct observation of embryos cultured in vitro, we analyzed the early cleavage
of the euopisthobranchs Aplysia cf. californica. We used tubulin immunocytochemistry to stain
mitotic spindles during early cleavages, and followed each division with the aid of an autoflu-
orescent compound inside yolk platelets, which differed from the characteristic pink-brownish
pigment of the vegetal cytoplasm in zygotes and early embryos. We found that this species ex-
hibits an unequal cleavage characterized by ooplasmic segregation, oblique inclination of mitotic
spindles, and differences in size and positioning of the asters in relation to the cellular cortex.
Furthermore, we detected asynchrony in cleavage timing between the two large macromeres C
and D, which increases the number of cleavage rounds required to reach a particular cell stage
in comparison to other spiralians. Here, we report the presence of a transient and previously
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undescribed U-shaped embryo in this species. The present detailed description of A. californica
early development deviates considerably from stereotypical patterns described in other spiralians.
Our observations demonstrate that early spiralian development can be more plastic than previ-
ously thought. J. Exp. Zool. (Mol. Dev. Evol.) 328B:72-87, 2017. © 2016 Wiley Periodicals, Inc.
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The spiral cleavage is a stereotypical pattern that was first de-
scribed more than a century ago (Conklin, 1897). Typically, it
consists of diagonal cell divisions obliquely aligned with respect
to the animal-vegetal (AV) axis. The first two cleavages occur
along the AV axis; as a result, a first quartet of cells is spawned,
which are conventionally identified as macromeres A-D (Con-
klin, 1897). Among all, the blastomere D is suggested to mark the
future lateral dorsal side of the embryo (Martindale, '86; Shimizu
et al., 2014). Later, a set of four smaller blastomeres is generated
toward the animal pole. These cells, known as micromeres, are
labeled with a lower case letter that represents the mother cell
(macromere) from which they arise, and a number preceding that
letter, symbolizing the quartet to which they belong. Therefore,
the first quartet of micromeres will consist of a set of small blas-
tomeres known as 1a-1d. Subsequently, a second quartet of mi-
cromeres is generated from the macromeres (2a-2d). During this
division, the mitotic spindles are shifted in the opposite direc-
tion of the first quartet of macromeres, oriented either clock-
wise or counter clockwise, around the main embryonic axis (AV
axis). This generates an oblique alternating arrangement of cells,
which is consecutively followed by succeeding cellular divisions,
resulting in a classic holoblastic spiral configuration (Costello
and Henley, ’76).

Remarkably, some lophotrochozoan taxa exhibit variations in
the formation of early blastomeres, differing from the traditional
spiral cleavage described above. These deviations have been
identified in several groups such as Rotifers, Platyhelminthes,
Nemerteans, Molluscs, and Annelids (Lambert, 2010; Adell et al.,
2015; Bleidorn et al., 2015; von Déhren, 2015; Wanninger and
Wollesen, 2015). The promoting mechanisms that differ among
taxa are generally established during the first two cellular divi-
sions (Goldstein and Freeman, '97; Henry and Martindale, '99;
Henry, 2014). For example, the leech Helobdella robusta exhibits
unequal early cleavage, which is driven by differences in the
polarization of the two mitotic spindles during metaphase prior
the first cleavage, with one of the spindle poles expanding to-
ward the cortex, while the other one shrinks, losing most of its
microtubules. These processes promote the uneven cytokinesis
that generates two unequal size blastomeres, one large (CD) and
another small (AB) (Ren and Weisblat, 2006). In addition, un-
equal cleavage could also be driven by the formation of a “po-
lar lobe”, a vegetal anucleate bulge produced as a result of the

asymmetric segregation of cytoplasmic materials inherited by
one cell. Particularly, this phenomenon has been broadly docu-
mented in molluscs and annelids, where the polar lobe usually
is generated during the first two cell divisions (Clement, '52;
Dohmen, '83; Henry et al., 2006; Lambert, 2008). Generally, the
formation of a polar lobe is a dynamic process of cytoplasmic
migration that generates changes in the shape of the embryo,
resulting in different morphologies such as L-shaped, trilobed-
, or calabash-shaped embryos, among others (Yin et al., 2013).
Moreover, the asymmetric division of the early embryos is not
necessarily produced or limited to one specific mechanism; in
fact, some species, such as the polychaete Chaetopterus variope-
datus, achieve unequal cleavage throughout the combination of
both, unequal cytokinesis due to a spindle shift and polar lobe
formation (Henry, '86).

As exemplified before, the mechanisms that generate asymme-
tries in spiralians can differ among organisms. Thus, the conser-
vation or divergence of specific developmental modes, body pat-
terns, and axis determinants are considered important characters
to establish phylogenetic relationships, underlining the interplay
between ontogenesis and evolution (Palmer, '96; van den Bigge-
laar and Haszprunar, ’96; Hejnol, 2010). An early phylogenetic
meta-analysis of developmental modes in spiralians examined
several embryological features such as cleavage patterns, mech-
anisms of D-quadrant determination, and larvae morphology;
the authors concluded that unequal cleavage might be a de-
rived condition (Freeman and Lundelius, '92). However, further
studies based on fossil and living molluscs have suggested that
symmetrical cleavage patterns may have derived from asymmet-
rical/unequally cleaving ancestors (Dzik, '99; Vermeij, 2002). Re-
gardless of when developmental asymmetries first arose during
the evolution of spiralians, extant taxa show that unequal cleav-
age occurs in several clades.

Unequal cleavage in the Euopisthobranchia, commonly
known as sea hares and sea slugs, shows a remarkable vari-
ation in cleavage patterns and general developmental modes,
including the occurrence of poecilogony (i.e., intraspecific vari-
ation of development) that occurs in only a few groups of in-
vertebrates (Chia et al., '96; Krug, '98). Although the traditional
spiralian equal cleavage, as exhibited by the cephalaspidean
Haminoea callidegenita (Boring, '89), is the common pattern de-
scribed in euopisthobranchs, there are also reports of deviations
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from that typical developmental mode (Saunders, '10; Heyland
et al., 2011; Lee et al., 2014). In some euopisthobranchs, a polar
lobe is formed by cytoplasmic segregation that generally oc-
curs after the first and second cleavage. The lobe is a temporary
structure that is either small and unnoticeable, or very conspic-
uous with remarkably large amounts of pigment, as in the nudi-
branch Madrella sanguinea (Page, 2007). While diverse cleavage
patterns have been reported in euopisthobranchs, so far there
is no general consensus on which type of cleavage should be
considered ancestral and their evolutionary and ecological im-
plications.

In this study, we examine and compare the embryogenesis of
two euopisthobranch species, Aplysia cf. californica (hereafter
referred to simply as A. californica, Order: Anaspidea) and Na-
vanax aenigmaticus (Order: Cephalaspidea). The development of
A. californica in early and late stages has been described pre-
viously (Heyland et al., 2011; Vue et al., 2014); yet, the cellular
mechanisms driving it is less known. In contrast, factors such
as distribution, morphology, and taxonomy of N. aenigmaticus
are well known (Camacho-Garcia et al., 2005; Ornelas-Gatdula
et al., 2012); however, there are no current reports on their em-
bryogenesis.

This research aims to unveil cellular processes leading to vari-
ations in early development of N. aenigmaticus and A. cali-
fornica. In order to get a cellular understanding of cleavage
differences between these two species, we recorded the dynamics
of cytological constituents, such as ooplasmic segregation and
shifts in the disposition of the mitotic spindles. Our study aims
to draw attention to the high variation of early developmental
modes observed within Spiralia.

MATERIALS AND METHODS

Animal Collection and Culture

Adult specimens of an aplysiid, tentatively identified as A. cali-
fornica, were collected from tide-pools in Ballenita, Prov. Santa
Elena, Ecuador (2°1221.4”S, 80°52'50.98”"W) during October,
2012. Animals were removed manually from the intertidal rocky
shores during low tide. Rocks from the same habitat that con-
tained the algae Laurencia sp. were also taken to the labora-
tory to feed the A. californica adults. There is some question
about the name of the species used in this study, as the distribu-
tion of A. californica has not been confirmed in the southeast-
ern pacific. Navanax aenigmaticus specimens were collected in
the same locality as A. californica (Ballenita). To feed N. aenig-
maticus, we collected several individuals of Elysia diomedea ( =
Sacoglossa) that were used as prey. Specimens were maintained
under controlled conditions in the Laboratory of Developmen-
tal Biology at the Pontificia Universidad Catolica del Ecuador in
Quito. Adults were kept in aquaria with filtered and UV-sterilized
seawater at a salinity of 30 &= 1 ppt, under 21 £ 1°C. Oviposi-
tion was induced by thermic shock by increasing the temperature
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to 27°C. Egg ribbons were collected soon after oviposition and
kept in separate containers to be photographed and fixed. The
early development of 600 living embryos (50 embryos coming
from 12 different egg masses) was followed using a compound
microscope Carl Zeiss Jenamed 2 (CarlZeiss Inc, NY, USA). Stag-
ing of embryos in this study were done using the classic standard
nomenclature for spiralian embryos (Conklin, 1897).

Immunocytochemistry

Embryos of both species were manually removed from their
capsules using fine Dumont tweezer, 5TI (Electron Microscopy
Sciences, PA, USA) and fixed in 4% paraformaldehyde during
12 hr at 4°C. Next, they were rinsed three times every 10 min
with Phosphate-buffered Saline (PBS) with Triton or PBT (0.1%
Triton-X in PBS) and kept refrigerated long enough for em-
bryos to settle. In order to block nonspecific binding of im-
munoglobulins, embryos were kept for 60 min in 2 mg/mL of
bovine serum albumin in PBT at room temperature (RT). After
blocking samples were incubated in a primary antibody raised in
rabbit against tubulin (monoclonal antibody 12G10 anti-alpha-
tubulin (Developmental Studies Hybridoma Bank, Iowa, USA) di-
luted in PBT (1:1,000) over night at 4°C. Embryos were washed
at RT three times in PBT during 30 min each time. The embryos
were incubated in the secondary antibody Alexa fluor 488 anti-
rabbit (Invitrogen Thermo Scientific, Waltham, MA USA) in PBT
(1:1,000) at RT during 2 hr. To prepare the embryos for the final
staining, they were rinsed three times during 10 min in PBT, and
one time in PBS during 30 min. Embryos were then incubated at
RT for 3 min in the nuclear stain 4',6-diamidino-2-phenylindole
(DAPI) (ThermoFisher Scientific, Massachusetts, USA) diluted in
PBS (1:1,000). Finally, they were rinsed for 10 min in distilled
water and mounted as shown below.

Microscopy and Image Processing

For in vivo microscopic observations, we placed the embryos
in a drop of UV-sterilized seawater on a concave microscope
slide. We used plasticine between the slip and slide as spacers
to make sure that the embryos were not squeezed or exposed to
any pressure by the coverslip. Then, the coverslip was sealed with
Vaseline to avoid water evaporation, and water was replaced in
the preparation every 4 hr to avoid anoxia. Cell divisions un-
der light microscopy were recorded using a camera Cannon EOS
Rebel T1i and software EOS Utility Professional 3.8 (Canon USA
Inc, Tokyo, Japan). For fluorescent microscopy, the embryos were
placed in a glass slide with two drops of autoclaved glycerol
(70%) and placed in dark containers. Documentation of the re-
sults was done with an epifluorescent microscope Olympus BX51
attached to a fluorescent Q7 Hg lamp U-LH100 (Olympus Corp,
Tokyo, Japan). Filters used and their corresponding excitation
wavelengths were as follows: FITC (494 nm), Texas Red (596
nm), and DAPI (350 nm). We also used confocal microscopy
using an Olympus FluoView™ FV1000 (Olympus Corp, Tokyo,
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Japan) at the Universidad de Los Andes in Bogota, Colombia.
We used the following excitation wavelengths for the confo-
cal: 633 nm (red wavelength) to detect potential autoflorescent
molecules, 488 nm (green wavelength) for viewing tubulin, and
385 nm (blue light wavelength) to reveal DAPL. Embryos were
documented and processed using Olympus Floview FV10-ASW
software (version 04.02.02.09). We used ImageJ and Photoshop
version CS6 software to estimate metric features such as size of
the blastomeres (mean diameter), size of the platelets (mean sur-
face area), inclination of the mitotic spindle in relation to the
equator of the embryo (angle), and distances from the asters to
the cortex of the cell (longitude). Finally, the results were tested
for statistical significance by performing a two-tailed ¢-test.

RESULTS AND DISCUSSION

Morphology of Egg Masses

Egg ribbons of A. californica were laid as long pink or brownish
strings containing numerous encapsulated embryos immersed
in soft gelatinous material protected by a thick outer mem-
brane (Fig. 1A and a). Each capsule contained 12-15 embryos
(Fig. 1a’). The one-cell embryo of A. californica was spherical
and flattened at the poles, thus the meridional diameter (mean
= 89.63 um, SD = 0.92, n = 8) was smaller than the equa-
torial diameter (mean = 93.50 um, SD = 1.16, n = 8) of the
embryo. The developmental timing of the embryos within a spe-
cific capsule was not synchronized, particularly during the first
three cleavages. Some embryos were found at least one stage
ahead compared to their siblings. This could be attributed to
differences in the timing of fertilization. Previous studies have
shown that the time for hatching of larvae within a capsule is
related to the early embryonic differences in developmental tim-
ing, but is independent of egg/embryo size within the capsules
(Jackson et al., 2012). Egg masses of N. aenigmaticus consisted
of a thin cord of capsules embedded in jelly forming a cylin-
drical white arrangement (Fig. 1B and b). Each capsule con-
tained a single nonpigmented fertilized embryo (mean = 84.63
pum, SD = 2.84, n = 14) (Fig. 1b’). Among euopisthobranchs,
there is a high interspecific variation of the general structure of
the egg mass, where features, such as number of embryos per
capsule, thickness of the capsule, density, and fine structure of
the mucous layers, are the most common variables (Bandel, '76;
Klussmann-Kolb and Wagele, 2001; Wilson, 2002). The most re-
markable difference between egg masses of N. aenigmaticus and
A. californica was the density and thickness of the outer mucous
cover. It has been assumed that this particular structure provides
protection to the embryo against infections and other environ-
mental stressors (Benkendorff et al., 2001; Klussmann-Kolb and
Wagele, 2001; Przeslawski, 2004; Kaviarasan et al., 2012). Evi-
dence found in previous studies of euopisthobranchs, including
antartic species, suggests that the number of protective layers of
egg masses could be directly related to the level of environmen-

75

tal stress (Wigele, '96). The difference between the outer mucus
cover of egg masses of the two species might be associated with
the substrate of the eggs. While egg masses of A. californica were
usually found under rocks, most egg masses of N. aenigmaticus,
observed on the field, were laid on macroalgae. Therefore, the
high level of exposure of the eggs of N. aenigmaticus to envi-
ronmental and biotic stressors could explain the higher thickness
and density of the egg mass cover of this species compared to
A. californica.

Aplysia californica Early Development

We followed the timing of cell divisions from the one-cell
embryo until the gastrula. This analysis showed clear hete-
rochronies in the development among derivatives of the AB lin-
eage versus derivatives of CD.

First Cleavage Forms a U-Shaped Zygotic Stage. Once the eggs
were laid but prior to the first cell cleavage, two polar bodies
formed at the distant animal pole of the embryo as a result of
meiosis. Contrary to previous reports on the development of A.
californica (Heyland et al., 2011), we found that the polar bodies
were visible further than the third cleavage, and at least until
the 24-cell stage.

The pigmentation of newly deposited one-cell embryos was
uniform, presenting a pink-brownish set of platelets almost
equally distributed inside the cell (Fig. 2A and A’). Later, a cap
of nonpigmented cytoplasm appeared at the animal pole and
started to expand, migrating toward the equatorial midline of
the embryo, while the pigmented platelets became segregated to
the vegetal side (Fig. 2B and B’). By using brightfield and flu-
orescent microscopy, we found a stratified cytoplasmic content
from the animal to the vegetal poles, exhibiting three different
cytoplasmic contents: (i) animal nonpigmented platelets, easily
detected under light microscopy at the animal pole, (ii) a thin
strand of autofluorescent material composed of numerous small
platelets (surface area: mean = 5.07 um?, SD = 0.95, n = 10)
at the equatorial region of the embryo, and (iii) a lighter, auto-
fluorescent and less concentrated pigmented constituent com-
posed of big platelets (surface area: mean = 14.73 um?, SD =
2.16, n = 10) at the vegetal side. Previous studies of fluorescent
microscopy of mollusk embryos and larvae reported the pres-
ence of autoflorescent yolk platelets (Croll, 2006; Sandenbergh
and Roodt-Wilding, 2012), but we have now identified the pres-
ence of at least two distinct autofluorescent components leading
to the stratification of the cytoplasm described above. The spec-
tral characteristics of these unknown components were excited
at green and red wavelengths. Our results suggest that the aut-
oflorescent compounds are restricted to the platelets and seem
to be completely independent from the visible pink-brownish
pigment of the embryos. It is likely that the two different
autofluorescent platelets could correspond to the fatty yolk
(small platelets) and the proteid yolk (far vegetal big platelets),
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Figure 1. Adults and egg masses of Aplysia californica and Navanax aenigmaticus. (A) Aplysia californica adult; (a) A. californica egg mass
consists of a long string with encapsulated pink-brownish embryos immersed in a gelatinous tissue and protected by a thick membrane;
() A. californica capsules contain 12-15 embryos; (B) N. aenigmaticus adult; (b) N. aenigmaticus egg mass is white and cylindrical, and
consist of a thin cord of capsules embedded in jelly; (b") N. aenigmaticus capsules contain one single embryo. Scale bars: 2 cm in (A),
0.5 cmin (@), 100 wm in (a’), 1 ecm in (B), 0.50 cm in (b), 100 xm in (b’). [Color figure can be viewed at wileyonlinelibrary.com]

as previously described by developmental studies on Aplysia li-
macine (Raven, '58). Nevertheless, further biochemical analyses
are required to confirm this assumption.

After the zygotic cytoplasm became clearly stratified, two pro-
cesses occurred in parallel during the first asymmetric cell di-
vision: (1) ooplasmic rearrangement, first observed due to the
peculiar pigmentation of platelets found in this species, and
(2) ooplasmic segregation as a result of an asymmetric and
oblique constriction of the embryo close to its midline, per-
pendicular to the AV axis (Fig 2C and C'). Subsequently, a
transient stage of cleavage produced a U-shaped embryo (Fig.
2D-F/, Fig. S2) that lasted 20 min, which could be easily missed if
embryogenesis was not carefully monitored. The U-shaped stage
ended after the first cleavage furrow was completed. The oppo-
site asymmetrical furrow appeared on the pigmented side, oppo-
site to the polar bodies, and expanded obliquely with respect to
the AV axis leading to a redistribution of the cytoplasm (Fig. 2G
and G'). It would be interesting to explore whether these asym-
metries in the cleavage furrow are generated by displaced ele-
ments of the cytoskeleton with respect to the cellular cortex or by
unequally deposited inhibitory signals from astral microtubules
(Canman, 2009; Von Dassow et al., 2009). Previous studies have
recognized astral and central spindle microtubules as drivers of
furrowing (Glotzer, 2004; D’Avino et al. 2005). Unfortunately,
the descriptive nature of our study did not allow us to clearly
evaluate these hypotheses, but future in vitro manipulations of
centrosomes, nuclei, and microtubules could clarify the main
players that generate cleavage asymmetries in the spiralians.

After the cleavage furrow completed its progression, cells un-
derwent a compaction phenomenon (i.e., maximization of ad-
hesive cell contacts (Gilbert, 2014)) likely promoted by an in-
creased tension from the outer surface of the embryo, rather
than by cell adhesion (Maitre et al., 2015). The two polar bod-
ies remained at the animal pole, and the pigmented platelets
continued to segregate toward the vegetal pole of the large blas-
tomere. Finally, a two-celled embryo was formed that contained
two asymmetric blastomeres: the large blastomere (prospective
CD) mostly containing pigmented platelets and the smaller blas-
tomere (prospective AB) that was nearly pigment free (Fig. 2H
and H').

Colored embryos and ooplasmic segregation have been re-
ported before for other euopisthobranchs (Bandel, '76; Wilson,
2002; Page, 2007). For instance, during early cleavage of the
nudibranch M. sanguinea red-orange pigmented yolk platelets
migrate vegetally and a pigmented polar lobe is formed dur-
ing second cleavage that remains visible in the embryo until
the gastrula stage (Page, 2007). However, a transitory U-shaped
embryo has not been described before in A. californica or any
other species within the group Euopisthobranchia. This peculiar
morphology of the U-shaped embryo during the first cleavage
could erroneously suggest the presence of a presumptive polar
lobe, however fluorescent DNA markers revealed the presence of
nuclei in each of the two bulges observed besides the obliquely
forming cleavage furrow. Thus, we discarded a possible presence
of a polar lobe and confirmed the assumption that the unusual
U-shaped embryo is in fact a consequence of a reorganization
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Figure 2. Aplysia californica first cleavage, ooplasmic segregation, and formation of temporary U-shaped embryo. (A) Newly deposited
one-cell embryo presents a uniform pigmentation; (B) one-cell stratified embryo; (C) beginning of ooplasmic segregation; the pigmented
yolk platelets are confined to the vegetal pole of the embryo while the animal pole remains almost free of yolk; (D) a small constriction
is formed perpendicular to the animal-vegetal axis; the polar bodies (arrow heads) are visible at the point where the cleavage furrow
first develops; (E) the constriction occurs at a nonstrictly middle point, a cleavage furrow that expands toward the interior of the embryo
becomes evident, and the cytoplasm is rearranged; (F) progressively a U-shaped embryo is formed; (G) complete cytokinesis results in a
two-cell stage embryo with blastomeres of different size, and the cleavage furrow (cf) disappears; (H) as cytokinesis is completed, the
resulting two blastomeres adhere to each other tightly. (A’~H’) Nuclei are shown by blue fluorescence and pigmented yolk platelets by red
autofluorescence of the embryos at different stages. Scale bars: 20 um. [Color figure can be viewed at wileyonlinelibrary.com]

of cytoplasmic constituents. We did not find evidence of polar
lobe formation at any other stage of development in A. cali-
fornica. The unusual ooplasmic segregation reported here for A.
californica (i.e., the formation of the U-shaped embryo stage)
is likely associated with embryonic axial patterning crucial to
properly distribute morphogenetic determinants along the AV
axis of early embryos as shown in other gastropods (Freeman,
2006).

Second Cleavage is Asynchronous and Gives Rise to the Prospec-
tive D-Quadrant. Second cleavage was asynchronous and gen-
erated a transient intermediate stage of a three-cell embryo. The
AB blastomere divided perpendicularly to the AV axis and pro-
duced two symmetric daughter cells, that is, small macromeres
A and B. Cytokinesis during second cleavage was rapidly fol-

lowed by cell compaction mechanisms that attached the small
macromeres tightly to the CD macromere, which remained un-
divided. The pigmented yolk was uniformly distributed inside
the CD macromere, whereas the new blastomeres A and B did
not carry any pigmented cytoplasm (Fig. 3A and A’). The highly
pigmented blastomere (CD) divided unequally and perpendicu-
lar to the AV axis, producing a big presumptive D macromere
(mean diameter = 50.41 um, SD = 0.65, n = 12) and a smaller
C macromere (mean diameter = 45.50 um, SD = 1.42, n = 12),
both containing small and big pigmented yolk platelets (Fig. 3B
and B').

In unequal-cleavers the D-quadrant has been postulated to be
the largest cell, but size alone cannot be reliably used for D-
quadrant identification in equal-cleavers. The D-quadrant can
be identified in some species by other criteria related to spatial
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Figure 3. Atypical asynchronous and asymmetric early cleavage of Aplysia californica from three-cell stage onwards. (A) Animal view
of the embryo during the three-cell stage. (A’) The mitotic spindle situates at a nonstrict middle point of the cell. (B) Four-cell embryo
animal view; two asymmetric large macromeres C and D are produced. (C) Vegetal view of the embryo in four-cell stage; the largest
macromere (presumptive D blastomere) has the highest number of cell contacts at the cross-furrow. (D) Six-cell embryo animal view;
the daughter cells of the macromeres A and B (1a and 1b) are released in direction to the animal pole. (E) Eight-cell embryo animal
view; the micromeres produced by macromeres C and D (1c and 1d) complete the formation of the first tetrad. (F) Vegetal view of the
embryo in 24-cell stage. (G) Lateral view of the 24-cell embryo; micromeres are generated through asynchronous alternate cell divisions
produced in oblique angles toward the animal pole of the embryo. (H) Heart-shaped gastrula and gastrulation occurs through epiboly. The
micromeres migrate to the surface and surround the two still distinguishable large yolky macromeres. Some platelets are found outside the
macromeres, which are mainly concentrated in the posterior end of the embryo that corresponds to the future blastopore. The presence of
the two polar bodies (arrow heads) denotes the animal side of the embryos. (A’-H’) Microtubules are shown by green immunofluorescence,
nuclei by blue fluorescence and pigmented yolk platelets by red autofluorescence. Scale bars: 20 um. [Color figure can be viewed at
wileyonlinelibrary.com]

positioning or blastomere interactions, such as highest number
of contacts of the putative D-blastomere (Goulding, 2003). In
A. californica embryos, the cross-furrow at the four-cell stage
was asymmetrically positioned, and therefore not all blastomeres
were in contact to each other. We found that the biggest pig-
mented macromere exhibited the highest number of blastomere
interactions (Fig. 3C and C’). This is consistent with the spa-
tial positioning and number of contacts of previous suggestions
for unequal (Goulding, 2003) and equal cleaving gastropods
(Arnolds et al., '83). Even though we did not track the fate of each
blastomere or use genetic markers to identify the potential fates
of blastomeres, by using the simple criteria of the highest num-

ber of cell contacts we assigned the presumptive D macromere
identity to the biggest blastomere at the four-cell stage. Never-
theless, further analyses of cell determinants and fate mapping
are desired to properly identify each blastomere.

Third Cleavage Remains Asynchronous and Forms the First
Quartet of Micromeres. Third cleavage was also asynchronous.
Macromeres A and B divided at the same time while macromeres
C and D remained undivided. As a result, a six-cell embryo was
formed with two micromeres (1a and 1b) at the farthest animal
side, positioned on top of the two small macromeres (Fig. 3D).
Shortly after micromeres 1a and 1b completed cytokinesis at the
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six-cell stage, two mitotic spindles formed in the two-pigmented
macromeres C and D, which were oriented at an angle opposite
to each other. The timing of cell division of C and D blastomeres
occurred in asynchrony. Blastomere C completed mitosis before
blastomere D (Fig. 3D’). We presume that this small asynchrony
is related to the size difference of the blastomeres. By the end
of this cleavage, two new micromeres formed (1c and 1d) from
macromeres C and D giving rise to the eight-cell embryo. Mi-
cromeres 1c and 1d were similar in size compared to the other
micromeres (1a and 1b) that originated from the A and B blas-
tomeres. The first quartet of almost yolk-free micromeres was
formed on the animal side of the embryo (Fig. 3E and E').

Eight- to 24-Cell Stage Reveals Synchronous Divisions of Ani-
mal Micromeres in an Anticlockwise Direction. Once the em-
bryo formed its first quartet of micromeres, small macromeres
1A and 1B divided producing two daughter cells: 2a and 2b,
while the first quartet (1a-1d) and the large macromeres (C and
D) remained undivided. Two new blastomeres arose (2¢ and 2d),
one from each of the macromeres C and D, followed by cleavage
of the first quartet of micromeres, which generated a new tetrad
(1a2, 1b2, 1¢?, 1d?). From there on, the cleavage continued to fol-
low the same asynchronous pattern, where the large pigmented
macromeres (C and D) divided following the division of the small
macromeres (A and B), producing intermediate stages of embry-
onic development (e.g., 10-cell stage, 11-cell stage, and so on).
The tightly clustered configuration of the multicelled blastula
is clearly observed from the vegetal side (Fig. 3F and F’). New
yolk-free micromeres continued to arise on the animal pole of
the embryo (Fig. 3G).

Gastrula Reveals the Heart-Shaped Stage. In spite of a clear
proliferative activity of cells during embryogenesis, the gastrula
did not substantially increase in size when compared to the em-
bryo at its one-cell stage. Thus, the development of these cells is
not accompanied by cellular growth; instead, cells decreased in
size as the embryo developed and the cells divided. The first signs
of cell movement in the embryo marked the beginning of gastru-
lation. Similar to other spiralians, gastrulation in A. californica
occurred by epiboly (Lyons and Henry, 2014). Pigment-free mi-
cromeres migrated over the surface from the animal to the vege-
tal pole, surrounding other blastomeres, including the large pig-
mented macromeres (C and D). Due to the size of the macromeres,
and the space observed between them (segmentation cavity), the
gastrula became heart shaped (Fig. 3H). The general morphology
of the gastrula in A. californica has been previously described
(Heyland et al., 2011); yet, due to the autofluorescent nature of
the yolk platelets and by using confocal microscopy, we have
gained a better resolution of the distribution of these platelets in
the embryo. We observed that the yolk platelets during the gas-
trula are not restricted to one pole of the embryo (Fig. 3H'). The
total developmental timing from the one-cell embryo to reach
the gastrula stage was 25 hr (Fig. 4).
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Cytoeskeletal Dynamics. In addition to ooplasmic segregation,
the orientation of the mitotic spindle seems to influence early
asymmetries (Fig. 5). During the first cleavage, the mitotic spin-
dle was not aligned perpendicularly to the animal vegetal axis
of the zygote, but instead formed an angle of approximately
13° (SD = 1.27, n = 5; Fig. 5D) with respect to the AV axis
(Fig. 5A and A’). The polarization and oblique orientation of
the mitotic spindle generated differences in the distance of the
centrosomes to the cortex. One aster of the mitotic spindle was
located closer to the cortex (distance = 28.8 um) compared to
the other aster (distance = 16.4 um) (Fig. 5A and A’). We also
observed differences in the size of both asters during cleavage.
Both of these features, that is, displacement and oblique orienta-
tion of the mitotic spindle, as well as asymmetries in size of the
asters have been observed in other unequal cleaving embryos
(Ren and Weisblat, 2006; Weisblat, 2007). Finally, the result of
this asymmetric cleavage is a two-cell embryo with a small AB
micromere positioned in an oblique orientation with respect to
the big CD macromere (mean alignment angle = 38.33°, SD
= 3.06, n = 8, Fig. 5D) (Fig. 5B and B’). After the two-cell
embryo was formed, the small blastomere divided slightly ear-
lier than the big macromere giving rise to the transient three-
cell embryo. The asymmetric division of the presumptive CD
macromere was evidenced by the difference in the distances
from the equatorial plate to each side of the cortex (Fig. 5C
and C').

After the four-cell embryo was formed, the mitotic spindles
were positioned in oblique angles with respect to the AV axis, in
direction to the animal pole of the embryo, generating the first
set of micromeres (1a and 1b). Later, when the embryo reached
the eight-cell stage, the orientation of the spindles within the
first tetrad of micromeres (1a-1d) allowed the identification of
the future chirality of the embryo; our observations revealed that
the micromeres in A. californica were displaced in an anticlock-
wise manner (Fig. 5E and E’), which according to studies in mol-
lusks generates a sinistral embryo (Henley, 2012; Namigai et al.,
2014). Both dextral and sinistral species have repeatedly evolved
in gastropods by left-right reversal of the primary asymmetry
(Vermeij, 2002; Lambert, 2010). Studies have shown that ma-
ternally inherited genes at closely linked loci (Shibazaki et al.,
2004), the asymmetrical expression of nodal signaling in early
embryos (Grande and Patel, 2009), and the relative orientation
of the first quartet of micromeres in relation to the macromeres
at the eight-cell stage embryo (Kuroda et al., 2009) determine
embryo handedness.

Following the eight-cell stage, the blastomere 2b was formed
in parallel to the AV axis, whereas blastomere 2a arose perpen-
dicularly to its mother cell (Fig. 5F and F'). Later, the slight asyn-
chrony of cleavage between blastomeres C and D produced a
fleeting 11-cell stage (Fig. 5G and G) and a subsequent 12-cell
stage. During this transition, the spindle axis positioned diag-
onally and each of the large macromeres produced a daughter
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Figure 4. Early cleavage map of Aplysia californica showing asynchronies during development. Schematic cleavage map shows the cell
lineage of the presumptive blastomeres A-D. Asynchronous cell divisions, number of cleavages, developmental timing, and number of
cells during early divisions are depicted. First cleavage occurs after 4 hr and 30 min resulting in an unequal two-cell embryo with one
presumptive AB blastomere and a presumptive CD blastomere. Second cleavage is asynchronous and occurs 2 hr later, only the presumptive
AB blastomere divides, giving rise to a three-cell embryo. Third cleavage happens 30 min later with the division of the presumptive CD
blastomere resulting in a four-cell embryo stage. Fourth cleavage occurs concomitantly in both small macromeres (presumptive blastomeres
A and B). The two first small micromeres (1a and 1b) are formed from this cleavage, generating a six-cell embryo after 9 h and 45 min of
development. Next cleavage occurs only at the presumptive macromere C, giving rise to the third micromere (1c) of the first quartet of
micromeres. A seven-cell embryo is produced after fifth cleavage. Presumptive macromere D finally cleaves on the sixth division after 10
h and 15 min of development, completing the first tetrad of micromeres that conforms the eight-cell embryo. Later, the two macromeres
A and B divide again, generating two new daughter cells (2a and 2b). During eighth cleavage, only macromere 1C divides resulting in an
11-cell embryo. The 12-cell stage is reached after division of macromere 1D that gives rise to blastomere 1d. Last stage shown here and

after 25 hr of being laid, the embryo develops into a gastrula.

cell (2c and 2d, respectively) laterally oriented toward the ex-
ternal side of the embryo. The sinistral chirality of the embryo
of A. californica became more evident in the blastula stages of
development (Fig. 5H and H’).

Navanax aenigmaticus Early Development

Navanax aenigmaticus exhibited the stereotypical holoblastic
equal cleavage found in Spiralia (Conklin, 1897). Despite the
lack of pigmentation, we observed that the embryo in N.
aenigmaticus contained a stratified cytoplasm with at least three

layers of distinct contents (Fig. 6A and B’). This is consistent with
previous descriptions of ooplasmic segregation during the first
cleavage in the development of the congener species Navanax
inermis (Worley and Worley, ’43). As in N. inermis, we identi-
fied three types of ooplasmic contents: (i) albuminous yolk, (ii)
fatty yolk, and (iii) animal cytoplasm. Before first cleavage, the
albuminous yolk was segregated toward the lateral and vege-
tal regions of the embryo, while the fatty yolk, and most of the
animal cytoplasm, located more centrally. The first cleavage was
characterized by a symmetric cell division occurring parallel to
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Figure 5. Dynamics of the mitotic spindle during asymmetric cell divisions in early embryos of Aplysia californica. (A) At one-cell stage,
prior the first cleavage, the mitotic spindle is obliquely inclined. (A’) The angle of inclination of the mitotic spindle in relation to the equator
of the embryo is approximately 13°. (B) Two-cell embryo. (B’) The small presumptive blastomere AB arises at an angle of 35° with respect to
the equator of the presumptive CD blastomere. (C) Embryo prior the third cleavage during metaphase. (C') A future asymmetry is evidenced
by the position of the equatorial plate (Ep),which is not strictly meridional; prior the completion of the second cleavage, one of the asters
is positioned closer to the cellular cortex (distance BC, blue line) compared to the other (distance AB, pink line). (D) Table showing the
mean values of inclination of the angles of division, and the distance of the asters to the cortex; the results of the T-test displayed highly
significant differences between the values. (E) During the eight-cell stage, the first quartet of micromeres forms in direction to the animal
pole, and their size is significantly smaller than their mother cells. (E') The first quartet of cells is displaced in an anticlockwise manner
(red arrows). (F) The fourth cleavage is asynchronous and produces a 10-cell embryo. (F) The blastomere 2b is formed parallel to the AV
axis, whereas blastomere 2a arises perpendicularly. (G) An 11-cell embryo is generated through a slight asynchrony in the division of the
two big macromeres (presumptive C and D). (G') The blastomere C divides, generating a daughter 2c blastomere (black arrow). (H) 24-cell
embryo. (H') The blastomeres kept arising toward the animal pole of the embryo in a sinistral arrangement (red arrows). Polar bodies (white
arrow head) are observed surrounding the animal end of the embryos from the one-cell stage until 24-cell stage. Reference line denoting
the equator of the embryo (Red line). Inclination of the mitotic spindle (Red dotted line). (A’~H’) Schematic representations of (A-H).
(A-H) Microtubules are shown by green immunofluorescence, nuclei by blue fluorescence, and pigmented yolk platelets by red/orange
autofluorescence. (n) Number of embryos analyzed. SD, standard deviation; df, degrees of freedom. Scale bars: 20 wm. [Color figure can
be viewed at wileyonlinelibrary.com]

J. Exp. Zool. (Mol. Dev. Evol.)



82

CHAVEZ-VITERI ET AL,

viewed at wileyonlinelibrary.com]

Figure 6. Stereotypical spiral cleavage exhibited by embryos of Navanax aenigmaticus during early development. (A) One-cell embryo
depicting the reorganization of the ooplasm. (B) Stratified one-cell embryo shows three distinct contents in the cytoplasm: big yolk
platelets are segregated to the vegetal and lateral sides of the zygote, whereas smaller yolk platelets remain in the center and middle
regions, and a clear cytoplasm is found toward the animal pole. (C) Two-cell embryo results form a symmetrical cleavage along the AV axis.
(D-F) Second cleavage is synchronous and symmetric. (D) Cytokinesis during the two- to four-cell stage transition. (E) Four-cell embryo
starting to form the mitotic apparatus for the next cleavage. (F) Cytokinesis during the four- to eight-cell embryo transition. This division
is synchronous and asymmetrical giving rise to the first tetrad of significantly smaller micromeres. Polar bodies (white arrow head). (A’-F')
Schematic representations of (A-F). (A-F) Microtubules are shown by green immunofluorescence, nuclei by bright blue fluorescence, and
nonpigmented yolk platelets by dark blue autofluorescence of the embryos at different stages. Scale bars: 20 um. [Color figure can be

the AV axis, generating two equal-size blastomeres (Fig. 6C and
('), which subsequently divided producing four macromeres (A-
D) without any apparent size differences (Fig. 6D and E’). During
the second and third cleavages, embryogenesis occurred syn-
chronously, and one quartet of smaller cells (micromeres) formed
consecutively as a result of each cleavage (Fig 6F and F'). As
observed in A. californica (present study), embryos of N. aenig-
maticus exhibited an anticlockwise chirality, which translates
into a further sinistral larval shell.

Comparative Analysis of Developmental Patterns in Spiralians

The phylum Mollusca presents a high diversity of cleavage types
and early embryo morphology (Henry, '86; Luetjens and Dor-
resteijn, '98; Ren and Weisblat, 2006; Lambert, 2008, 2010;
Henry et al., 2010; Lesoway et al., 2014). A feature that seems to
vary substantially among mollusks is the size and arrangement
of the progeny of the apical first and second tetrads/quartets
of micromeres, also known as the molluskan cross (Scheltema,
’93). The configuration of the molluskan cross is generally deter-

mined by the size of the micromeres in relation to their mother
macromeres, but many deviations have been observed in gas-
tropods, such as in Polyplacophora and Aplacophora (Maslakova
et al., 2004), as well as in the highly divergent discoideal partial
cleavage pattern of cephalopods (Boletzky, '89a, b).

Several species of spiralians are known to exhibit unequal
cleavage (Henry, 2014), although equal holoblastic cleavage is
generally considered a stereotypical developmental pattern of
Spiralia (Wanninger, 2015). Unequal patterns of division can be
generated by intracellular regulatory mechanisms involved in
the organization of cytoskeletal elements, for example, the size
of the asters and their distance to the cell cortex (Luetjens and
Dorresteijn, '98), or by the formation of polar lobes that allow
a differential deposition of cytoplasmic contents into daughter
blastomeres, as has been well documented in the bivalves Sac-
costrea kegaki (Kakoi et al., 2008) and Septifer virgatus (Kurita
et al., 2009). Polar lobes vary in size. If the lobe is large, it
can generate a substantially different deposition of cytoplasmic
contents into the attached macromere, as has been documented
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Figure 7. Recreation of the cleavage patterns observed in Heterobranchia. (A) Phylogeny based on molecular analyses of the group Het-
erobranchia (Zapata et al., 2014, 2015). (B) (1-5) Previously described cleavage patterns of model species are used to exemplify the high
variation found within the group: Polycera aurantiomarginata (Martinez-Pita et al., 2006), Madrella sanguinea (Page, 2007), Janolus fuscus
(Wolf and Young, 2012), Pleurobranchus sp. (Rao and Alagarswamy, '60), Hydathina physis (Hamel and Mercier, 2007), Navanax aenig-
maticus (present study), Limacina retroversa (Thabet et al., 2015), Aplysia californica (present study), Oxynoe viridis (unpublished data),
Biomphalaria glabatra (Camei and Verdonk, '70), and Siphonaria diemensis (Mapstone, '78). The cleavage pattern in A. californica noticeably
differs from the rest of the group by exhibiting unequal and asynchronous early cell divisions that generate several intermediate stages,
being the species that generates the highest number of cleavage rounds before reaching the eight-cell stage. (Red font) Species analyzed
during this study. (Red rectangle) Cleavage patterns observed in the present study. (Black dotted circle) Polar lobe. Numbers in brackets
represent the cleavage pattern exhibit by the species. [Color figure can be viewed at wileyonlinelibrary.com]

for the snail Ilyanassa obsoleta (Render, '89, 91; Lambert,
2010); and if the lobe is small, it results in often unnoticeable
differences in size of the macromeres, as shown for the slipper
limpet Credipula fornicata (Henry et al., 2010).

Recent phylogenetic analyses based on the transcriptomes
of a most comprehensive list of gastropod taxa recognize the
Nudipleura and Tectipleura as monophyletic groups within the
Heterobranchia (Zapata et al., 2014). Within the Tectipleura, this
study provides support for a Panpulmonata clade and a Euopis-
tobranchia clade (Fig. 7). Aplysia californica (Anaspidea) and
N. aenigmaticus (Cephalaspidea) belong to the Euopistobranchia
clade. If we map early development patterns observed in the
heterobranchs (Lalli and Conover, '73; Boring, '89; Shibazaki
et al., 2004; Thabet et al., 2015) onto a current phylogeny
(Zapata et al., 2014, 2015), it becomes clear that the typical
equal cleavage pattern (Schaefer, '97; Soares and Calado, 2006;
Wolf and Young, 2012) of the cephalaspidean N. aenigmaticus
(present study), as well as the sacoglossan Oxynoe viridis (un-
published data), most parsimoniously represents the ancestral
heterobranch mode of development (i.e., cleavage pattern 3 in
Fig. 7).

Yet, there are heterobranchs that do not follow the norm. A
pattern that seems to deviate the most from the stereotypical
cleavage of heterobranchs occurs in the anaspidean A. califor-
nica (i.e., cleavage pattern 5 in Fig. 7). Despite of being an ex-
tensively studied model species, descriptions of A. californica

development and its unequal cleavage pattern scarce (Saunders,
’10; Raven, '58; Heyland et al., 2011; Lee et al., 2014). Detailed
observations of A. californica development, including the for-
mation of unequal blastomeres, heterochronic cleavage, and the
presence of U- and heart-shaped embryos, demonstrate a clear
deviation from other patterns observed in euopisthobranchs and
heterobranchs. Remarkably, we have also observed this atypical
cleavage pattern in other anaspideans such as Stylocheilus stria-
tus, Dolabrifera dolabrifera, Dolabella auricularia, and Aplysia
dactylomela (unpublished data), suggesting that this pattern of
cleavage may be conserved in the Anaspidea. Previous studies of
the phylogenetic relationships of opisthobranchs using morpho-
logical and molecular data have suggested that the Anaspidea
may be one of the most derived clades within the group (Wigele
et al., 2011; Zapata et al., 2014, 2015; Sakurai and Katz, 2015;
Sevigny et al., 2015), so it is not surprising to see a most deviate
pattern of cleavage in this order.

Early developmental patterns could serve as clues to eluci-
date future body features and processes at late stages. Several
hypotheses have been postulated in order to explain the influ-
ence of different developmental traits on life histories of ma-
rine invertebrates. For example, in marine spiralians, egg size
seems to be correlated to larval nutritional mode. Previous stud-
ies have shown that the allocation of cytoplasm to macromeres
at the eight-cell stage embryo occurs in species with larger egg
size, and this feature has been suggested to drive a delay in
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the formation of a functional gut or an ultimate loss of feed-
ing abilities in the larva, that is, lecitotrophy (Jones, 2015). In
contrast, features such as small eggs (within the range of 40-
170 um in diameter), multiple embryos (up to 52 per egg cap-
sule), large batches (within the range of 10-26 million or more
per spawm-mass) and long-lived feeding larvae, as displayed
by A. californica, are all typical characteristics of planktotrophy
(Pawlik, '89; Capo et al., 2009), which has been suggested to rep-
resent the ancestral character state in most marine invertebrates
(Strathmann, '78). Unfortunately, at this point of our research,
we cannot associate the embryological characteristics observed
in A. californica, such as yolk distribution and unequal cleavage,
to any particular processes at late stages of development. How-
ever, based on the results obtained from previous experiments on
similar unequal cleaving species (Astrow et al., '87; Lyons and
Weisblat, 2009), we could presume that asymmetries and hete-
rochronies during early cleavage must have direct implications
on the developmental processes of the embryo, including differ-
ential cell communication and signaling among blastomeres, as
well as D-quadrant specification and cell fate determination.

CONCLUSIONS

While unequal cleaving embryos, characterized by the formation
of blastomeres of different size as a result of first and second
cleavage, have been reported for several species of Anaspidea
(Saunders, '10; Heyland et al., 2011; Lee et al., 2014); yet, this
study reveals in great cellular detail six previously unknown
mechanisms of development involved in generating the pecu-
liar unequal cleavage of A. californica: (i) cytoplasmic rear-
rangement and ooplasmic segregation generating a temporarily
U-shaped embryo; (ii) differences in the size of the two asters
and their proximity to the cortex; (iii) oblique orientation of
the mitotic spindle during first cleavage; (iv) slight asynchrony
between the cleavage timing of the two large macromeres (C
and D) that results in odd numbers of cells during intermedi-
ate stages (e.g., three- or 11-cell stage); (vi) distribution of yolk
platelets outside large macromeres during the heart-shaped gas-
trula, showing a particularly high concentration of platelets at
the presumptive posterior end of the embryo. We observed a re-
lationship between the position of cytoskeletal elements to the
site of first invagination of the cleavage furrow, as well as a re-
lationship between the orientation of the mitotic spindle to the
direction of the invaginating furrow. Further research is needed
to reveal how the novel cellular interactions and dynamics ob-
served in A. californica unequal cleavage influence cell fates,
axis determination, or larval phenotypes.

Patterns of early development vary substantially in the Eu-
opisthobranchia, as well as in the Heterobranchia. By map-
ping early cleavage patterns of several Heterobranchs on current
transcriptomic phylogenies, we propose that an equal and syn-
chronous cleavage is the ancestral state of the Heterobranchia,
whereas the peculiar unequal cleavage observed in A. californica

CHAVEZ-VITERI ET AL,

and other Anaspidea is highly derived. Future research should
address the evolutionary implications and adaptive significance
of unequal cleavers.
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