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Abstract

The stalked jellyfish (Staurozoa) is an extraordinary clade within medusozoan cnidarians in which the medusa is attached to the
substrate unlike the pelagic jellyfishes which compose the rest of the medusozoans. Along with this remarkable feature,
staurozoans are characterized by an extremely low number of cells (< 100) in the embryos and larvae. The aim of the present
study is to explore early development of the staurozoan Lucernaria quadricornis and to elucidate morphogenetic events evolved
to overcome the constraints imposed by low cell number. Using bright field, confocal, and electron microscopy, we create a
normal table of development of Lucernaria, describe cell number dynamics, and visualize organization of embryos and larvae.
From these data, we infer a crosstalk between cell reshaping, cell rearrangement, and mechanical stress, involved in gastrulation,
anterior-posterior axis differentiation, and even locomotion of the larva. Our work also demonstrates that staurozoans
convergently developed morphogenetic pathways similar to other very distant animals with low cell number in the early
development. We consider Lucernaria as an EvoDevo model with potential for further research to answer the question of
how evolutionary forces act on developmental trajectories.
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Introduction

“There are still very little data on the development of the genus
Lucernaria” (“Uber die Entwicklungsgeschichte der
Lucernarien besitzen wir noch wenige Angaben”). This is the
first sentence of a paper written by Alexander Kowalevsky in
1884, and this is still true, despite the attempts to fill the gap in
the knowledge on the development of Lucernaria and other
staurozoan cnidarians (Bergh 1888; Hanaoka 1934;
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Kowalevsky 1884; Otto 1976; Wietrzykowski 1910, 1912).
Are there any objective reasons for embryologists to re-
investigate early development of these animals?

Early development can change in many different ways dur-
ing evolution; surprisingly, developmental trajectories can
vary dramatically within the same phylum, for example vari-
ation in the segmentation of short germband and long
germband insects (Clark 2017; Lynch et al. 2012); variation
in the cleavage and gastrulation in vertebrates/mollusks hav-
ing big yolky eggs (teleost fishes/cephalopods) and small
yolk-poor eggs (mammals/some gastropods) (Hejnol 2010;
Ivanova-Kazas 1995; Kalinka and Tomancak 2012). This
leads to an interesting conundrum of highly plastic early de-
velopmental stages underlying robust body plans (Raff 1992;
Wray and Raff 1991). It appears that changes in early devel-
opment caused by adaptive evolution of life-history traits (ma-
ternal investment, rate of development, etc.) are only possible
in association with the compensatory changes in developmen-
tal trajectory providing the robust formation of the adult body
plan. The intriguing question is how these evolutionary pro-
cesses interact. To approach this question, we need versatile
and tractable model organisms demonstrating clear examples
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of directed changes in developmental trajectory occurring
over the course of evolution. We define the “developmental
trajectory” as potentially variable and evolvable chain of de-
velopmental events (Burggren and Reyna 2011; Smith et al.
2015). We use this notion to emphasize that we focus on the
developmental processes rather than on the set of discrete
stages.

One type of the developmental trajectories, not widely
spread but represented in different groups of bilaterian ani-
mals, is associated with the dramatic reduction of cell number
at early developmental stages. Early embryos of some nema-
todes, spiralians (e.g., Rotifera, Gastrotricha, Sipuncula, some
gastropod mollusks), and chordates (Tunicata) are character-
ized by a small number of cells (Hejnol 2010; Schierenberg
2001; Schulze and Schierenberg 2011). In spite of the fact that
the embryogenesis of at least some of these animals was de-
scribed in high detail, it has never been inferred how exactly
low cell number influences morphogenetic pathways in these
embryos, and if these animals have any common developmen-
tal traits which might be a direct consequence of a low cell
number.

Furthermore, low cell number is observed in non-bilaterian
animals as well, for example in the poor studied early devel-
opment of the cnidarian Lucernaria (Bergh 1888; Hanaoka
1934; Kowalevsky 1884; Otto 1976; Wietrzykowski 1910,
1912). In the phylum Cnidaria, evolutionary simple body plan
is coupled with a high level of evolutionary and developmen-
tal plasticity. Cnidarians deploy a wide range of developmen-
tal trajectories, and their complex life cycle has been subjected
to multiple evolutionary modifications (Boero et al. 1992;
Leclére et al. 2016). Lucernaria belongs to the class
Staurozoa (stalked jellyfishes) within the medusozoan cnidar-
ians (Collins et al. 2006; Miranda et al. 2016). In contrast to
other medusozoans (Hydrozoa, Scyphozoa, and Cubozoa),
staurozoans never produce free-swimming medusae, and their
sedentary adult stage combines both medusa and polypoid
features (Miranda et al. 2016). Staurozoans spawn several
thousand tiny eggs (25-50 um) at once, and their embryos
and larvae consist of extremely few cells (< 100)
(Kowalevsky 1884; Otto 1976). By contrast, many other cni-
darian species consist of about 10,000 cells at the late embry-
onic and larval stages (Plickert et al. 1988; Yuan et al. 2008).
Such a low number of cells indicates that severe constraints
are imposed on all developmental processes and staurozoans
have had to modify developmental trajectory to overcome
these constraints. That is why we consider the staurozoan
representatives as very promising models for EvoDevo. A
thorough study of their development is essential to gain a
deeper insight into the evolutionary forces acting on develop-
mental trajectories and complex life cycles of metazoans.

Here, we report a comprehensive study of embryonic and
larval development of the staurozoan Lucernaria
quadricornis (O. F. Miiller, 1776). We create a table of
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Lucernaria development and describe peculiar morphogenet-
ic events, which allow the embryo to overcome the develop-
mental constraints imposed by a low number of cells. We
show that an extremely high blastomere to embryo volume
ratio results in an increased morphogenetic role of each indi-
vidual cell. Moreover, we identify specific morphogenetic
events uniting nearly all few cell embryos described so far
(including Lucernaria), which we consider are the pathways
to overcome the aforementioned constraints.

Material and methods
Animal culture

Sexually mature stauromedusae were collected in August of
2015, 2016, and 2017 at the Moscow State University Pertsov
White Sea Biological Station (WSBS MSU) (Kandalaksha
Bay, White Sea, Russia, 66° 34’ N, 33° 08’ E) by SCUBA
diving. Collected animals were kept in jars at 8 °C and were
fed newly hatched Artemia salina nauplii once a day. Once the
animals spawned spontaneously, the eggs were transferred to
Petri dishes with filtered seawater and kept at 8 °C during all
further development.

In vivo observations

The embryos were imaged every 4-5 h using a light micro-
scope (Leica DM2500; Leica Microsystems, Wetzlar,
Germany) with a built-in 10MP digital camera.

Fluorescent labeling and confocal microscopy

Embryos and larvae were fixed in freshly prepared 4% para-
formaldehyde (Fluka, Germany) in 0.1 M phosphate-buffered
saline (PBS, pH 7.4; Fluka, Germany) overnight at 4 °C. From
body elongation onwards, all individuals were relaxed by
adding 0.7 M MgCl, prior to fixation. After permeabilization
with 0.1% Triton X-100 (Ferak Berlin, Germany) in PBS
(PBST), the samples were incubated in anti-acetylated alpha-
tubulin mouse antibody diluted 1:2000 (Sigma, USA) in
PBST at 4 °C for 24 h. After rinsing with PBST, a mixture
of Alexa 647 conjugated goat anti-mouse antibody (1:500;
Molecular Probes, USA), phallacidin-bodipy (1:200;
Thermo Fisher Scientific, USA), and propidium iodide
(10 ug/mL; Sigma-Aldrich, MO, USA) or DAPI (1 pg/mL;
Molecular Probes, USA) in PBST was applied at room tem-
perature for 3—4 h. After washing in PBS, the samples were
cleared in increasing grades of glycerol/PBS and mounted in
70% glycerol.

Images were collected with a 63x objective at 60—120 nm/
px resolution on a Nikon A1 CLSM (Nikon Instruments,
Japan). Image stacks of optical sections were scanned with a
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I-um step size. Acquired z-stacks were exported to Imagel
2.0.0 (NIH, USA) to make maximum intensity projections and
adjust brightness and contrast.

Cell counts were performed for each development stage in
at least five specimens using ImagelJ software. Nuclear dyes
did not label the nuclei before the end of gastrulation. Hence,
the number of cells was counted based on phallacidin staining
only; both phallacidin and nuclear staining was used for cell
counts at post-gastrulation stages.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed as
described previously (Burmistrova et al. 2018). Since the em-
bryos clump together, they were processed in small groups,
which greatly facilitated handling of such tiny embryos.
Planulae were processed individually and cut longitudinally.

Results

We herein describe stage-by-stage early development of
Lucernaria, with emphasis on morphogenetic events that un-
derlie normal development.

Staging

We used in vivo observation to characterize main develop-
mental stages and to create a table of development.
Lucernaria egg is about 40 um in diameter (Fig. 1a). The
reliable sign of fertilization was separation of the fertilization
membrane from the surface of an egg which could be

egg cell 2 cells 4 cells 8 cells
0 hpf 5 hpf 10 hpf £ 15 hpf
a . o fm o

C A

—— morphological differentiation of AP axis——_ hatching planula
60 hpf

40-45 hpf 55 hpf

- —

Fig. 1 Timing of the development of Lucernaria embryo up to the
planula larva stage: in vivo light microscopy imaging. The time of
development at +8 °C is given in hours post fertilization (hpf). Note
that neither embryo nor planula have cavity. The name of
developmental stage is indicated on the top of each image. White
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detected during about an hour after spawning. We designated
this event as the initial point and registered time of develop-
ment from that moment. A zygote underwent holoblastic
equal cleavage. The cleavage was synchronous for all blasto-
meres during the first four divisions, which took place every
5 h and resulted in a 16-cell blastula with no cavity inside
(Fig. 1b—e). The embryo cleaved then asynchronously.
Gastrulation began at approximately 25 hpf, when the pre-
sumptive endoderm cells elongated along the apico-basal axis
(Fig. 1f). Elongated blastomeres deepened inside the embryo
(Fig. 1g), and gastrulation resulted in a solid gastrula. Both
ectoderm and endoderm were easily distinguished at the late
gastrula stage (Fig. 1h). The morphological differentiation of
anterior—posterior (AP) axis began after 40 hpf. Endoderm
changed its shape gradually inside the still spherical embryo
(it took 15-20 h): it became ellipsoidal first (Fig. 11, j), and in
the process of further elongation, it curled up (Fig. 1k). At the
next step, the embryo body as a whole elongated along the
AP axis: The forming larva (about 60 hpf) was curled inside
the fertilization membrane (Fig. 11). Planula hatched from
fertilization membrane on the third day of development.
The hatching planula unfolded the body leaving the fertiliza-
tion membrane (Fig. 1m) and crawled slowly by bending the
body. Hatchlings measured about 85 pm in length and 30 um
in diameter. The larva increased its length soon after the
hatching, so its body was about 120 um in length and still
about 30 wm in diameter (Fig. 1n).

Thus, we suggest the following key stages of Lucernaria
early development: cleavage, gastrulation, morphological dif-
ferentiation of the AP axis, and planula. We then investigated
each of these stages in detail using confocal and electron
microscopy.

middle

gastrula
25-30 hpf

late
gastrula
30-35 hpf
- v .A‘ Y. :

early

blastula
gastrula

20 hpf
N 5
G0

65-75 hpf >75 hpf

arrows on (f) and (g) point at the cells moving inside the embryo during
gastrulation (the gastrulation pole is down). The primary body (AP) axis
is horizontal on (i)~(n). Black arrowhead on (m) points to the rupture of
the fertilization membrane that appears right before hatching. fm, fertili-
zation membrane. Scale bar: 30 pm
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cell A membrane (Fig. 3d, ¢). The apical membrane of blastomeres
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Fig.2 Dynamics of cell number during early development of Lucernaria.
Mean + St. dev

1160

) 240
) 420
18+0

Cleavage and blastula stage

We did not fix the embryos at a stage of synchronous cleavage
because they were too fragile, and their organization and cell
number could be easily assessed in living embryos (see pre-
vious discussion).

The number of blastomeres ranged from 18 to 23 in a
blastula when the cells began to divide asynchronously (after
16-cell stage, Fig. 2). All the blastomeres were of the same
size (Fig. 3a) and had a cone-like shape with narrow part
directed inside the embryo (Fig. 3b). Both confocal and elec-
tron microscopy confirmed that blastula had no cavity inside,
and so it can be called “stereoblastula” (Fig. 3b, ¢). The con-
tent of the blastomeres was highly heterogeneous and includ-
ed multiple electron-dense yolk granules (1-2 um) and vacu-
oles (from 200 nm to 2 um), which were evenly distributed
throughout the cytoplasm excluding the perinuclear area (Fig.
3c, d). Characteristic electron-dense cortical granules of the
uniform size about 400 nm were found right beneath the apical

Fig. 3 Stereoblastula: CLSM of phallacidin staining (a, b) and TEM (c—
f). (a) A 16-cell stage embryo, maximum intensity projection; cell corti-
ces are labeled with phallacidin (green). (b) Central optical section
through the stereoblastula: all blastomeres are roughly of the same size
and shape. (¢) Section through the center of an embryo showing that there
is no blastocoel inside the blastula. Two blastomeres are artificially col-
ored in yellow. (d) A blastomere has multiple yolk granules and vacuoles;
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packed and demonstrated an extensive area of septate junc-
tions (Fig. 31).

Gastrulation

The number of cells in the embryos at the beginning of gas-
trulation was highly variable (from 16 to 28, Fig. 2). In fact,
some embryos started to gastrulate as early as at the 16-cell
stage, that is right after the fourth synchronous division.

The first sign of gastrulation was that 2—4 cells at the pre-
sumably animal pole of the embryo became columnar, while
the rest of the blastomeres retained their wedge-like shape
(Fig. 4a). The apical part of the elongated cells then began to
narrow, and their basal portion became enlarged, so these cells
acquired characteristic bottle shape (Fig. 4a’, b, c¢) associated
with the gastrulation by ingression (e.g., Shook and Keller
2003). The apical membrane of bottle cells had multiple folds
(Fig. 4c, d). The adjacent ectoderm cells stretched out their
edges towards the site of ingression, so their shape on a section
was triangular (Fig. 4a’, b). The ectoderm cells on the side
opposite to gastrulation site were trapezoidal.

The number of cells increased moderately as gastrulation
proceeded and averaged 31 at the middle gastrula stage (Fig.
2). At this stage, reshaping of both ecto- and endoderm cells
became more dramatic. The apical surface of ingressing cells
shrank to a minute width (Fig. 4a", e—g), and some of these
cells already submerged inside the embryo (Fig. 42", e).
Phallacidin staining was very intensive in the apices of the
ingressing cells (Fig. 4a”, a”). The cells of presumptive ecto-
derm located near the ingression site protruded their edges and
formed thin lamellae covering presumptive endoderm cells
(Fig. 41, g).

the perinuclear cytoplasm is free of yolk granules. (e) apical cortical area
of a blastomere with electron-dense granules (black arrowheads). The
apical surface bears microvilli. (f) Septate junction (bracket) between
the adjacent blastomeres. fi, fertilization membrane; mv, microvilli; n,
nucleus; pn, perinuclear cytoplasm; v, vacuoles; y, yolk granules. Scale
bars: (a—¢) 10 um; (d) 5 pum; (e, f) 1 um
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Fig.4 The dynamics of gastrulation: CLSM of phallacidin staining (a, h)
and TEM (b—g, i-k). Embryos are oriented with the gastrulation pole
(yellow arrowheads) down. Prospective ectoderm cells are artificially
colored in green and prospective endoderm cells are artificially colored
in purple on the TEM images. (a—a") Successive stages of gastrulation,
central optical sections. Note the columnarized (a) and then bottle-shaped
(a’'-a") presumptive endoderm cells marked with asterisks and stretching
ectoderm cells (green arrowheads) adjacent to the site of ingression. (b)
An embryo at the early gastrula stage (corresponds to a’). Presumptive
ectoderm cells situated near the ingressing cells are stretched towards the
pole of gastrulation, while the cells beyond this area have a cuboid shape.
(¢) Close-up of the region framed on B showing ultrastructure of an
ingressing cell. White arrows demonstrate the constriction of the cell
apex. A purple arrow shows the direction of squeezing of the enlarged
basal portion of the cell inside the embryo and a green arrow shows the
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direction of stretching of ectoderm cells. (d) Ultrastructure of the con-
stricted apex of an ingressing cell. Note multiple folds on the apical
surface. (e) The mid-gastrula stage embryo (corresponds to a”). (f) and
(g) Close ups of the areas framed on (e). Note bottle and drop shapes of
ingressing cells. Flattened ectoderm cells form thin lamellae to cover the
site of ingression. Movements of endoderm and ectoderm cells are shown
with purple and green arrows, respectively. (h) The late gastrula stage,
optical section through the center of embryos. (i) At the late gastrula stage
endoderm cells are rounded, and ectoderm cells are trapezoidal. (j) Close
up of a trapezoidal ectoderm cell. (k) Ectoderm cells are linked to each
other by septate junctions (bracket); arrowheads point to the microtubules
associated with the junction area. ec, ectoderm; en, endoderm; lam, la-
mellae; n, nucleus; v, vacuole; y, yolk granule. Scale bars: (a—a", e, h)
10 um; (b, ¢, f, g, i) 5 um; (d, j) 1 um; (k) 100 nm
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Fig. 5 Morphological differentiation of the AP body axis: beginning of
endoderm cell reshaping. CLSM of phallacidin staining (a, b, f, g) and
TEM (c—e, h—j). Ectoderm cells are artificially colored in green (rounded
basiepithelial cells are in cyan) and endoderm cell are artificially colored
in purple on the TEM images. (a—e) Primary elongation of endoderm
cells. (a) Very beginning of the axis development: some endoderm cells
start elongating. (b) Embryos at a bit later stage: longitudinal section (left)
and cross section (right). Endoderm cells are elongated perpendicular to
the body axis. As they are packed in two rows, only two or three cells
(asterisks) are visible on a cross section. Rounded cells lacking the contact
with the embryo surface appear in the ectoderm. (¢) An embryo at the
same stage as on (b), longitudinal section. Purple arrows show the direc-
tion of elongation of the endoderm cells. Note plenty of vacuoles in their
cytoplasm. (d) The endoderm core with characteristic pairwise arrange-
ment of cells. (e) Ultrastructure of an endoderm cell. A purple double-

The overall number of cells increased considerably at
the late gastrula stage: it almost doubled since the begin-
ning of gastrulation. The average numbers of ectoderm and
endoderm cells were 28 and 13, respectively (Fig. 2). The
embryo demonstrated clearly distinguishable ectoderm and
endoderm layers (Fig. 4h). Blastomeres were of the same
shape and size within each germ layer: ectoderm cells were
cuboid or trapezoidal, while cells of endoderm were polyg-
onal or rounded (Fig. 4h—j). There was no apparent differ-
ence between the content of ectoderm and endoderm cells:
Both of them had round nuclei and plenty of yolk granules
and small vacuoles in cytoplasm (Fig. 41, j). All cells were
tightly packed, and the surface of the embryo was even.
The apices of ectoderm cells were anchored to each other
by septate junctions (Fig. 4k). The diameter of an embryo
stayed about 40 pm.
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headed arrow shows the direction of cell elongation. (f—j) Endoderm cells
continue elongating and start to intercalate between each other. (f)
Maximum intensity projections reconstructing 3D view of the embryos.
(g) Longitudinal optical section of the embryos on (f). Endoderm cells are
arranged in pairs (left embryo) and start to intercalate between each other
(right embryo). (h) Endoderm cell intercalation: the free edges of endo-
derm cells intercalate between each other and spread (purple arrows)
towards the opposite side of the basal lamina. (i) Septate junction
(bracket) between the neighboring endoderm cells. Arrowheads point to
the microtubules associated with the junction area. (j) High magnification
of arounded cell occupying the basiepithelial position in the ectoderm. bl,
basal lamina; ec, ectoderm; en, endoderm; n, nucleus; rc, round cell; v,
vacuole; y, yolk granule. Scale bars: (a—c, f, g) 10 um; (d, h) 5 pum; (e, j)
2 um; (i) 200 nm

Morphological differentiation of anterio-posterior
axis

The first morphological signs of anterio-posterior (AP) axis
differentiation appeared when the embryo had 3040 ecto-
derm cells and 14-19 endoderm cells (Fig. 2). At this stage,
some endoderm cells started to elongate in the direction per-
pendicular to the future AP axis. They changed their shape
from rounded to oval (Fig. 5a). As endoderm cells continued
elongation (purple arrows on Fig. 5c and e), they acquired
columnar or trapezoidal shape on the sections (Fig. Sb—e).
At the same time, they flattened in the plane perpendicular
to the plane of elongation. The free edges of elongating cells
met each other along the middle line of the endoderm core,
and thus endoderm cells became arranged in two rows as
appeared on the longitudinal sections (Fig. 5b—d). Therefore,
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Fig. 6 Morphological differentiation of the primary body axis:
development of the endoderm rod. Cell cortices are labeled with
phallacidin (green) and nuclei are labeled with DAPI (blue) on the
CLSM images (a, al—a4). Ectoderm cells are artificially colored in green
(round cells are in cyan) and endoderm cells are artificially colored in
purple on the TEM images (b, ¢). Future poles of AP body axis are
marked with asterisks. (a) 3D reconstruction of a spherical embryo.
(al-a4) Planes of the longitudinal optical sections. (al) Section of the
embryo in the plane of the endoderm rod bending: the endoderm rod of
the spherical embryo has a V shape. (a2—a4) Optical sections through the
embryo in the planes perpendicular to the axis of the rod bending, which

only two or three endoderm cells appeared on the cross-
sections (Fig. 5b, right embryo).

Endoderm cells of still spherical embryos (Fig. 5f) kept
further elongating and flattening, and eventually the cells from
the opposite rows started to intercalate between each other
(Fig. 5g, purple arrows on Fig. 5h). The endoderm core be-
came slightly elongated along the AP axis (Fig. Sh). During
intercalation, endoderm cells acquired a drop shape on sec-
tions: their free edges were getting narrow and spread towards
the basal lamina of the opposite side of the core. Despite the
fact that endoderm cells moved actively along each other they
had extensive areas of septate junctions (Fig. 51). Their cyto-
plasm was enriched with microtubule bundles oriented along
the cell long axis (Fig. 5i).

At this stage, the first ultrastructural difference became ap-
parent between ecto- and endoderm cells: the last had more
vacuoles and their cytoplasm was clearer (Fig. 5S¢, d, h). Basal
lamina separating ecto- and endoderm appeared at this stage
(Fig. 5¢, d, h).

We found the first sign of cell differentiation in the ecto-
derm. Most ectoderm cells were still cuboid and demonstrated
thick belts of the filamentous actin in the sub-apical cortex (Fig.

l GfBS

demonstrate topology of the V-shaped endoderm rod at the different
levels; note two separate pieces of endoderm on (a3) and (a4)
representing cross-cuts of “V” branches. (b) The endoderm rod curls
inside the spherical embryo (hollow purple arrows); a double-headed
purple arrow shows the directions of cell intercalation. More than a half
of endoderm cells have a contact with the basal lamina on their both sides
on the section; therefore, they finalize establishment of the contact with
basal lamina throughout the entire perimeter. (¢) An endoderm cell, both
sides of which contact the basal lamina. bl, basal lamina; ec, ectoderm; en,
endoderm; n, nucleus; rc, rounded cell; v, vacuole; y, yolk granule. Scale
bars: (a, al-a4, b) 10 um; (¢) 2 um

51, g). However, a small group of cells lost the contact with the
surface while kept the contact with the basal lamina, submerged
into the ectodermal epithelium and rounded up (Fig. 5b, c, j).
Their content was similar to that of other ectodermal cells.

The next developmental stage was the last one when the
embryo shape was spherical (Fig. 6a) and therefore had the
size and shape exactly the same as the egg cell. Endoderm
cells continued intercalation and began to form a single row.
Finally, this cell rearrangement resulted in the elongation of
the endoderm core, thus forming the rod-like structure (further
referred to as the “endoderm rod”), which at this stage curled
up inside the spherical embryo (Fig. 6al, B, hollow purple
arrows). When we optically cut an embryo in the plane of
rod bending, we can view bended V-shaped ectoderm rod
(Fig. 6al). When we cut an embryo in the planes perpendic-
ular to the axis of rod bending, the appearance of the rod
depended on the depth of sectioning. Fig. 6a2 shows the sec-
tion through the base of “V.” Figure 6a3 shows the section
taken from the middle of “V” and so visualizes two oblique
sections of branches of “V.” On Fig. 6a4, the V-shaped rod is
cut through the tips of ““V”” branches, corresponding to future
poles of AP axis (asterisks).
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The sections made in different planes demonstrated that
many endoderm cells had already acquired the shape of a disc
(or coin) and established contact with the basal lamina
throughout the disk periphery (Fig. 6al-a4, solid purple ar-
rows on B and C). However, a few cells still had free edges
squeezed between neighboring endoderm cells (Fig. 6b). The
vacuoles of endoderm cells got larger; all together, they occu-
pied a considerable portion of the cell (Fig. 6b, c).

This stage was characterized by two-fold increase in the
number of ectoderm cells, while the number of endoderm cells
remained unchanged (Fig. 2). In fact, this was the largest in-
crease of ectoderm cell number during early development of
Lucernaria. Otherwise, the ectoderm layer was not subject to
any significant changes since the previous stage: it consisted
of cuboid cells and a few rounded cells (Fig. 6a2, B). The
surface of the embryo was smooth.

The next development stage finalized endoderm cells rear-
rangement and resulted in the formation of a bean-shaped
embryo elongated along the AP axis; elongation of the whole
body was registered for the first time during embryogenesis.
The ectoderm added approximately 10 cells at this stage while
the number of endoderm cells did not change (Fig. 2). As a
rule, one end of an embryo started to protrude from the round-
ed body (Fig. 7a—d, purple arrow on d). Longitudinal sections
showed that the endoderm rod, being curled at a previous
stage, straightened out now (Fig. 7b—d). Although all endo-
derm cells were flattened, their shapes differed from one an-
other as they were still rearranging to form a single row. This
accounted for rough surface and overall irregular shape of the
endoderm rod (Fig. 7b—d).

Later on, endoderm cells finished their alignment, so when
the embryo finally adopted a bean shape (Fig. 7e-g), the en-
doderm rod was straighter (Fig. 7i, purple arrows on Fig. 7j),
and its contour was smooth (Fig. 7f, h—j). Each endoderm cell
except for two semi-oval terminal cells acquired coin-like
shape, so all of them were attached to the basal lamina around
the perimeter (Fig. 7f, h-k). Their nuclei were noticeably flat-
tened to fit inside the narrow cell (Fig. 7j, k). The diameter of
the endoderm rod was about 17 um (Fig. 71, h, 1).

Once the elongation of the body began, the surface of the
embryo ceased to be smooth for the first time during the de-
velopment. This was a result of reshaping of ectoderm cells:
the shape of individual cells ranged from flattened to colum-
nar with all variants in between, which directly affected the
thickness of the ectoderm (Fig. 7b, white double arrows).
Remarkably, the areas of thickened ectoderm even had pecu-
liar festoon-like folds on the surface (Fig. 7b, c, j, ). These
folds appeared as protrusions of cell apices, which seemed to
rise up above the level of belted subapical septate junctions
(Fig. 7m). By contrast, other areas of ectoderm were so thin,
that it looked like the endoderm rod was exposed to the envi-
ronment (Fig. 7b, c, f, 1). In fact, the ectoderm layer in these
areas was represented by lamellae of ectoderm cells,
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Fig. 7 Morphological differentiation of AP axis: elongation of the body P>
along AP axis and rearrangement of ectoderm cells. Cell cortices are
labeled with phallacidin (green) and nuclei are labeled with DAPI
(blue) on the CLSM images (a—c, e—i). Asterisks mark the poles of AP
axis. Ectoderm cells are artificially colored in green (rounded cells are in
cyan) and endoderm cells are artificially colored in purple on the TEM
images (d, j—n). (a) Maximal intensity projection reconstructing 3D view
of an embryo: one pole of the body axis (outlined with dashed line)
protrudes from the spherical part of the embryo. (b) Single section of
the embryo shown on (a). Double-headed arrows emphasize the ectoderm
thickness in the different regions of the embryo. Note that ectoderm cells
are concentrated in a spherical part of the embryo, and form festoon-like
folds (white arrowheads), while the outgrowth is covered with very few
flattened ectoderm cells (red arrowhead). (¢) Single section of another
embryo at the same stage exemplifying irregular shaped endoderm rod
and unevenly distributed ectoderm cells. (d) The endoderm rod: an out-
growth forms at one side of the embryo (purple arrow). Almost all endo-
derm cells have their both sides contacting the basal lamina. (e-i) CLSM
images of bean-shaped embryos. (e, g) 3D reconstructions of bean-
shaped embryos. (f, h) optical sections of the embryos shown on (e)
and (g), respectively; final stage of intercalation: All endoderm cells con-
tact the basal lamina by their both sides (h). Note the areas with extremely
thin ectoderm (red arrowheads on (f)). (i) An optical section from the
convex side of bean-shaped embryo. Note precise alignment of cells of
the endoderm rod. (j) Longitudinal section of an embryo finalizing inter-
calation of endoderm cells. The endoderm rod unfolds (purple arrows)
along the AP axis pulling the ectoderm sheet (green arrows) to cover its
poles. The ectoderm has several folds (white arrowheads). (k) Endoderm
cell with both short sides contacting the basal lamina. (I) Festoon-like fold
(white arrowhead) between apices of two adjacent ectoderm cells. Arrow
points at the contact between two cells. (m) Intercellular junction
(bracket) between two ectoderm cells. (n) Close up of the region framed
on (j). Extremely thin edge of the ectoderm cell covers one of the ends of
the endoderm rod. Inset shows rounded basiepithelial ectoderm cell. bl,
basal lamina; ec, ectoderm; en, endoderm; n, nucleus; rc, round cell; v,
vacuole. Scale bars: (a—j) 10 um; (K, 1, n, inset on n) 2 pm; (m) 200 nm

measuring less than 1 um in thickness (Fig. 7j, n).
Typically, the areas of thinned ectodermal epithelium were
found on the tips of an embryo as well as in the middle of
the body (Fig. 7f, i). Rounded cells looking similar to that
described before were still present in the ectoderm (Fig.
7d, j, inset on n).

Hatchlings and planulae

During hatching, an embryo ruptured the fertilization mem-
brane and escaped to the environment. From this time point
we considered it as a planula larva. The body of hatching
planula reached the length of 100 um (Fig. 8a, b). All endo-
derm cells were perfectly aligned so the rod surface was
“seamless” and smooth. The meshwork of vacuoles which
seemed to fuse was visible in the endoderm cells (Fig.
8a, ¢). The planula body was straight or slightly curved.

The body surface was bumpy; many ectoderm cells were
stretched or overlapped one another (Fig. 8a). The apical
membrane was densely covered with microvilli (Fig. 8a,
¢, d). The ectodermal rounded cells, the content of which did
not differ from other ectoderm cells before hatching, now
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demonstrated a small 2.5 x 1 um capsule characteristic of a
cnidoblast cell (Fig. 8a, d, e). The cnidoblast capsules were
also detected with anti-acetylated o-tubulin antibodies (Fig.
8b). At this stage, when the body was straight enough, it
became apparent that these cells occupied the area equal to
about one third of body length near one pole. Each hatchling
had 3—7 cnidoblasts. Thus, the poles of a planula were mor-
phologically different. We also noticed that phallacidin
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staining along the basal lamina was more intensive in the part
of hatchlings lacking cnidoblasts (Fig. 8b).

Planulae older than one day after hatching differed from
hatchlings. Most of them had 75-85 ectoderm cells and 16 or
18 cells within the endoderm rod; however, the number of en-
doderm cells ranged from 14 to 23 cells (Fig. 2, Fig. 9a—c).
Planulae crawled in a worm-like manner, i.e., by bending and
contracting the body. Multiple processes of myoepithelial cells
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Fig. 8 Hatchling stage. Cell cortices and myonemes are labeled with
phallacidin (green), nuclei are labeled with DAPI (blue), cilia and
cnidoblasts are labeled with anti-tubulin antibodies (red) on the CLSM
image (b). Ectoderm cells are artificially colored in green (cnidoblasts are
cyan) and endoderm cells are artificially colored in purple on the TEM
images (a, c—e). The pole of the hatchlings with cnidoblasts is oriented to
the right. (a, b) Longitudinal sections through the body axis. The endo-
derm rod straightens, endoderm cells are coin-shaped, and ectoderm cells
are of irregular shape. Sparse cilia are observed for the first time at this

enabling worm-like movements of planula were visualized in
the area of the basal lamina (Fig. 9d). The processes of
myoepithelial cells running along and around the body were
organized into the muscular network (Fig. 9d, inset). As in
hatchlings, muscular network had much more intense
phallacidin staining in that half of a planula lacking cnidoblasts
(Fig. 9e, f). Intriguingly, we noticed that the shape of planula
cells changed dynamically as the planula contracted its body.
Contracted regions of planula body were characterized by a
bumpy surface of ectoderm cells, relatively thick ectoderm,
and narrowed endoderm cells (Fig. 9e, f). By contrast, smooth
ectoderm surface, thin ectoderm, and wide endoderm cells char-
acterized relaxed regions (Fig. 9e, f). Though ectoderm cells
changed their shape and overlapped each other, they were still
anchored to one another by subapical septate junctions (Fig. 9g).

Planulae strikingly increased the body length to up to
150 um (Fig. 9a—) which is 1.5 times more than in hatch-
lings; the increase of length was likely a result of significant
widening of the endoderm cells (Fig. 9a—c). They were almost
completely filled with a large vacuole (Fig. 9a, b) that was
electron transparent on the TEM images (Fig. 9c, h, i). The
vacuole occupied all central parts of each cell leaving islands
of cytoplasm between itself and the plasma membrane (Fig.
9¢, h, i). As a result, the nucleus was located eccentrically
(Fig. 9i). Two terminal endoderm cells were semi-oval or
cone-shaped and did not demonstrate any difference between
each other at an ultrastructural level (Fig. 9, k). As before, the
larvae had no gastric cavity.
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stage. Cnidoblasts are located at one pole of the hatchling body. (¢)
Higher magnification of the middle part of the hatchling body.
Endoderm cells contain large number of vacuoles. (d) Close up of the
region framed on (a) showing a cnidoblast sitting on the basal lamina and
covered with neighboring cells on the top. (e) Higher magnification of the
differentiating cnidoblast framed on (d). 4/, basal lamina; ¢, cilium; ca,
capsule; cn, cnidoblast; ec, ectoderm; en, endoderm; er, endoplasmic
reticulum; mv, microvilli; n, nucleus; v, vacuole. Scale bars: (a, b)
10 um; (¢, d) 2 um; (e) 1 um

Fig. 9 Planula larva stage, three days after hatching. Cell cortices and P>
myonemes are labeled with phallacidin (green), nuclei are labeled with
DAPI (blue), cilia and cnidoblasts are labeled with anti-tubulin antibodies
(red) on the CLSM images (a, b, d—f, 1, n). Ectoderm cells are artificially
colored in green (cnidoblasts are cyan) and endoderm cells are artificially
colored in purple on the TEM images (¢, gk, m, o). The pole of the
planula with cnidoblasts is oriented to the right. (a, b) The larvae with
very low (14 on a) or very high (23 on b) number of endoderm cells. (c)
Longitudinal section. Note large vacuoles in the endoderm cells. (d)
Maximum intensity projection of two tangential optical sections showing
longitudinal and circular myonemes. Inset is a close up of the framed
region. (e, f) The shape of both ectoderm and endoderm cells reflects
the locomotor activity of the planula. White lines render the contour of
ectoderm and outline individual endoderm cells. (g) Septate junction
(bracket) between ectoderm cells. (h) A middle part of the planula body.
(i) Higher magnification of an endoderm cell. The large single vacuole,
occupying the center of the cell, swells and increases the volume of the
cell (purple arrows). (j) The pole with no cnidoblasts. The ectoderm cell
protrusions hardly cover the tip of the endoderm rod. (k) The pole with
cnidoblasts at different stages of differentiation. (I) A planula with 16
endoderm cells and well developed cnidoblasts. (1" and 1'") Other exam-
ples of the cnidoblast pole. (m) Ultrastructure of a cnidoblast. Large
capsule has twisted thread inside, while the rest of the forming thread is
yet outside the capsule. (n) Tangential optical section through the ecto-
derm surface showing that each epithelial ectoderm cell bears one cilium.
(n') Superficial view on three ectoderm cells. (n”") Side view shows that
cilia lie on the cytoplasmic membrane. (o, o) Serial sections of a cilium.
Note how tight a cilium is to the cytoplasmic membrane. bb, basal body;
bl, basal lamina; c, cilium; ca, capsule; ce, centriole; cn, cnidoblast; ec,
ectoderm; en, endoderm; mv, microvilli; n, nucleus; r, rootlet; th, thread;
v, vacuole. Scale bars: (a, b, d—f, 1, n) 20 um; (¢) 10 um; (h, j, k, insets on
d, L, n) 5 um; (i, m) 2 um; (g, o, ') 200 nm
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The two poles of larva could not be distinguished in living
animals. They both dynamically changed the shape from thin
and conical to enlarged and blunt. However, studying the
ultrastructure, we noticed that the ectoderm sheet was much
thinner at the pole lacking cnidoblasts (Fig. 9j). Under light
microscopy, it looked like the terminal endoderm cell was
exposed to the environment (Fig. 9a, b, 1). Nevertheless, it
was covered by thin edges of ectoderm cells meeting each
other at the very tip of the planula (Fig. 9j). Apparently, the
most obvious difference between the two poles of Lucernaria
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larva was the presence of cnidoblasts in the ectoderm of one
pole (Fig. 9c, k). The cnidoblasts retained their location being
attached to the basal lamina and covered with ectoderm cells
on top. Capsules inside cnidoblasts were outlined by anti-
tubulin staining (Fig. 9d, 1, ', 1”), probably associated with
supportive rods of the capsule (Raikova 1990; Rifkin and
Endean 1988). In comparison with the hatchling stage when
tiny lentil shape capsules measured only one micron, the cap-
sules of older planula were round or oval with 5-6 pm diam-
eter and occupied a considerable part of a cnidoblast (Fig.
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9k, m). In some cnidoblasts, the thread was not completely
packed inside the capsule, and we could identify the thread
parts as an electron-dense material in the cytoplasm (Fig. 9m).

Despite the fact that planulae moved by muscular contrac-
tions only, they developed short cilia detected with anti-
acetylated alpha-tubulin antibodies. The first sparse cilia were
registered at the hatchling stage (Fig. 8b); they increased their
number and length over a few next days after hatching.
Basically, each epithelial ectoderm cell had one cilium (Fig.
9n, n'). Thus, the superficial cells of Lucernaria planula are
monociliated. The cilia were extremely short, not longer than
4 um. Instead of being upright, they followed the contour of
the cell (Fig. 9n”). EM studies confirmed that cilia adhered
tightly to the cell membrane and never protruded above the
level of microvilli (Fig. 90, 0') In most cases, a cilium was
directed towards the pole with no cnidoblasts. We also re-
vealed a basal body, an accessory centriole (Fig. 90) and stri-
ated ciliary rootlet (Fig. 90").

Discussion

Morphogenic movements in metazoans are based on the
force-generating activity of multiple individual cells inte-
grated into “morphogenic machines” (Shook et al. 2018;
Shook and Keller 2008). How can we detect these “mor-
phogenic machines” in the development of certain species?
More than 50 years ago, Jane Westfall pointed out: “The
morphologist is usually confronted with the challenging
task of illuminating a dynamic process of development or
function from a series of static pictures” (Westfall 1966).
However, recent studies showed that a series of cell shape
changes might tell us an amazingly complete story about
the morphogenetic activity of this cell (Blankenship et al.
2006; Haas et al. 2018; Kraus et al. 2014; Lecuit and Lenne
2007; Sawyer et al. 2010). Based on the detailed descrip-
tion of embryonic cells in Lucernaria, we further suggest
the main “morphogenic machines” operating in the embryo
consisting of only few cells.

Small number of cells determines the mode and
mechanics of gastrulation

The initial conditions for gastrulation are created in the pro-
cess of cleavage. In Lucernaria, cleavage (Fig. 1b—d,
Fig. 10a—c) results in stereoblastula, which consists of ~20
wedge-shaped epithelial cells (Fig. le, Fig. 3b, ¢, Fig. 10d).
Thus, the initial conditions, which apparently affect the me-
chanics of gastrulation, are low number of cells, absence of
blastocoel and large cell size in relation to size of an embryo.
In all staurozoans studied in this respect, small embryo size
was associated with very few cells (Kowalevsky 1884; Otto
1976; Wietrzykowski 1912).
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In many animals, apical constriction of bottle cells has been
considered as one of the major forces driving gastrulation
(Sawyer et al. 2010). Morphologically, bottle cells of
Lucernaria (Fig. 4a’, b, c¢) are similar to those found in
gastrulating embryos of other cnidarians (Byrum 2001;
Kraus and Technau 2006) and bilaterians (Shook and Keller
2003). The difference lies in the cell behavior. Ingressing cells
normally move far away from the site of gastrulation crawling
over the blastocoel roof (Byrum 2001; Momose and Schmid
20006). In Lucernaria, ingressing cells have no room to crawl.
Instead, they get inside the embryo only by changing the
shape. Initially, wedge cells (Figs. 3b, 10d) change their
shapes to columnar (Figs. 4a, 10e), and then, through the
bottle-like forms and drop-like forms with almost reduced
apices (Figs. 4a'—a", 10e, f), to the rounded ones (Figs. 4h,
10g). Constriction of cell apices (Fig. 4c, d) is provoked most
likely by contraction of actomyosin meshwork (Roh-Johnson
et al. 2012), that is reflected by an intensive phallacidin stain-
ing of the apical F-actin (Fig. 4a”, a"). This constriction results
in inward displacement of much of the intracellular contents
(Fig. 4c, f, g, purple arrows). Thus, reshaping of the cell
causes its inward displacement without its actual movement.

It is important that the constriction of cell apices generates
physical forces on the embryo surface, which stretch the re-
maining surface cells. Vectors of these forces are directed
towards the ingression site. The presumptive ectoderm cells
have to expand their apices to restore the mechanical equilib-
rium: they change their shapes from wedge-like to trapezoidal
(compare the shapes on Fig. 4a—a"). This, in turn, gives the
ingressing cells the room to sink inside and, at the same time,
provides an additional surface to cover the site of ingression.
At the mid-gastrula stage, the ectoderm cells adjacent to the
ingression site form long lamellae, which help to seal the hole
left in the epithelium (Fig. 4f, g, green arrows). This cell be-
havior is evolutionary conserved and can be found in EMTs of
many animals (Shook and Keller 2003).

Taken together, gastrulation of Lucernaria combines very
special types of ingression and epiboly as an elegant solution
to the problem of low cell number. Other staurozoans de-
scribed manifest the same way of cleavage and gastrulation
(Hanaoka 1934; Otto 1976; Wietrzykowski 1912).

Morphological differentiation of the primary body
axis: endoderm cell rearrangement, development of
the endoderm rod

The embryos of Lucernaria begin morphological differentia-
tion of AP axis once the endoderm cells reach the final quan-
tity registered in planula, typically 16 or 18 (Fig. 2). The same
was observed in another staurozoan, Halyclistus
(Wietrzykowski 1912).

Planar cell intercalation is a widespread morphogenetic
movement leading to elongation of epithelium in the direction
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Fig. 10 Schematic representation of embryonic and larval development
of Lucernaria. Blastomeres are yellow, ectoderm cells are green
(cnidoblasts are cyan) and endoderm cells are purple. Cell number is
indicated in blue font. (a—c) Cleavage. (d) Stereoblastula. (e, f, g) Early,
mid-, and late gastrulae, respectively. (h, i) Beginning of morphological
differentiation of the AP body axis: the endoderm cells elongate
perpendicular to the future AP axis. (j) Beginning of intercalation of

perpendicular to cell movement. For example, mediolateral
cell intercalation during gastrulation and neurulation underlies
body plan establishment in vertebrate embryos (Keller et al.
2000). It also plays an essential role in the AP axis develop-
ment in embryogenesis of invertebrates, for example, in hy-
drozoan cnidarians (Kraus 2006; Kraus et al. 2014) and in the
nematode Caenorhabditis elegans (Priess and Hirsh 1986;
Simske and Hardin 2001). In these embryos, ectoderm cells
play a leading role in embryo lengthening along the AP axis.
Lucernaria embryo is a remarkable exception in that AP elon-
gation is initiated by intercalation of not ectoderm, but endo-
derm cells (Figs. 5h, 6b, 7b—d, 10h—m).

Typically, cell intercalation proceeds by changing
neighbors that leads to planar translocation of epithelial
cell (Keller et al. 2000). Because of the tight packing of
cells in a minute and solid Lucernaria embryo, endo-
derm cells do not have enough room to change location;
instead, they only change the shape to finally form a rod
of aligned cells.

Rounded/polygonal endoderm cells flattens on one axis
to form a coin-like shape (Figs. 10g—m, 11) establishing
the contact with the basal lamina throughout whole perim-
eter of the “coin.” The intercalation and alignment of the
endoderm cells (Fig. 11d) ultimately leads to elongation of
the endoderm rod (Fig. 11e). Initially, the rod curls inside
the spherical ectoderm sheath, which serves as a physical
boundary limiting the length and shape of the rod. Once
intercalation is complete, the rod is becoming straight and
eventually straightens the entire body of a prehatching em-
bryo (Fig. 111).

Taken together, the endoderm cells undergo sophisticated
3-D reshaping, which can be considered a driving force of AP
elongation of Lucernaria embryo.
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endoderm cells. (k) Endoderm rod develops as an outcome of
endoderm cell intercalation and curls up inside the spherical embryo. (1)
Endoderm rod straightening, beginning of ectoderm cells rearrangement
and elongation of the body axis. (m) Endoderm cells complete
intercalation at the stage of a bean-shaped embryo. (n) straightening of
the body axis and hatching. (o) Elongated planula larva with highly vac-
uolated swelled endoderm cells, a few days after hatching

Morphological differentiation of the primary body
axis: ectoderm rearrangement, elongation of the
body axis

The ectoderm epithelium remains morphologically un-
changed throughout endoderm rod formation (Figs. 5, 6).
However, there is a significant peak in proliferative activity
at the stage of endoderm rod formation (Fig. 2). Apparently,
the ectoderm epithelium is a mechanically integral structure,
as evidenced from septate junctions between adjacent cells
(Figs. 4k, 51, 7m) enforced by microfilament bundles (Fig.
5a, b, f, g). We hypothesize that strong mechanical stress
imposed by the elongating and curling endoderm rod on ec-
toderm sheet is what triggers mitosis in ectoderm cells
(Gudipaty et al. 2017; Liu et al. 1993). The doubling of ecto-
derm cells number is essential for covering the endoderm rod,
the surface area of which has been increased significantly
during its reshaping from rounded to elongated form.

Elongation of endoderm certainly leads to rearrangement
of ectoderm cells. Diversity of cell shapes (Fig. 7j), different
thickness of ectoderm sheet (Fig. 7b), extremely thin cell pro-
trusions (Fig. 7n), and festoon-like folds (Fig. 7j, 1) are evi-
dence for the ectoderm being under mechanical stress and
active rearrangements (Clark et al. 2014; Salbreux et al.
2012). As cells have the tendency to move in that way to
compensate for mechanical stresses (Beloussov 1996), they
redistribute on the endoderm rod surface (Fig. 7j, green
arrows). From this point, ectoderm does not restrain the endo-
derm; instead, it follows the shape of the rod, and the embryo
body becomes elongated (Figs. 7h, i, 101, m).

Therefore, mechanical stresses imposed by the endo-
derm rod formation induce changes in the ectoderm cell
behavior, crucial for the transformation of a spherical

@ Springer



694

Mayorova T.D. et al.

Fig. 11 Schematic drawing
depicting rearrangement and
reshaping of endoderm cells
during AP axis development seen
from two mutually perpendicular
planes. Upper row (a—f)
represents a cut along the AP axis;
lower row (a’—{") represents a cut
perpendicular to the AP axis.
Ectoderm is green, endoderm
cells are purple. After gastrulation
(a, a"), endoderm cells acquire a
two-row organization by getting
polarized perpendicular to the AP
axis (b, b’, ¢, ¢’). Later on, the
opposite cells intercalate between
each other (d, d’) resulting in the
elongation and curling of the en-
dodermal core (e, e'), which fi-
nally forces the whole body of the
larva to elongate (f, f'). At this
stage, all endoderm cells are lined
up in a single cell row (f, f')
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embryo into a worm-like planula, the next developmen-
tal stage of Lucernaria.

Planula of Lucernaria: “hairless worm” in an
otherwise ciliated world of cnidarians?

The endoderm cells differ from the ectoderm cells by the high
content of small and medium sized vacuoles; this difference
becomes already visible in the beginning of AP axis differen-
tiation (Fig. 5c, d). When a planula hatches, the vacuoles in the
endoderm cells increase their size (Fig. 8c) probably by fusing
with one another. Then, when the larva spends a while in
seawater, the vacuoles expand dramatically (Fig. 9h, i,
purple arrows) increasing the length of the endoderm rod
and, therefore, the whole planula body (Fig. 10n, o). Most
likely, the rod elongates by the same mechanism as the noto-
chord of amphibians and fish, where vacuoles swell osmoti-
cally (Adams et al. 1990; Thomas and Stemple 2004).
Swelling of endoderm cell is a mechanism, by which hatched
larvae not only increase their length, but also obtain hydro-
static skeleton probably contributing to their movement.
Staurozoan planula crawls on the substrate making vermi-
form moves (Kowalevsky 1884; Otto 1976) provided by con-
tractions of longitudinal and circumferential processes of
myoepithelial cells (Fig. 9d). Since cells and body are compa-
rable in size due to low cell number, all changes in planula
body shape (bending, stretching, etc.) induce deformation of
individual cells, both ectoderm and endoderm (Fig. 9e, f).
Since the time of first discovery of weird looking
staurozoan larvae, it has been considered that these planulae
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lack cilia, and that is why they crawl instead of swim
(Hanaoka 1934; Kowalevsky 1884; Otto 1976). However,
we revealed a very short cilium on each ectoderm cell
(Figs. 8b, 9n—n", 90, 0"). These cilia are reminiscent of rudi-
mentary cilia, emerging either transiently during cell differen-
tiation (Boelsterli 1977) or remaining as a rudiment in differ-
entiated cells (Gardiner and Rieger 1980; Rieger and
Lombardi 1987). Obviously, they cannot function as a propel-
ling tool, since they even do not have an upright position and
their number is ridiculously small; nevertheless, we cannot
exclude that they do have certain role in planula life.

Staurozoan larvae were known to develop cnidocytes at the
posterior third of the body in a few days after hatching
(Kowalevsky 1884; Wietrzykowski 1912). Our ultrastructural
analysis reveals that differentiation of capsules begins earlier,
right after hatching (Fig. 8a, d, ¢). Moreover, we assume that
the commitment of these cells to cnidocyte pathway occurs
much earlier, at the beginning of AP axis differentiation: it is
likely, that rounded basiepithelial cells (Figs. 5, 6, 7, 10) are in
fact cnidoblasts at an early stage of differentiation. Though
they do not have morphological characteristics (capsule,
thread) of a cnidoblast, their shape, size, and location are very
similar to those of cnidoblasts of planulae.

Evolutionary trend towards a reduction in number of
cells in early development: bypassing constraints

Our study showed that early development of Lucernaria is
very similar to that of other staurozoans (Lucernaria
campanulate (=Calvadosia campanulata), Halyclistus
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stejnegeri, Halyclistus salpinx, Halyclistus octoradius, and
Thaumatoscyphus distinctus (=Manania uchidai)) (Bergh
1888; Hanaoka 1934; Kowalevsky 1884; Miranda et al.
2018; Otto 1976; Wietrzykowski 1910, 1912). So, it is im-
plausible that these ontogenies evolved independently. Since
these species belong to both suborders of Staurozoa,
Myostaurida and Amyostaurida (Miranda et al. 2016, 2018),
we hypothesize that the trend towards the reduction of cell
number in early development emerged very early in
staurozoan evolution.

It is important to note that embryos of many other cnidarian
species consist of much higher number of cells than the
staurozoan ones. In the hydrozoan Hydractinia, gastrulation
by delamination starts at the 32-cell stage, but mid-gastrula
stage embryos already consist of about 2000 cells (Kraus et al.
2014; Plickert et al. 1988). The hydrozoan Clytia gastrulates
by unipolar ingression, and embryos have approximately 800
cells in the very beginning of gastrulation (according to
images from Kraus et al. 2020). The similar number of cells
(700-1000) were found in early gastrula stage embryos of the
scyphozoan Aurelia (Yuan et al. 2008). What exact con-
straints do the embryos evolving towards low cell number
face? A depleted set of morphogenetic processes as we have
seen in Lucernaria (Fig. 12a—e). If we analyze the set of mor-
phogenetic movements available for medusozoan cnidarians
(Hydrozoa, Scyphozoa, and Staurozoa) (Fig. 12), we find that
some developmental trajectories are not accessible for
staurozoans by default, as they are based on the coherent be-
havior of multiple cells. These trajectories are based on invag-
ination (Fig. 12a, h, j, k), which is characteristic for

Fig. 12 The set of developmental
pathways available for
medusozoan cnidarians.
Blastomeres are yellow, ectoderm
cells are green, and endoderm
cells are purple. (a—e)
Developmental trajectory of
Lucernaria. (a) Cleavage, (b)
stereoblastula, (¢) gastrulation by
ingression of just a few cells, (d)
gastrula, (e) planula. (f, g and h—
k) Developmental trajectories of
other medusozoan cnidarians
leading to development of
multicellular planula (k). (f)
Gastrulation by primary (cellular)
delamination followed by prolif-
eration of both ectoderm and en-
doderm cells (g). (h) Blastula
containing multiple cells and
having the blastocoel
(coeloblastula). (i) Gastrulation
by ingression of multiple cells. (j)
Gastrulation by invagination

Developmental
Trajectories

scyphozoans, and on the ingression of multiple cells
(Fig. 12a, h, i, k), which is very typical for hydrozoans
(Berrill 1949; Byrum 2001; Kraus et al. 2020; Metschnikoff
1886). Some other trajectories, e.g., primary and secondary
delamination (Fig. 12a, f, g, k and a, h, g, k), occurring in
hydrozoan embryos (Kraus and Markov 2017; van de Vyver
1964), were not realized in staurozoan evolution. If we assume
that the staurozoan’s common ancestor gastrulated by invag-
ination, then the reason for this absence is, perhaps, evolution-
ary history of the group (so-called phylogenetic inertia) since
ingression, unlike delamination, is easily derived from invag-
ination (van der Sande et al. 2020). We can only speculate that
transitions to high number of cells during cleavage (Fig. 12h)
or gastrula stages (Fig. 12g) are constrained by the natural
selection favoring the reduction of cell number in staurozoan
embryos.

Staurozoans are not unique in having few cells in embryos.
There is a wide range of groups such as Nematoda, Rotifera,
Gastrotricha, Sipunculida, Gastropoda, and Tunicata, some
representatives of which have small number of cells in their
embryos. Nonetheless, they all end up developing phylum-
specific bauplans (Hejnol 2010; Schierenberg 2001; Schulze
and Schierenberg 2011). This means that these animals suc-
cessfully bypass the constraints imposed by the number of
cells using very peculiar developmental trajectories.

What is so peculiar in developmental trajectories of the
animals having very few cells in embryos? Remarkably, early
embryos of Lucernaria and the aforementioned animals from
very distant phylogenetic groups look very similar. Their blas-
tula lacks (or almost lacks) blastocoel and consists of 16-64

s

el -reallized in Lucernaria evolution

- -) -realized in other cnidarians and presumably accessable but not realized in Lucernaria evolution
—> -realized in other cnidarians but not accessable for Lucernaria
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blastomeres, blastomeres are large in relation to the size of an
embryo, vegetal cells are often (but not always!) bigger than
animal ones. It is not surprising that morphogenetic move-
ments during gastrulation in these animals look the same:
presumptive endoderm, which consists of very few cells
(e.g., only 2 cells in nematodes and gastrotrichs) undergoes
very peculiar type of ingression that was called “dense ingres-
sion” (Ivanova-Kazas 1995). During dense ingression, pre-
sumptive endoderm cells do not ingress and crawl inside the
embryo one by one to fill the blastocoel. Instead, they redis-
tribute cell contents and detach apices, and this is enough to
bring these cells to their final position. Dense ingression is
always followed by epiboly of ectoderm cells (Ivanova-
Kazas 1995).

Indeed, the mode of gastrulation strongly depends on
the number of cells. The tunicate appendicularians have
32-cell blastula and gastrulate by ingression followed by
epiboly (Fujii et al. 2008). However, 76—110 cells seem to
be enough for the embryos to gastrulate by invagination
that is observed in other tunicates, specifically ascidians
(Jeffery 1992; Nishida 1986). Likewise, the low cell num-
ber embryos of nematodes gastrulate by ingression
(Schierenberg 2006; Sulston et al. 1983), while nematodes
with higher number of cells gastrulate by invagination
(Schulze and Schierenberg 2011).

Therefore, in the embryos with low number of cells, cell
reshaping substitutes actual cell movements. This we observe
not only in gastrulation but also in the process of cell interca-
lation occurring during endoderm rod formation in
Lucernaria or during dorsal epidermal intercalation in
C. elegans (Chin-Sang and Chisholm 2000). It seems that
epithelial sheet morphogeneses (such as epithelial folding)
are rarely employed in the development of low cell number
embryos. For instance, appendicularian neurulation does not
rely on the folding of neural plate (Fujii et al. 2008).

Another constraint, which could affect the development of
animals evolving towards the reduction of cell number in em-
bryos and larvae, is a low threshold of mechanical instability that
could decrease developmental robustness. In the embryos with
high number of cells (such as amphibians), changes in the shape
and mechanical state of individual cells add up to mechanical
state and reshaping of tissues only if they occur in multiple cells
at once. As we described for Lucernaria, each individual cell
constitutes so large a part of an embryo or larva, that reshaping of
any cell immediately leads to changes in the mechanical state of
the whole organism and may trigger dramatic developmental
consequences. We can find very similar situation in ascidians,
where the blastopore lip consists (on sections) of only one cell,
which does almost the same job as the multicellular blastopore
lip in vertebrate embryos (Sherrard et al. 2010).

Therefore, low cell number embryos “had to learn” how to
provide developmental robustness under an increased mor-
phogenetic role of each individual embryonic cell.

@ Springer

It was inferred that in few cell embryos of Nematoda,
Spiralia, and Chordata developmental trajectories include,
but are not limited to, determinant rather than regulative de-
velopmental mode; early establishment of cell linages; high
importance of maternal transcriptional factors; fast life cycle
(Hejnol 2010; Holland 2014; Lambert 2010; Schulze and
Schierenberg 2011). A reduced role of regulative genes in
early development is reflected in that the genes are clustered
in operons in both nematodes and ascidians (Blumenthal et al.
2005; Denoeud et al. 2010; Paps et al. 2012; Pettitt et al. 2014;
Satou et al. 2008; Tsagkogeorga et al. 2012). Moreover, many
Hox genes were lost in nematodes (Aboobaker and Blaxter
2010) and tunicates (Ikuta and Saiga 2005; Seo et al. 2004).
It will be interesting to find out if staurozoans follow these
trends and to what extent, especially taking into account that
early establishment of cell linages and mosaic development
are not typical for cnidarians in general.

The much more challenging question is why the animals
would reprogram their development for reduction of cell num-
ber in embryos. One possible explanation is that this might be
the way to accelerate early development: the embryo does not
waste time and energy on multiple cell divisions and starts
gastrulating when it contains just a few dozen cells. By accel-
eration of early development animals might benefit from the
temporal reduction of the stage of vulnerable, defenseless, and
non-feeding embryo (Strathmann et al. 2002) or from favor-
able conditions in ecologically unstable biotopes
(Schierenberg 2001). On the other hand, reduction of cell
number can be considered as a side-effect of a positive selec-
tion for the higher fecundity, that is typical for sedentary an-
imals or animals facing unstable environment. Production of
minute size eggs enables the increased number of offspring
(Carri¢re and Roff 1995; Rosenheim 1996). Since there are
certain limits in cell size diminution (Polilov 2015, 2016), the
decrease of embryo size from a certain point could be reached
by decrease of blastomere number only, not blastomere size.
However, reduction of cell number does not always correlate
with small size of an egg. For example, in spiralians, low
number of cells at the gastrula stage is a characteristic feature
of species with relatively big yolky eggs (Hejnol 2010;
Ivanova-Kazas 1995).

We can only speculate on the scenario of Lucernaria on-
togeny evolution, but there is an obvious causal connection
between evolutionary changes in the number of embryonic
cells and in the life cycle and reproductive strategy.

Taken together, we described and analyzed the dynamics
of cell shape changes during early development of the
staurozoan Lucernaria. From our data, we inferred how the
embryo overcomes the constraints imposed by the low num-
ber of cells by using very peculiar developmental trajectory.
We reconstructed the morphogenetic bases of this trajectory
and suggested a link between morphogenetic movements and
mechanical stresses orchestrating the development of a few
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cell embryo. This is the first step in our understanding of the
development of these fascinating animals; the next steps will
require unraveling molecular basis of morphogenetic events
described here. Moreover, little is known about metamorpho-
sis in staurozoans: there are no convincing data on the mor-
phogenesis of a primary polyp, which is another mystery of
this unique group.
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