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Abstract

Embryogenesis is one of the most delicate biological processes which requires precise
control in various levels, including molecular distribution and gene expression, cellular
orientation and specification, and tissue dynamics giving rise to proper morphology.
The diverse animal morphology can be resulted from the difference during early
embryonic cleavages. Spiral cleavage is a conserved embryonic patterning strategy
used in the majority of the animal clade Spiralia. The specific cell positioning during
cell division and quadrant-based clonal domain formation make the embryos with
the blastomeres orientated in a spiral manner when viewing from the animal pole.
Although spiral cleavage is conserved in many phyla, the detailed cellular, molecular
and biophysical mechanisms for this left-right symmetry breaking event remain unclear.

Here I studied the early development of the prototypic annelid spiral-cleaver
Platynereis dumerilii, which performs two unequal embryonic cleavages followed by
the first dextral spiral cleavages, and compared the mechanisms to other spiralians or
to other cleavage types. First, I described the morphology of each cell cycle from the
zygote until 64-cell stage by imaging the fluorescently labeled fixed embryos. Second,
with mRNA injection, whole-embryo live-imaging with Selective Plane Illumination
Microscopy (SPIM), and in silico cell tracking, I monitored these cleavages in 4-D,
constructed the early cell lineages, and revealed the subtle asynchrony of the four
quartets. Third, together with the spindle inclination angle measurement, I discovered
the leading role of the D macromere during P. dumerilii spiral cleavage. I also
confirmed that the dextral micromere orientation is neither affected by the eggshell
nor the presence of all the neighbor macromeres, suggesting that this cellular property
may be achieved by cell autonomous molecular mechanisms.

In order to quantify the candidate cytoskeletal dynamics during spiral cleavage,
I optimized the construction of the injected mRNAs and the injection protocol
to achieve the highest translational level of the fluorescent protein within a given
developmental time. Beside mRNA injection, I also established a protein expression
and injection protocol for P. dumerilii protein injection in order to visualize the target
gene as early as possible. Both techniques didn’t dramatically influence embryogenesis
and allow for quantification of the protein dynamics. With these strategies, I discovered
and measured the chiral counter rotational flow of cortical actomyosin in each spiral
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cleavage and revealed that it’s present in the first two spiral cleavages, especially
of the macromeres. The biophysical force generated by actomyosin contributes in
the cell deformation and spindle inclination, resulting in proper dextral micromere
positioning, during the first spiral cleavage, confirmed by the chemical treatment to
the P. dumerilii embryos. The asymmetric actomyosin distribution, nuclei migration,
and the change of the cell axes during cytokinesis in the macromeres also suggests
that the macromeres may play critical roles to lead spiral cleavage.

This work is built on the knowledge of the spiral cleavage machinery and has
extended it in multiple dimensions. The detailed phase-by-phase description of each
cleavage increases the information of P. dumerilii embryogenesis. The established
labeling and imaging techniques in this thesis are the important basis for investigation
and comparisons of different spiralian development in the future. More broadly,
the discovery of actomyosin dynamics shows conservation to the left-right symmetry
breaking events of the animals which does not belong to Spiralia. These together bring
insights to a global evolutionary speculation: a conserved mechanical force generation
pathway, tuned by the upstream molecular signals, may be the key of the miscellaneous
cleavage types, resulting in the astonishing variety of embryo patterning.
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1. Introduction

1.1. Diverse cleavage types in matezoans

All animals with sexual reproduction starts as a zygote, an eukaryotic cell formed

by fertilization of two gametes. Although it all begins with a single cell, the adult

forms are overwhelmingly diverse. This diversity could be seen much earlier in the

life cycle, during embryogenesis. One of the most important advantages to study

embryology and put it into a phylogenetic context is that it often shows astonishing

similarities between animal groups, which are irreconcilably distinct in adult body

plans. Therefore, a rapid growth of new approaches to investigate the evolution of

animal morphology has been seen in the latest decades. Evolutionary developmental

biology, also known as “Evo-Devo”, is mainly focusing on the comparison of genetic

mechanisms during embryogenesis at various phylogenetic levels from microevolutionary

(intra-species) to macroevolutionary (across phyla) (Arthur, 2002). In my PhD thesis, I

have concentrated on the mechanisms of the first events in development, the embryonic

cleavages, to understand the convergence and variety at different levels resulting in

certain organismal forms. First, I will introduce the different cleavage types described

in metazoans.
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1. Introduction

In 1874, Ernst Haeckel defined metazoan as the multicellular animals and

protozoa as the single-celled organisms of the animal kingdom (Reynolds & Hülsmann,

2008). With the help of morphological comparison and later molecular phylogenetics,

the phylogenetic relationship between animals has been established (Figure 1.1).

Although the adult forms are distinct, when considering early embryogenesis, each of

the animal clades has a representative early cleavage pattern generating blastomeres

in a given orientation.

In holoblastic eggs, the first embryonic cleavage follows the animal-vegetal

axis. The second cleavage as well, but perpendicular to the first one, resulting in the

four blastomeres localizing in the same plane. The third embryonic cleavage plays

a critical role in the spatial arrangement of the blastomeres by different cleavage

plane in each organism. The four major holoblastic cleavage types, bilateral, radial,

rotational, and spiral cleavage, and the resulting embryonic patterns are described

below. Bilateral and radial cleavage are two of the representative cleavage types in

Deuterostomia while rotational and spiral cleavage are typical for Protostomia (Figure

1.1).
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1.1. Diverse cleavage types in matezoans

Figure 1.1.: Phylogeny of metazoan with the typical cleavage types. The
phylogenetic tree is according to the consensus of 18S rRNA sequences (Adoutte et
al., 1999). The four typical cleavage types are illustrated according to the animal
groups (the colored-boxes at background). One of the fours lineages are indicated
with green color in radial cleavage and spiral cleavage, demonstrating the division
angle alternation in each cleavage and the formation of clonal domains. The arrows
indicated the cleavage planes.

1.1.1. Bilateral cleavage

Bilateral cleavage is the major type for ascidians. The first embryonic cleavage defines

the left and right half of the embryo. The following cleavages use this axis (the animal

axis) to produce an embryo with two mirror-imaged halves. Therefore, the embryo

eventually gets a midline with clear left-right bilateral symmetry.
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1.1.2. Radial cleavage

Radial cleavage is the major cleavage type for the deuterostomes (e.g., vertebrates

and echinoderms). The first two embryonic cleavages result in the four blastomeres

orientated in the same plane. These blastomeres are indeterminate, so all have

the potential to develop into the whole organism when dissociated (Gilbert, 2000;

Lawrence & Levine, 2006). The third embryonic cleavage occurs with the cleavage

plane perpendicular to animal-vegetal axis, and the mitotic spindles parallel to this

axis, resulting in two layers of blastomeres on top of each other and aligned along

the animal-vegetal axis (Green & Batterman, 2017). The set-up of the cleavage

plane leads the axes of the following cleavage, which are either parallel (the even

cleavages), or perpendicular (the odd cleavages), to animal-vegetal axis. Eventually, a

cylinder-shaped, radial symmetric blastula is formed.

1.1.3. Rotational cleavage

Rotational cleavage is the major cleavage type in nematodes, especially well studied

in the roundworm Caenorhabditis elegans. In this cleavage, there is no standard

division axis for all the blastomeres in one cleavage. The first cleavage occurs along

the anterior-posterior axis, resulting in two daughter cells in this direction. In the

second cleavage, however, one daughter cell divides meridionally while the other one

divides equatorially (Rose & Gönczy, 2014).
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1.1.4. Spiral cleavage

Spiral cleavage is the major cleavage type in lophotrochozoans, also known as spiralians.

The first two embryonic cleavages are rather similar to those in radial cleavages. Four

blastomeres are located in a plane perpendicular to animal-vegetal axis. However, the

third embryonic cleavage occurs with an inclined division angle instead of parallel to

the animal-vegetal axis. Therefore, the upper blastomere tier, the micromeres, rotates

either clockwise or counterclockwise to the bottom tier, the macromeres, when viewed

from the animal pole. From this cleavage, the division angle is no longer a multiple

of 90 ◦ to the animal-vegetal axis, but it uses the coordinates set by the first spiral

cleavage. The blastomeres always rotate between tier. This feature eventually creates

a blastula with a spiral-looking arrangement of the blastomeres (Henry et al., 2006;

Goulding, 2009). Although spiral cleavage is not the only cleavage type in spiralians, it

has been suggested to represent the ancestral mode of development within this clade,

because of its broad occurrence (see Section 1.2.2) (Laumer et al., 2019).

Another characteristic of spiral cleavage concerns the cell potency. Unlike the

deuterostomes, which are mostly indeterminant developers, determinant development

is present in many protostomes, including organisms with rotational cleavage and

spiral cleavage (Valentine, 1997). The cell fate is determined early in embryogenesis,

meaning that each blastomere has the potential to only develop a part of the organism

rather than a complete embryo. Therefore, tracing the cell lineage and investigating

the molecular mechanisms are important approaches to understand how the cell fate

is determined and how this can affect or be affected by the cleavage pattern during

early embryogenesis.
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1.2. Evo-Devo of spiral cleavage

In this section, the focus is mainly on spiral cleavage. As a shared developmental

feature of many animal clades, the convergence and divergence of the mechanisms are

compared to reveal the critical steps making spiral cleavage a unique embryogenic

type.

1.2.1. Evolutionary relationships of spiralians

Lophotrochozoa is one of the biggest animal clades which contain over one-third of

all the animal phyla (Halanych et al., 1995; Aguinaldo et al., 1997; Dunn et al., 2008;

Telford & Littlewood, 2009; Laumer et al., 2015). The adult forms of lophotrochozoans

are very distinct and they were not considering related. Embryologists discovered

however a great similarity in the early embryogenic cleavages, the spiral cleavage, and

cellular arrangement between many lophotrochozoan phyla, e.g., polyclad flatworms,

nemerteans, gnathosmulids, entoprocta, molluscs, and annelids (E. B. Wilson, 1892;

Lillie, 1895; Conklin, 1897; Child, 1900). Not all lophotrochozoans exhibit spiral

cleavage though. Rotifers, Gastrotricha, Bryozoans, Phoronida, and Brachiopods are

reported without the typical spiral arrangement of the blastomeres (Hejnol, 2010).

However, the cell fate is set early in development in these organisms and cell fate

mapping show similar tissue destination (Vellutini et al., 2017). These are other

characteristics of the spiralian development. Still spiral cleavage is thought to represent

the ancestral trait of Spiralia, because the spiral arrangement of the blastomeres exist

in Gnathifera, Lophotrochozoa, and Rouphozoa, the three main branches of Spiralia

as defined by Laumer et al. (2015). A loss or modification of this trait has likely
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occurred within the bryozoans, brachiopods, gastrotrichs and rotifers, which don’t

show any clear trace of spiral cleavage, and within the gnathostomulids (R. J. Riedl,

1969), phoronids (Pennerstorfer & Scholtz, 2012), and entoprocts (Merkel et al., 2012),

which exhibit spiral-like characters (Vellutini et al., 2017).

As mentioned before, spiralians are determinant developers and the cell

fates are set early in development, meaning that a blastomere can only develop into

part of an organism. In order to understand the cell fates and the relations of each

cell between organisms, the research topic, lineage study, which traces the cells of

an embryo during gastrulation and morphogenesis has been active since the end of

the 19th century. Thanks to the stereotypic cell divisions and similarity in the cell

placement, individual blastomere can be traced and compared between spiralian taxa.

A surprising conservation of the cell fate of the spiral-cleaving embryos was discovered

this way (Guralnick & Lindberg, 2001).

Previous cell lineage studies were based on bright field microscopy and careful

observations and tracking of each cleavage. The cell density or lack of transparency

set the limit as to how long the cells could be traced. Modern studies have combined

injection of a fluorescent dye or genetic material, e.g., mRNA or protein, and fluorescent

microscopy to get more details and achieve precise tracking of the lineages for longer

(Lyons and Henry, 2014). The details of the application of different fluorescent

microscopies are described in Section 1.4. Through careful tracking of the cell lineages,

the conserved cell orientation and cell fate specification has been discovered in those

animals with typical spiral cleavage.
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1.2.2. Rosetta stone of spiral cleavage

Two meridional divisions result in the formation of the four blastomeres, A, B, C, and D,

which are placed in the plane perpendicular to the animal-vegetal axis. These cells can

be equal or unequal in cell size (see Section 1.2.3) (Lambert, 2010). The third cleavage,

which is the first spiral cleavage, is asymmetric, creating smaller micromeres at the

animal pole (in polyclads, gnathosmulids, entoprocta, molluscs, and annelids) with

either clockwise or counterclockwise rotation against the macromeres (Hejnol, 2010).

The macromeres segregate micromeres toward the animal pole, and both micromeres

and macromeres switch the division axis (clockwise versus counterclockwise) between

each cleavage resulting in a spiral looking blastomere displacement when viewing from

the animal pole (E. B. Wilson, 1892; Costello & Henley, 1976; Henry & Martindale,

1999; Hejnol, 2010; Lambert, 2010). The descendants of each of the four blastomeres

represents one quadrant of the embryo, because of the synchronous cleavage timing

and relative symmetry of the A, B, C, and D lineages (also see Figure 2.10).

1.2.3. Dorsal-ventral axis determination mechanisms

In spiralian development, the first embryonic axis, animal-vegetal axis, is determined

as early as during oogenesis. The second axis, dorsal-ventral axis, is determined by the

specification of the D quadrant (Goulding, 2009; Henry & Jonathan, 2015; Lyons et

al., 2017). The D lineage gives rise to the dorsal and posterior structures of spiralians

(Raven, 1951). There are two mechanisms driving the specification of the D quadrant

and the determination of the dorsal-ventral axis. According to the cell size difference

of the 4-cell stage embryo, the spiralians can be categorized into two groups, equal or
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1.2. Evo-Devo of spiral cleavage

unequal cleaver. Each group has a unique way of axis determination.

In the equal cleavers, the first two embryonic cleavages are symmetric,

resulting in four macromeres of comparable cell size. Because of the symmetry, D

quadrant specification is not determined at 4-cell stage, but during the fifth embryonic

cleavage (Freeman & Lundelius, 1992), e.g., at 24-cell stage in the gastropods (van den

Biggelaar & Haszprunar, 1996). At this stage, the macromere with the greatest cell

contact to the neighbor micromeres is determined to be the D lineage (Freeman &

Lundelius, 1992; Lambert & Nagy, 2003). This serves as the inductive interaction for

D quadrant specification, and the overlaying micromeres receive the signals from the

D macromere to determine their cell fates. The MAP kinase pathway mediates this

signaling in some spiralians (Lambert & Nagy, 2003). Thus, for those species which

undergo two equal cleavages to obtain four blastomeres, it is difficult to tell the cell

lineages at 4-cell stage.

In the unequal cleavers, the macromeres have different sizes at 4-cell stage

due to the first two asymmetric cell divisions. The D macromere is typically the

largest of the four (Freeman & Lundelius, 1992; Lambert & Nagy, 2003). Therefore,

the specification of the D macromere occurs during the initial two unequal cleavages.

This is likely through a differential distribution of yet unknown key factors into the

D macromere (Render, 1989). Therefore, the D quadrant is specified very early in

development.

The unequal cleavage can be achieved by two mechanisms. One mechanism

involves asymmetric localization of the mitotic spindles thereby off-centering the

nuclear positioning (also see Figure 2.2). The astral mitotic spindles, which attach

to the cell membrane and to the centrosome, are much shorter on one side of the
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cell than on the other side. Therefore, the DNA is not positioned at the center of

the zygote, leading to the cytokinetic ring being off-centered and to the asymmetric

cleavage (McCarthy & Goldstein, 2006). This results in the unequal cytokinesis,

leading to a larger and a smaller blastomere. When the asymmetric cytokinesis occurs

in both the first and second embryonic cleavage, the biggest blastomere is assigned

as the D quadrant. In this scheme, the D lineage is specified and the dorsal-ventral

axis is determined as early as in the 4-cell stage. Therefore, it indicates that the

symmetry breaking events occur earlier in spiralians with unequal cleavages, and the

equal cleavages may be the ancestral mechanism in spiralian development.

The second mechanism does not include the asymmetric spindle positioning,

but involves the production of a membrane bound cytoplasmic protrusion, named a

polar lobe, during the second embryonic cleavage (Freeman & Lundelius, 1992). The

polar lobe forms at the vegetal pole and becomes part of the D macromere, making this

cell the biggest of the four and resulting in its specification (Boyer & Jonathan, 1998;

Lambert & Nagy, 2003). This mechanism is described mainly in molluscs (Conrad et

al., 1990; Henry et al., 2006).

For both equal and unequal cleavers, the D quadrant is already specified at the

fifth embryonic cleavage. After carefully tracking the D cell lineage, it was discovered

that the fate of the D quadrant is surprisingly conserved. One of the typical examples

is the 4d mesentoblast, the mesoderm precursor (Lambert, 2008). Therefore, although

nowadays spiral cleavage is understood as a complex of developmental characters,

conservation in the underlying mechanisms and fate maps has been discovered by cell

lineage tracing and evo-devo studies (Costello & Henley, 1976; Henry & Martindale,

1999; Hejnol, 2010; Lambert, 2010).
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Through comparison of D quadrant specification between equal and unequal

cleavers, it also showed that the overall differentiation of the blastomere starts earlier

in the unequal cleavers (e.g., compare D specification at 24-cell stage in gastropods

versus at 4-cell stage in annelids), indicating that these spiralians develop faster than

the equal cleavers. This is also supported by comparing the development speed of these

organisms. It takes around 12 hours for the equal cleaving gastropod L. stagnalis to

enter the sixth embryonic cleavage, but only around 3.5 hours for the unequal cleaving

annelid Platynereis dumerilii to reach the same stage (Kuroda, 2015) (also see Table

2.1 and Figure 2.11). The early differentiation of the blastomeres and the acceleration

of development in the unequal cleavers are now suggested as derived traits to increase

the survival rate from the predators during embryogenesis (Boyer & Jonathan, 1998;

Dorresteijn & Westheide, 2013).

1.2.4. Cellular mechanisms of the first spiral cleavage

Several key cellular events have been observed during the third embryonic cleavage

(first spiral cleavage). During metaphase of the first spiral cleavage, typical spiral

deformation (SD) of the cell membrane of the macromeres is seen in many spiralians.

The cells twist/incline toward the direction of the expected final positions of the

micromeres prior to the cytokinetic ring formation. This is especially visible from

the animal pole. Together with SD, the mitotic spindles do not orient parallel to the

the animal-vegetal axis, but incline toward the division direction. This phenomenon

is call spindle inclination (SI). SD and SI typically result in the final positioning of

the micromere layer with clockwise or counterclockwise rotation compared to the

macromere layer (Kuroda et al., 2009).
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Not all spiral cleavage patterns result from SD and SI. The mollusc (snail)

Lymnaea stagnalis has both a dextral and sinistral cleaving strain. The majority of

this species use a clockwise rotation of the micromeres during the first spiral cleavage

and both SD and SI was detected during this cell cycle. However, in the sinistral

cleaving strain with a counterclockwise rotation of the micromeres in the first spiral

cleavage, the cell division starts without SD and SI. The mitotic spindles point toward

the animal-vegetal axis until the formation of the cytokinetic ring. The micromere

rotation is detected during cytokinesis while the cytokinetic ring is closing. This results

in a twist of the whole micromere layer toward the final cell position (Kuroda, 2015).

Thus, L. stagnalis uses different mechanisms for the dextral and sinistral cleaving

strains during the first spiral cleavage. Interestingly, another snail Physa acuta, which

develops only by sinistral cleavage during the first spiral cleavage, follows a mechanism

similar to the dextral cleaving L. stagnalis. During first spiral cleavage, P. acuta uses

SD and SI prior to cytokinesis to complete the first spiral cleavage. This shows that

the dextral and sinistral cleaving organisms can use the same cellular mechanisms to

complete the first spiral cleavage. Moreover, chirality can be reversed by applying

external physical force to the cleaving 4-cell L. stagnalis (Shibazaki et al., 2004). In

other words, SD/SI are not the key components driving chirality, but there are other

ways to generate physical force to the macromeres resulting in the proper positioning

of the micromeres.

1.2.5. Spiral cleavage, a left-right symmetry breaking event

The third animal axis, the left-right axis, is as important as the dorsal-ventral and

anterior-posterior axes, during animal development. In the nematode C. elegans,
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this event happens with the divisions of the ABa and ABp blastomeres during the

third embryonic cleavage. During cytokinesis, both ABa and ABp cells show spindle

inclination leading to precise positioning of the daughter blastomeres, ABar, ABal,

ABpr, and ABpl, and to a break in the body symmetry (Naganathan et al., 2014). In

spiralians, the embryonic chirality can lead to a break in left-right symmetry. A clear

example of this can be found in gastropod molluscs (snails). As mentioned above,

L. stagnalis contains both dextral and sinistral cleaving individuals during the first

spiral cleavage. This results not only in different embryonic blastomere orientation,

but also in differences in the adult body plan. The dextral and sinistral snails have

mirror-imaged left-right body axis, both in the embryo and in the adult. In the adult,

this is easily seen by a change in the coiling of the shell. In the dextral strain, the

shell rotates in a counterclockwise orientation, but in the sinistral strain, the shell

rotates clockwise. This indicates that a difference in the embryonic chirality generated

during the first spiral cleavage is sufficient to set up the left-right axis of the organisms

(Kuroda et al., 2009).

A change in the embryonic chirality of L. stagnalis changes the position of the

cells within the embryo. This is reflected in the overall gene expression pattern. For

example, nodal and pitx, which are differentially expressed genes along the left-right

body axis in vertebrates (Levin, 2005), are detected in a mirrored position after

chirality manipulation (Grande & Patel, 2009; Kuroda, 2014). Overall, this indicates

that the first spiral cleavage is important in both body plan determination, and

thus influence tissue orientation and animal morphology, in spiralians. However, the

physical machinery driving the “TWIST” of the macromeres remain unclear.
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1.2.6. Molecular mechanisms involved in spiralian development

From the previous sections, it is clear that spiral cleavage and the spiralian development

consist of a series of complex actions. Various molecular mechanisms are involved in

these processes, some of which have been described with regard to the cell and tissue

fate determination and to the molecules guiding the cellular and physical mechanisms

during spiral cleavage (Henry & Martindale, 1999; Hejnol, 2010; Lambert, 2010).

Cell fate determination

Although the mechanisms underlying axes determination during the first spiral

cleavages are not clear, the genetical mechanisms for later development are strikingly

conserved among spiralians. The signaling molecules and transcription factors activated

during cell differentiation are relatively well-studied. For example, MAPK is activated

in the 3D lineage and functions as an organizer in many spiralians (Lambert & Nagy,

2001, 2003; Koop et al., 2007; Henry & Perry, 2008; Vellutini et al., 2017).

Developmental genes expressed in different germ layers are also known in the

spiralian development. Here, high conservation in expression is seen for developmental

genes expressed in specific tissue and cell types, both within spiralians and compared

to ecdyzosoans and vertebrates. The neuroectoderm and central nervous system is

one of the most extensively described tissues at the molecular level in spiralians for its

relevance in the understanding of the evolution of the nervous system (Arendt et al.,

2002; Denes et al., 2007; Lauri et al., 2016; Vergara et al., 2017; Handberg-Thorsager

et al., 2018). The expression profile of transcription factors such as the nk, pax and hox

genes have been described in various spiralian organisms (Denes et al., 2007; Marlow et
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al., 2014). For the mesoderm, markers such as twist, foxc and foxf have been described

in various spiralians (Häcker et al., 1995; Gorfinkiel et al., 1999; Thaëron et al., 2000;

Zaffran et al., 2001; Nederbragt et al., 2002; Pérez Sánchez et al., 2002; de Rosa et

al., 2005; Mazet et al., 2006; Dill et al., 2007; Shimeld et al., 2010; Pfeifer et al., 2013,

2014; Passamaneck et al., 2015; Perry et al., 2015; Vellutini et al., 2017). Also, gut

tissues have been described with gene expression profiles for the genes evx, cdx, otx,

gsc (Martín-Durán et al., 2016). The spiralian larva is segmentented and the genetic

network involved seems to be conserved with that of arthropods and vertebrates. This

way the genes engrailed, pax, wnt1, hedgehog, gbx, hox and otx are expressed in a

segmented pattern in spiralians (Vellutini & Hejnol, 2016). These studies suggest that

the molecular mechanisms for gastrulation, morphogenesis and cell differentiation may

be conserved in spiralians, resulting in the lophophore or trochophore larva.

The activation of Wnt signaling pathway is a conserved mechanism for cell

fate determination during embryogenesis (Martin & Kimelman, 2009; Steinhart &

Angers, 2018; Theka et al., 2019). Wnt induced β-catenin accumulation in the nuclei

mediates the activation of the downstream gene transcription, e.g., transcription factors,

(MacDonald et al., 2009; Lien & Fuchs, 2014; Liu et al., 2016) of which eventually leads

to cell differentiation. It has been shown that transition of β-catenin from the cell

membrane to the nuclei controls development in various organisms at various levels. It

participates in organizer specification in vertebrates (S. Schneider et al., 1996; Larabell

et al., 1997), segmentation of arthropods (Orsulic & Peifer, 1996), endomesoderm

determination in ascidian (Imai et al., 2000, 2004), and anterior-posterior cell fate

specification in early C. elegans embryogenesis (Rocheleau et al., 1999). In planarians,

the nuclear version of β-catenin controls the formation of the anterior-posterior

axis by specifying posterior characters (Iglesias et al., 2008; Petersen & Reddien,
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2008). Therefore, Wnt signaling pathway becomes a potential candidate for cell

fate determination during the early spiralian development. In the spiralian annelid

Platynereis dumerilii, early β-catenin localization was monitored by immunofluorescence

with a β-catenin antibody against a Xenopus β-catenin peptide (S. Schneider et al.,

1996; S. Q. Schneider & Bowerman, 2007). They described a binary activation of the

Wnt signaling pathway through a differential nuclear localization of β-catenin as early

as at 8-cell stage. Most of the macromeres have larger proportion of nuclear β-catenin

comparing to the micromeres, suggesting that there is an activation difference of

Wnt signaling between micromeres and macromeres. Moreover, β-catenin nuclear

localization is always restricted to the vegetal daughter cells following an animal/vegetal

oriented cell division, throughout all the four spiral cleavages. The binary effect serves

as a sign of Wnt dependent versus Wnt independent cell fate determination in each of

the two daughter cells in each lineage, and may explain the determinant development

of spiralians (Costello, 1945; S. Q. Schneider & Bowerman, 2007). It also indicates

that the molecular control of the chirality occurs before the first spiral cleavage, since

the blastomere behavior is already distinct after that. Interesting, the same nuclear

β-catenin segregation pattern is described in nematodes and ascidians (Lin et al.,

1998; Hudson et al., 2013), so it seems to be a common mechanism in animals with

determinant development.

Cell polarity

Early cell polarity and division axis determination is mainly studied in the ecdysozoa.

In the nematode C. elegans, the anterior-posterior polarity is established as early as

in the zygote. After fertilization, the microtubule linked to sperm DNA and the cell
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cortex breaks the symmetry of the egg, recruiting Par2 to the posterior cell cortex.

Because of the antagonistic behavior of the Par proteins, eventually Par3 and Par6

localize at the anterior, while Par1 and Par2 localize at posterior of the zygote. Pars

also influence the distribution of cortical actomyosin (toward anterior) and cytosolic

microtubule (anterior-posterior orientation). The polarity of Pars decides the cleavage

plane, since the boundary of these proteins forms the cytokinetic ring. This results in

the first asymmetric cleavage of the C. elegans embryo along the anterior-posterior

axis (Nance, 2005; Arata et al., 2000). The distribution of Pars continues to skew the

mitotic spindles during the rotational cleavage, positioning each blastomere correctly

(Rose & Gönczy, 2014). Early Par polarity is also detected in fly ectoderm (Sun et al.,

2001; Hutterer et al., 2004; Bayraktar et al., 2006) and in the ctenophore Mnemiopsis

leidyi (Salinas-Saavedra & Martindale, 2019). Although the localization of M/Par1

is not clear, M/Par6 does seem to localize asymmetrically until 2-cell stage in the

cell contact free area. Then it looks like it’s in the entire cortex is labeled until

gastrulation, where M/Par6 localizes to the apical cortex of the ectoderm in M. leidyi

(Salinas-Saavedra et al., 2018). Interestingly, par mRNA is detected in transcriptomic

data from the oocyte and zygote of the spiral cleaving annelid P. dumerilii, but the

protein localization is not known (Nakama et al., 2017). Thus, whether Par proteins

are critical for polarity set up and/or critical for chirality during spiral cleavage remains

unknown.

Chirality determining molecules

The machinery of spiral cleavage is not well understood, but pioneer studies in molluscs

(snails) give clues to what may control the chirality. LsDia is a formin-related protein,

19



1. Introduction

Diaphanous, detected in L. stagnalis as early as in the zygote (Kuroda et al., 2016).

According to the study on different strains (dextral or sinistral), they found that

LsDia1 is critical for spiral deformation (SD) and spindle inclination (SI), which

result in the dextral orientation of the micromeres. The sinistral strain, which has a

functional LsDia2 but lacks a functional LsDia1, performs micromere rotation leading

to counterclockwise rotation of the micromeres (Kuroda et al., 2016). Moreover, in the

snails Physa acuta and Indoplanorbis exustus, only one Diaphanous is identified, which

is homologous to LsDia2. These species present solely sinistral strains, indicating that

LsDia1 may be critical for a dextral displacement of the micromeres (Kuroda et al.,

2016; Abe & Kuroda, 2019).

By investigation of diaphanous mRNA segregation during early development,

Kuroda et al. (2016) has found that both Lsdia1 and Lsdia2 are evenly distributed in

the zygote, and no specific localization of them was detected before or during spiral

cleavage. Both transcripts are dramatically down-regulated after the first few cleavages.

Thus, if diaphanous plays a critical role in spiral cleavage, it must take place very early

and should influence all the blastomeres since it is evenly distributed, at the mRNA

level at least. A more recent study by Davison et al. (2016) reached a controversial

conclusion about the expression pattern and function of diaphanous. They found

that diaphanous is largely segregated into one of the four macromeres and that this

may be important in symmetry breaking (Davison et al., 2016). Due to the divergent

observation and conclusion of the two research articles, it is hard to conclude which

are the molecular mechanisms driving spiral cleavage. They do provide a hint to that

the left-right symmetry breaking and chirality determination may be controlled by

cytoskeletal components and their dynamics during early embryogenesis.
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1.2.7. First spiral cleavage, key of spiral looking embryo

Summarizing what we know about some of the most common metazoan developmental

programs, one extreme contains the indeterminate developers following, e.g., radial

cleavage whereas the other extreme contains the determinate developers following, e.g.,

spiral cleavage. The first two embryonic cleavages of the two cleavage types are very

similar, both resulting in the four blastomeres in the same plane. In radial cleavers,

the cells keep their potency so all of the four blastomeres have the potential to become

clones of the embryo. This is not the case for spiral cleavers. Here, the fate of each

blastomere is specified earlier than the third cleavage by a differential segregation or

regulation of molecules and the cells can only develop into specific organs or cell types

(Costello, 1945).

The major cause of the morphological differences between the embryos of the

spiral and radial cleavers occurs at the third embryonic cleavage. SD/SI and blastomere

rotation are absence during the third embryonic division in radial cleavage. Therefore,

instead of clockwise or counterclockwise rotation of the cell layer, the two tiers of

blastomeres line up along the animal-vegetal axis, forming a cube of 8 cells, in radial

cleavage (Jeffery, 1992). This division axis serves as a compass for later cleavages,

as in spiral cleavage. Both in spiral and radial cleavage, the following cleavage plane

is perpendicular to the previous one. However, due to the variation in the third

embryonic cleavage, spiral cleavage results in the 45 ◦ rotation of the cleavage plane

according to animal-vegetal axis, whereas the plane is parallel or perpendicular to this

axis in radial cleavage. Therefore, the outcome is eventually a spiral-looking embryo

or a cylinder-shaped embryo for respectively spiral or radial cleavers (Figure 1.1).

These observations indicate that the first spiral cleavage is the critical step to form the
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unique body plan of the spiralian embryos. Thus, elucidating the cellular, molecular,

and physical mechanisms setting up this compass is crucial for understanding what

causes various embryo forms in evolution.

1.3. Platynereis dumerilii : a model organism for

studying spiral cleavage

Annelids have an interesting position within the metazoan phylogenetic tree. They

belong to the lophotrochozoan clade, which contains close to half of the animal phyla

(Laumer et al., 2015) and which share a common developmental program, the spiral

cleavage. Annelids have a fossil record, which date them back to the Cambrian period

and with an adult body plan, which is very similar to nowadays polychaete annelids

(Parry & Caron, 2019) suggesting that morphologically they have changed little (Figure

1.2 A,B).

The marine polychaete annelid Platynereis dumerilii (Figure 1.2 C) has

emerged as a spiralian model organism for embryology at multiple developmental

stages and levels and in an evolutionary context (Tessmar-Raible & Arendt, 2003;

Raible & Tessmar-Raible, 2014). Research topics covered by laboratories working

with P. dumerilii includes the gene regulatory networks during early development

(Backfisch et al., 2014; Zantke et al., 2014; Chou et al., 2016, 2018), the mechanisms

during spiral cleavage (Nakama et al., 2017), cell-lineage tracing and the molecular

signature during tissue and cell type specification (Özpolat et al., 2017; Vopalensky et

al., 2019), nervous system evolution (Arendt et al., 2004; Handberg-Thorsager et al.,
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2018), neuronal connectomes and behavioral studies (Tosches et al., 2014; Shahidi et

al., 2015; Williams & Jékely, 2016; Ayers et al., 2018), molecular control of circadian

and lunar rhythm (Zantke et al., 2013; Arboleda et al., 2019; Schenk et al., 2019),

and gene regulation of body segmentation and stem cell biology and mechanisms of

regeneration (Hofmann, 1975; Prud’homme et al., 2003; Dray et al., 2010; Pfeifer et

al., 2012; Gazave et al., 2013; Grimmel et al., 2016). P. dumerilii has been kept under

laboratory conditions since 1953 with commercial food, sea water, artificial day/night

and moon light cycle, and temperature control, even far away from the sea. This way

its life cycle was successfully closed in the laboratory. In addition, several molecular

tools important for developmental studies have been applied to P. dumerilii, making

it one of the most successful and well-known spiralian model organisms in the field

(Zantke et al., 2014).
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Figure 1.2.: The annelid fossil record and P. dumerilii morphology. (A, B)
The fossil record of Canadia spinosa with biramous parapodia and fascicles of flattened
chaetae from dorsal (A) or lateral (B) view. The images were adapted from Parry
and Caron (2019). (C, D) The images were adapted from A. H. Fischer et al. (2010).
The fully-grown immature P. dumerilii (C) and the matured worms (D) showed
morphological differences. The immature worm is more transparent with obvious gut
visible within its body. The matured male is with red color and the female is with
yellow color. Both male and female matured worms have bigger adult eyes (ae). pp:
parapodia. Scale bar: 1mm.

1.3.1. Life cycle of Platynereis dumerilii

P. dumerilii is a prototypic spiralian with spiral cleavage. The complete life cycle

of P. dumerilii contains biphasic life style, divided into a pelagic and benthic phase
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(A. Fischer & Dorresteijn, 2004). The fertilized egg undergoes two unequal divisions,

resulting in the four macromeres with various sizes and allowing for an early recognition

of the blastomere identity. The early lineage tracing of P. dumerilii embryogenesis

was done with bright field microscopes (Ackermann et al., 2005) and allowed the

construction of a cell lineage tree up to 64 blastomeres. These studies also showed that

the first spiral cleavage in P. dumerilii is consistently in dextral orientation (Lyons &

Henry, 2015). Later dye injections into the early blastomeres revealed the cell fates of

the blastomeres in the larva (Özpolat et al., 2017).

A 3-segmented, round-shaped trochophore larva develops after one day of

development with a simple brain and a pair of eyes, which are directly connected to

the ciliary band. The larva is positive phototactic and swims toward light. Locomotion

depends solely on ciliary movements at this stage (Figure 1.3). At 3 days of development,

the muscles of the nectochaete larva have differentiated and locomotion is a combination

of ciliary and muscle movements. The larva starts to elongate and the number of

segments grows, becoming negatively phototactic and seeking down to the bottom of

the sea. Next, the larva undergoes the first metamorphosis, the cephalic metamorphosis,

where the first body segment transforms into head structures. The juvenile worm has

a fully developed gut at this point and starts to eat. When the worm reaches the

bottom of the sea, it builds a tube, which offers protection from predators and where

it keeps growing over the next months, by adding segments to a posterior growth zone

(Figure 1.3).

Starting from 3-month-old, the worm is capable of maturation. Sexual

metamorphosis is induced by the moon. In P. dumerilii, it happens a few days after

the new moon. After maturation, the morphology of the worms become distinct form
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the juveniles. And the male and female worms can be distinguished by morphology

at this point (Andreatta et al., 2019). Both the male and female are shorter than

the immature worms. The male is white in the anterior and red in posterior, and

the female is with yellow body color, which are distinct from the transparency of the

juveniles (Rebscher, 2014) (Figure 1.2 D, 1.3). The matured worms swim to the water

surface and spawn here. Fertilization is external and depending on the size of the

female, 300-500 eggs can be released from each female. Both the male and female

worms die after spawning (or within 24 hours after maturation), and the life cycle is

then complete.
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Figure 1.3.: The life cycle of P. dumerilii. The illustration was adapted from
Hauenschild and Fischer (1969). The transparent zygotes with diameter of 160 µm

contain nutritional vesicles and oil droplets and undergo the first embryonic division
at around 90 mpf. Spiral cleavage occurs from the third embryonic cleavage leading to
the blastula. The three-segmented trochophores freely swim at 24-48 hpf with similar
larvae size as the zygote. The atoke worm contains around 60 segments dwelling in the
self-constructed tubes. The sexual maturation occurs depending on the moon cycle.
The matured worms have very distinct morphology and swimming behavior from the
atoke worms. The females are yellow and the males are white in the anterior and red
in the posterior. Each pair of the matured worm can lay around 300 eggs and all are
fertilized simultaneously.
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1.3.2. Available research tools for Platynereis dumerilii studies

The described maturation and spawning mechanism of P. dumerilii is of great advantage

when used for embryogenesis studies. The spawning of the mature worms can be

controlled and the exact fertilization time noted. From each pair of mature worms,

more than 300 simultaneously fertilized eggs can be collected. The following cleavages

and development are highly synchronized between the embryos making it easy to

capture each cell cycle as well as the phases of each cleavage. The size of the P.

dumerilii embryo, 160-200 µm in diameter, fits perfectly in standard microscopes.

The embryos are extremely transparent and thus suitable for both bright-field and

fluorescent imaging. The fast cleaving speed is also an advantage for long-term

live-imaging. As an example, the whole spiral cleavage can be monitored within 5 hpf

at 18 ◦C. Therefore, it decreases not only the amount of imaging raw data, but also

lowers the risk of photo-bleaching and -toxicity of the embryos by the laser.

Apart from the biological advantages, the available genetic tools for P.

dumerilii are increasing. First, protocols for detecting gene or protein expression

patterns were established (whole-mount in situ hybridization and immunohistochemistry

(e.g., Jékely and Arendt (2007); Marlow et al. (2014)) along with transcriptomic

(Conzelmann et al., 2013; Chou et al., 2018) and genomic (unpublished; access

kindly provided by Dr. Arendt, EMBL, Germany) databases becoming available.

Recently, the transcriptomes of the whole embryo in different stages, or single cell

resolution profile of early cleavages are available, making it much easier to investigate

a certain set of regulative pathways in a specific blastomere or in different stages in

P. dumerilii (Chou et al., 2018). Second, an injection protocol of the zygote and

methods for performing functional studies either by drug treatments (e.g., Denes

28



1.4. Imaging methods for fluorescently labeled samples

et al. (2007); Tomer et al. (2010); Demilly et al. (2013); Handberg-Thorsager et

al. (2019)) or by gene perturbation (e.g., Bannister et al. (2014); Williams et al.

(2015); Handberg-Thorsager et al. (2018)) came out. Third, introduction of foreign

genetic material by transposon based transgenesis was achieved (Backfisch et al., 2013,

2014). The first CRISPR-Cas9 knock-out snail strain opens a window for specific

transgene, knock-in, or knock-out studies in spiralians (Perry & Henry, 2015; Abe &

Kuroda, 2019), making it possible to target a unique gene or its regulatory element for

transgenesis in the future. Fourth, injection of fluorescently labeled mRNAs for labeling

distinct cellular compartments transiently together with live-imaging recordings has

allowed to construct later developmental cell lineages and to follow the dynamics of

cellular processes (Özpolat et al., 2017; Vopalensky et al., 2019). With the knowledge

of cell lineage tracking and synchronous development, and the available genetical tools,

P. dumerilii is emerging to become one of the most powerful model organisms for

investigation of the mechanisms behind spiral cleavage. And through study on P.

dumerilii, it may represent the Evo-Devo connection between vertebrates and the other

fast-evolving ecdysozoan models, such as Drosophila and Caenorhabditis.

1.4. Imaging methods for fluorescently labeled

samples

The use of fluorescent microscopy to study live embryogenesis or fixed biological

specimens has been one of the most convenient approaches to extract specific details

and perform quantitative analysis on the function and morphology of the blastomeres in

intact organisms (Pantazis & Supatto, 2014). Because each microscope has a different
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spatial and temporal resolution as well as signal-to-noise ratio, different microscopies

fit different biological specimens, experimental design, or scientific purposes. With the

wide range of microscopic variety, molecular and cellular processes can be imaged in

vivo with confocal laser scanning techniques, super-resolution techniques, and/or two

photon techniques (Combs, 2010; Schermelleh et al., 2010; Ettinger & Wittmann, 2014;

Thorn, 2016). These fluorescent imaging techniques use optical sectioning to increase

spatial resolution, allowing to image a region of an intact sample without physical

sectioning (Lichtman & Conchello, 2005). They also make live-imaging of a developing

embryo with precise spatial information possible. Optical sectioning can be achieved

in two major ways depending on the design of the light path of the microscopes: With

confocal microscopy the whole sample is illuminated and the fluorescent signal is

collected from a small region of the sample (Figure 1.4). Light sheet microscopy, on

the other hand, illuminates only part of the sample and collect all the information of

the illuminated region (Figure 1.4). Below I will describe these two imaging techniques

in more details.
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Figure 1.4.: Comparison of CLSM and LSFM imaging techniques. The
illustration was modified from Keller et al. (2011). Confocal laser scanning microscopy
(CLSM) illuminates the whole spicimen, therefore, induces greater photo-damage to
the sample. Light sheet fluorescence microscopy (LSFM) illuminates only a thin layer
of the specimen by shining a sheet of laser beam to the sample. With this strategy,
it reduces largely photo-toxicity to the living sample and at the same time reduces
the out-of-focus light entering the detection objective. During 3D data acqusition, the
sample is imaged from multiple angles. In this study, five views with 72 ◦ rotation was
used to optimize the image processing efficiency.

Confocal laser scanning microscopy (CLSM) is one of the most popular

methods to study cellular and molecular dynamics during embryogenesis. The two

major CLSM types are point scanning and spinning-disc. In both systems, optical

sectioning is achieved by the pin hole(s) in the light path, allowing only the light in the

focal plane passing to the detector (Lichtman & Conchello, 2005). A point scanning
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system gives very high image resolution, because the data is collected pixel by pixel.

This, however, leads to a low temporal resolution compared to other microscopies.

In order to increase the temporal resolution, the background noise will also increase

dramatically. Therefore, the point scanning confocal microscopy is mainly used for

imaging fixed sample, or for live-imaging of slow biological processes. The idea of

spinning disk confocal microscopy was invented in 1960’s by Egger, who used a rotating

mechanical spinning disc, namely the Nipkow Disc, with thousands of pinholes for

imaging (Egger & Petrăn, 1967). The advantage is that multiple points can be imaged

at the same time, meaning that the imaging speed is much faster than the point

scanning system. However, in both confocal systems, the entire sample is illuminated

while imaging, resulting in high photo-bleaching of the fluorophore and photo-toxicity

leading to damage of the live sample. Therefore, confocal microscopies are usually

limited up to a few hours for live imaging (Icha et al., 2017; Laissue et al., 2017).

Light sheet fluorescence microscopy (LSFM) has recently opened up for the

possibility for long-term whole embryo live-imaging of biological processes at high

temporal and spatial resolution (Huisken et al., 2004). In contrast to the confocal

microscopies, light sheet microscopy only illuminates a small volume of the sample

at a time with a sheet of light moving back and forth across it (Huisken et al., 2004;

Keller, Schmidt, et al., 2008; Keller et al., 2011). This sheet of light is produced

by a pair of objectives in the selective plane illuminative microscopy (SPIM), one

of the most popular LSFM systems. The light sheet is created perpendicular to the

imaging direction, and always adjusted to the focal plane of the detection objectives.

By moving the sample across the light sheet, the whole specimen can be imaged

and only the focal plane is illuminated. This reduces the out-of-focus light entering

the detection objective, it maximizes the useful information collected, and massively
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reduces photo-bleaching and -toxicity of the live sample. With these benefits, SPIM

allows live-imaging of an embryo for days until it hatches (Keller, Pampaloni, et al.,

2008; Chhetri et al., 2015). The separation of the illumination objective creating

the light path and the detection objective capturing the images results in a wider

combination of flexibilities for imaging (Huisken et al., 2004; Pitrone et al., 2013).

Apart from photo-bleaching and photo-toxicity causing a limitation to imaging

with fluorescence microscopes, imaging depth is usually another limiting factor for

the imaging system. Unfortunately, most of the embryos are either at the edge of

the maximum thickness or above it. Even if the thickness of the sample can be fully

covered, image quality reduces drastically when moving through the tissue because of

the scattering effect of the tissue between the imaging plane and the objective. To

image the entire sample, confocal microscopy is therefore not the optimal solution

because the sample can only be imaged from one view. SPIM imaging on the other

hand offers the possibility to acquire images from multiple views, thus covering the

entire sample. Because the sample is suspended at the center of the imaging chamber

and the motor drives its movement for optical sectioning, it can also rotate the sample

to achieve the acquisition from a different view. All the positioning, angles, and

sectioning information is recorded by SPIM so that each image can be registered

forming a 3D reconstructed embryo.

Various open source software joins the processing of the raw images, including

Fiji (http://fiji.sc/Fiji), micromanager (https://www.micro-manager.org/),

multiview reconstruction plugins (Preibisch et al., 2010; Schmied et al., 2016),

BigDataViewer (http://fiji.sc/BigDataViewer), and deconvolution (Preibisch et

al., 2014). With the processing pipeline, the raw images are registered and/or fused
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and can be visualized from every view-of-interest. The whole volume of the image is

isotropic, meaning the data is unbiased by imaging angle and can be post-processed

and analyzed with maximum flexibility (Tomer et al., 2010, 2012; Amat et al., 2014,

2015; Stegmaier et al., 2016).

In this study, I used a combination of various microscopies. When the

biological interest was a large-scale, long-term process, such as cell positioning, nuclei

movement, and lineage tracing, SPIM is introduced to get as much 3D information

as possible. The images are acquired by five views with a 72 ◦ rotation (Figure 1.4).

Therefore, the temporal resolution is not specifically high (90 sec) but the position of

the cell components can be carefully observed. On the other hand, when monitoring a

fast processing biological mechanism, such as cortical actomyosin dynamics, spinning

disk confocal microscopy is used for the following reasons. First, the requirement of

temporal resolution is extremely high (∼5 sec) as well as special resolution (∼1 µm).

Second, imaging the dynamics of cell cortex requires neither the microscopy with large

depth coverage nor from multiple views because cell cortex is a thin layer underneath

the plasma membrane. Third, the imaging of the process is relatively short (∼30

min). Photo-bleaching is usually not a big issue in this experimental design. Therefore,

confocal microscopy especially the spinning disk system suits better in this experiment.

By the combination of different techniques, each biological question can be investigated

and answered in the most neutral ways.
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1.5. Cellular processes involved in cleavages

Embryonic cleavages are special cell mitosis types of the pluripotent stem cells (Li et

al., 2011; Zdravkovic et al., 2015). The division planes in this process is important

for cell positioning and cell fate determination (Homem & Knoblich, 2012). The

organization and localization of the cytoskeletal elements determine the division plane,

and this plane results in general blastomere position, in some cases, leading to cell

fate determination (Homem & Knoblich, 2012; Lu & Johnston, 2013; Smith et al.,

2017). The complexity of division plane determination is controlled by various factors,

including organization of the mitotic spindle (Pease & Tirnauer, 2011), position of

the centrosomes and the nucleus (Kasioulis & Storey, 2018), polarity established by

specific proteins (Rose & Gönczy, 2014), closure of the cytokinetic ring (Fededa &

Gerlich, 2012), and contractility of the cell cortex (Naganathan et al., 2014). The

external disturbance from the eggshell may also contribute to cell orientation and

the final position of the blastomeres (Yamamoto & Kimura, 2017). Therefore, all

these factors combined give rise to the morphology of the blastula and influence the

larval/adult forms.

1.5.1. Cell division machinery: Mitotic spindle and DNA

Mitotic spindle is one of the most important cytosolic structure to separate sister

chromatids during cell division. It consists of hundreds of proteins with microtubule as

majority (Kline-Smith & Walczak, 2004). Microtubules are nucleated from microtubule

organizing centers (MTOC) at prophase of each cell division, then attach to the

kinetochores of the chromosomes after nuclear envelope breakdown, forming a stable
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structure to pull two sets of sister chromatids apart (metaphase) (Figure 1.5). Therefore,

the position of DNA/nucleus, the location of MTOCs, and the orientation of the mitotic

spindles influence the division plane (Pease & Tirnauer, 2011; Kasioulis & Storey,

2018).

The pulling force of the spindles comes from the motor protein dynein, which

connects to the cell cortex, walking along the astral microtubules toward the MTOCs

(from plus to minus end), making the microtubules and MTOCs moving toward

the plasma membrane and separating the DNA (Lu & Johnston, 2013) (Figure 1.5).

Kinesins movement on the kinetochore microtubules from minus to plus end accelerates

this process (Fraschini, 2017). The peripheral microtubules connected to actomyosin

filaments through Anillin and RhoA activate Rho-dependent contractile ring assembly

(anaphase) (D’Avino, 2009). The contraction of the cytokinetic ring eventually splits

one cell into two to complete the cell division (telophase).

The location of the nucleus and the centrosomes decide where the mitotic

spindles are nucleated and orientated at the beginning of mitosis. However, cytokinesis

and the pulling force of the mitotic spindles are highly dependent on the cell cortical

dynamics, which is the other critical factor of cell division (Labbé et al., 2003; Rose &

Gönczy, 2014) (Figure 1.5).
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Figure 1.5.: Mitotic spindle machinery during cleavage. The illustration was
adapted from Rose and Gönczy (2014). The mitotic spindles are nucleated from
the MTOCs and the division plane is adjusted during the cleavage by cell cortical
components. Dynein moves along the microtubule generates the pulling force and
therefore separates the sister chromatids.

1.5.2. Cell division machinery: Cell cortex

Cell cortex, also known as the actin or actomyosin cortex, abundant with F-actin

filaments, the motor protein myosin, and actin binding proteins, is a layer (in the

range of 100 to 1000nm thick) of cytoplasmic proteins located at the inner layer of the

cytoplasmic membrane (Chugh & Paluch, 2018). The cell cortex is connected to the

membrane through ERM proteins, modulating the membrane behavior and properties

(Fehon et al., 2010; Salbreux et al., 2012). The proteins of the cell cortex undergo
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rapid turnover, resulting in the highly reflexive and plastic property, which is essential

to its function. Actin filaments connect to each other through spectrin, forming a

mesh-like structure with continuous remodeling by polymerization, depolymerization,

and branching (Unsain et al., 2018). The regulation of cortical dynamics is achieved

by several proteins. These proteins alter not only the structures of the actin cortex,

but also the function of it to the cell shape and processes (Figure 1.6).
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Figure 1.6.: Contractility regulation of the cell cortex. The illustration was
adapted from Levayer and Lecuit (2012). Myosin can be activated by Rho and moves
along the actin filaments toward the plus end, resulting in actomyosin contractility.
Various actin binding proteins, such as Arp2/3 or Formin, change the structure of the
actin meshwork and therefore changes contractility.
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Formin

Formin is responsible for one of the two Rho-GTPase mediated actin polymerization

process by interacting with the fast-growing end, barbed end, of the actin filaments

(Evangelista et al., 2003). It is characterized by the three formin homology (FH)

domains, FH1, FH2, and FH3. FH1 is a proline-rich domain which interacts with many

proteins such as profilin and Src homology 3 proteins (Uetz et al., 1996). FH2 domain

contains actin nucleation-promoting activity (Goode & Eck, 2007). It is also required

for the self-assembly of formin proteins by direct binding of the FH2 domains of each

other, as well as binding to actin filaments for regulating actin polymerization (Takeya

& Sumimoto, 2003; Shimada et al., 2004). FH3 domain is required for directing formins

to specific location, such as to mitotic spindle (Kato et al., 2001). Some formins contain

a Dia-autoregulatory domain, DAD. This domain is reported inducing actin filament

formation and stabilizing microtubules (Litschko et al., 2019). Therefore, through the

direct binding ability of the FH2 domain to actin and microtubules, Formin facilitates

the alignment of microtubules along actin filaments (Palazzo et al., 2001; Bartolini &

Gundersen, 2010).

Myosin

Myosin is a motor protein super family consisting of various subtypes, which mainly

participates in muscle contraction and/or motility processes of the cells (Coluccio,

2007). These motor proteins drive actin-based motility through ATP-dependent

pathways (A. K. Wilson et al., 1992; Iwase et al., 2017). Most myosins contain the

head, neck, and tail domains and present as dimers (Craig & Woodhead, 2006; Holmes,
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2008). The head domain has F-actin binding activity and can change its conformation

by hydrolyzing ATP, making the dimer walk on the actin filament toward the plus end

(Murphy et al., 2001; H. Yu et al., 2007). The neck domain is the linker to transduce

the force generated by the motor domain. It also binds to the myosin light chains

which regulates myosin macromolecular complex. The tail domain interacts with cargo

molecules or other myosin subunits, which generally regulates motor activity (Janssen

et al., 2017; Shrivastava et al., 2019).

Myosin II is the myosin causing muscle contraction in muscle cells, and the

non-muscle-myosin represents the myosin II (Nmm) found in non-muscle cells, which

regulates mainly contractility of intracellular F-actin network (Krendel et al., 1999;

Chen et al., 2010; Kasza & Zallen, 2011; Wang et al., 2017). It contains two heavy

chain with a N-terminal head, a neck, and a C-terminal tail domain. The coiled-coil

morphology of the tail makes two myosin II binding to each other (Vicente-Manzanares

et al., 2009). There are four myosin light chains (Mlcs), two regulatory light chains

(Rlcs) and two essential light chains (Elcs), associated to the heavy chain in the neck

domain (Taubman et al., 1987; Hernandez et al., 2007; H. Yu et al., 2016; Logvinova

& Levitsky, 2018). Fluorescent labeling of Nmm, Rlcs, or Elcs is usually used to

monitor myosin function and dynamics (Naganathan et al., 2014; Münster et al., 2019).

Through the labeling, the mobility of the cytoplasmic structures mediated by Nmm

can also be measured, such as cortical actomyosin flow and cytokinetic ring contraction

(Naganathan et al., 2014; Pimpale et al., 2019).
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Arp2/3

Arp2/3 is a protein complex consists of seven subunits, mainly plays roles in F-actin

regulation (Robinson et al., 2001). Two of the seven components, actin-related protein

ARP2 and ARP3, have similar conformation to monomeric actin, and can serve as a

nucleation center for new F-actin on the existed filament (Welch et al., 1997). Arp2/3

creates branches of F-actin with a ∼70 ◦ angle (Figure 1.6). Actin nucleation driven

by Arp2/3 is activated by WASP proteins, which binds to the plasma membrane and

start nucleation of actin through Arp2/3 (Wegner et al., 2008; Padrick et al., 2011).

Therefore, it makes the actin filament close or attached to the plasma membrane,

forming a strong cell cortex.

Rho-mediated cell cortical mechanics

Cell cortex is responsible for a variety of cellular processes, such as the formation of

filopodia and lamellipodia, cell rounding during mitosis, cell shape changing, cytokinetic

ring formation contraction, and cell polarity establishment (Chugh & Paluch, 2018).

Energy is required for all of the above functions. The Rho family of small GTPase is

known to regulate these actin-based cortical machineries (Hall, 1998; Sit & Manser,

2011; Spiering & Hodgson, 2011). RhoA is found responsible to drive the contraction

of the actin filaments, such as the stress fibers, in the non-muscle cells (Tojkander et al.,

2012; Girouard et al., 2016). The activated/inactivated forms of RhoA, RhoA-GTP

or RhoA-GDP, is facilitated by GEF and GAP, respectively. Then RhoA-GTP

activates formins (or Diaphanous) and Rho-associated coiled-coil forming kinase

(ROCK) (Evangelista et al., 2003; Pellegrin & Mellor, 2007). Formin directly induces
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1.5. Cellular processes involved in cleavages

F-actin nucleation and polymerization. ROCK facilitates phosphorylation of Mlc,

thus triggers the motor function of myosin on actin filament, resulting in actomyosin

contraction (Pellegrin & Mellor, 2007).

Cortical actomyosin flow

Rho-mediated actomyosin contractility induces not only the formation of the cytokinetic

ring, but also the closure of the ring (Kamijo et al., 2006; Mangione & Gould, 2019).

Due to the helical structure of actin filament, the mesh-like cortical structure, and the

active movement of myosin on two actin filaments, the contraction of the actin fibers

results in a pulling tension of the cortex, and an active torque which rotates the whole

cell cortex (Naganathan et al., 2014). The combination of the two forces give rise to

the cortical actomyosin flow (Kron & Spudich, 1986; Sase et al., 1997; Beausang et al.,

2008). The sum up of these mechanical forces generated by actomyosin contractility

results in the counter rotation of the cell cortex, namely chiral flow, in a cell. It is

detected during early embryogenesis of C. elegans before the first embryonic cleavage,

establishing and maintaining the anterior-posterior actomyosin polarity. And during

cytokinesis, the chiral flow is a key factor to set up the division plane (Naganathan et

al., 2014).

1.5.3. Factors for cleavage plane determination

Embryonic cleavages are a series of precise cell divisions making the blastomeres

located at their destined places. Every cell cycle is well controlled to make sure the

division plane is set according to the embryonic axes. There are fundamental rules for
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cleavage plane determination, which in theory also explains how an embryo achieves

its embryonic form (Figure 1.7) (Brun-Usan et al., 2017).
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1.5. Cellular processes involved in cleavages

Figure 1.7.: The cell processes to model spiral cleavage. The figure was
adapted from Brun-Usan et al. (2017). These rules and cellular processes were
proposed to contribute to spiral cleavages and to generate a spiral looking embryo.
By tuning the level and combinations of these rules, different embryo morphology of
spiralian phyla can be modeled in silico.
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Hertwig’s rule

This rule describes that cells tend to divide with the plane perpendicular to their

longest axis (Minc & Piel, 2012). The longest axis can be determined already by

the shape of the eggshell. For example, the first embryonic cleavage of C. elegans

embryo follows anterior-posterior axis, which is the longest axis of the egg itself. For

spiralians, spiral deformation of the snails plays a role to change the longest axis from

animal-vegetal axis to the dextral orientation and thus, determine the final cleavage

plane (Meshcheriakov, 1978).

Polarization rule

The cellular components, such as maternal mRNAs, proteins, or cytoskeletal components,

can be polarized according to the embryonic axes to segregate specific materials into

different blastomeres for cell fate determination (Homem & Knoblich, 2012). The

direction of polarity is influenced by the cell surroundings, asymmetrical inheritance

of oocyte cytosol, or active segregation of the molecules (Lu & Johnston, 2013; Smith

et al., 2017). Cells tend to divide perpendicularly to the direction of the polarity,

splitting the polarized molecule to one of the two daughter blastomeres (Brun-Usan

et al., 2017). One explanation is that usually the cell elongates toward the polarized

pole, thus, this axis becomes the longest axis and the division follows Hertwig’s rule

(Rogulja et al., 2008). The polarized molecules, e.g., actomyosin cortex, may orientate

mitotic spindles as well (Freeman & Lundelius, 1982; Lu & Johnston, 2013; Rose &

Gönczy, 2014).

C. elegans zygote is a great example to demonstrate the polarization rule.
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The centrosomes of the fused zygotic nucleus are originally orientated perpendicular

to the final division plan. However, the Par polarity as well as cortical actomyosin

polarity lead the mitotic spindle aligned along the anterior-posterior axis, resulting

in the first asymmetric cleavage (Rose & Gönczy, 2014). Therefore, the polarized

molecules determine the division plane as well as to segregate themselves and/or the

cell fate determinants unevenly into the daughter blastomeres (Venkei & Yamashita,

2018).

Cell-cell contact rule

The embryo contains multiple cells packed in limited space. The cells contact each

other with various cell junctions to communicate and share molecules (Lecuit & Lenne,

2007; Sandersius & Newman, 2008). It has been shown in the spiralian Tubifex that

the cells cleave toward where the cells contact each other (Takahashi & Shimizu,

1997). It’s hypothesized that the cell adhesion changes the cortex beneath that region,

resulting in the stabilization of the astral microtubules and therefore, increase the

cortical contractility (Hertzler & Clark, 1992; Goldstein, 1995; Théry & Bornens,

2006).

Sachs’ rule

Due to the typical duplication and migration of the centrosomes, the location of the

centrosomes is perpendicular to the previous cell cycle. This alternating position leads

the assembly of the mitotic spindle thus perpendicular from one cell division to the

previous one (Théry & Bornens, 2006; Minc & Piel, 2012)). It is shown with the in
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vitro cultured cell lines, as well as in spiral and radial cleavage (Morris et al., 1989;

Pierre et al., 2016).

Cortical actomyosin counter rotation

As mentioned in the previous section, myosin creates a contractile tension and a

rotational torque when walking along actin filaments. The sum up of the force

generates a flow of the whole cell cortex. This flow is detected counter-rotating

between the anterior and the posterior halves in the C. elegans embryo (Naganathan

et al., 2014). It results from the gradient of actomyosin along the anterior-posterior

axis, which leads to a gradient of the torque, therefore creates a chiral flow orthogonal

to the direction of the actomyosin gradient. It’s been shown that the chiral flow

rate is controlled by myosin activity as well as upstream Rho GEF/GAP activity

(Naganathan et al., 2014).

Although the general division axis is determined by the other rules, actomyosin

chiral flow creates an extra input to tune the final cleavage plane. The embryonic

cleavage from four to six cells of C. elegans is also the left-right symmetry breaking

event. It’s been shown that the chiral flow rate determines the spindle inclination

angle during this cleavage. And it’s mediated by upstream Rho activity. With

greater Rho activity, the chiral flow is stronger, resulting in a greater inclination

angle during cytokinesis. Therefore, it suggests that cortical actomyosin counter

rotation is one of the components to adjust the final cleavage plane for daughter

blastomere positioning, which affects cell fate and the symmetry of the organism

during embryogenesis (Naganathan et al., 2014).
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Physical constraint by the eggshell

Many organisms have their embryo develop in a protective eggshell surrounding the

blastomeres. While cells divide and migrate in the embryo, the eggshell serves as an

external contact which not only restricts the embryo in a given space, but also provides

a specific shape for the blastomere to migrate or to follow and therefore the unique

embryonic morphology is formed (Yamamoto & Kimura, 2017). It’s been shown both

with in silico simulation and experiments with C. elegans embryo that, when the ratio

of the major and minor axis of the oval-shaped eggshell is changed, the rotational

cleaving blastomeres are no longer positioned as in the wildtype (Yamamoto & Kimura,

2017). Moreover, the eggshell of the C. elegans embryo is essential for symmetry

breaking during the 4-cell stage (Yamamoto & Kimura, 2017). These indicate that

the connection between the blastomeres and the eggshell, and the physical constraint

given by it may influence cleavage plane, cell positioning, and embryonic morphology.

To sum up, the plane determination rules guide generally how a blastomere

defines its division plane within the embryo. And while the cleavage progresses, the

dynamic cell cortex and the eggshell give extra input to adjust the final plane, resulting

in the proper cleavage type of the organism.

1.5.4. Influence of division plane to cell stemness

The switch between stemness maintenance or differentiation in the stem cells is

depending on the inheritance of the fate-determining factors, which are unevenly

distributed in or around the stem cell (Campanale et al., 2017; Jossin et al., 2017;

Toledano & Jones, 2008). The division plane decides the orientation of the two daughter
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stem cells in the tissue or in the embryo, which affects how the cell fate determining

factors are segregated. Therefore, different division planes give rise to distinct stem

cell actions, producing more stem cells, or providing differentiating progenies (Venkei

& Yamashita, 2018).

Dorsophila neuroblast (NB) is one of the best-known examples that the

division plane determines cell fate (Doe & Bowerman, 2001; F. Yu et al., 2006;

Prehoda, 2009; Gallaud et al., 2017). The fate-determining factors (Numb, Prospero,

Miranda, Staufen and prospero mRNA) are polarized to the basal side of the NB

(Figure 1.8). Cell division takes place normally following polarization rule, which

segregates these determinants only into the basal daughter cell (Figure 1.8). This

cell starts differentiation and becomes ganglion mother cells (GMCs). The apical

fate-determining factor producing NB remains at its position, ensuing reproducing

GMCs by segregating these factors accordingly and divides perpendicularly to the

apical-basal axis (Venkei & Yamashita, 2018).

Figure 1.8.: Cell polarity of Drosophila neuroblast. The illustration was
adapted from Homem and Knoblich (2012). The division of the neuroblast (NB)
follows apical-basal axis. The polarity proteins are located at either sides of the NB
and are segregated to the daughter cell, resulting in its differentiation into GMC.

The normal division of NB leads to the renewal of NB and produces a
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GMC. The well-controlled orientation makes sure of the proper apical-basal polarity,

maintenance of the source NB, and the correct output GMC rate. However, when the

tumor suppressor genes, e.g., lgl, dlg, and scribd, are mutated, the basal polarity is

changed. This makes an ectopic division plane parallel to the apical-basal axis and

results in both daughter cell inheriting the apical part of the NB. Therefore, it creates

two NBs, instead of one NB and one GMC. The dysregulation eventually leads to the

lethal giant larvae phenotype because of uncontrolled stem cell proliferation (Venkei

& Yamashita, 2018).

To sum up, cleavage plane is determined by a series of well-controlled cellular

and molecular components. This plane leads to proper cell positioning in the embryo

to form the precise organismal morphology, and more importantly, to regulate the cell

behavior and cell fates during development.

1.6. Objectives

Spiral cleavage is described in the previous sections. However, the detailed biophysical

mechanisms remain unclear. In this study, I aim to develop the fast labeling and

live-imaging techniques. And with these tools, I can investigate early spiral cleavages

of P. dumerilii in finer scales.
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1.6.1. Develop the labeling techniques for studying early

embryogenesis

Cleavage pattern and early cell lineage were revealed with bright-field microscopy

(Ackermann et al., 2005). In this study, I aim to label the nuclear DNA, cytoskeletal

elements, and cytoplasmic membrane from the early cleavages, and with the help

of light sheet microscopy, to track cell lineages with higher temporal and spatial

resolution, therefore to better resolve each cleavage as well as how the cytoskeletons

and the nucleus cooperate during the cleavage.

Different labeling techniques are required for different experimental purposes.

A combination of chemical dye, mRNA, or fluorescent protein injection will be used

in this project to optimize the labeling. Since spiral cleavage occurs from the third

embryonic cleavage, the potential acceleration methods for protein expression will also

be investigated by optimization of the DNA constructs. Although it may not be the

best labeling technique for all the experimental design, the aim is to find relatively

fast and stable methods for labeling and live-monitoring spiral cleaving machinery.

1.6.2. Decipher the mechanisms of spiral cleavage

Spiral cleavage is a complex developmental process requiring cooperation in various

levels including cellular, molecular, and physical machineries. I Aim to investigate

spiral cleavage in all these levels with various biological scales in this study. In

large scale, monitor the cell positioning will acquire the global picture of the spiral

arrangement during P. dumerilii embryogenesis. Lineage tracing will establish the

52



1.6. Objectives

timeline of each cleavage and reveal the cell division properties of each blastomere.

In the intermediate scale, the cytoskeletal dynamics will be observed to

find out the relationships of each cytoskeletal element, e.g., nuclear DNA, mitotic

spindle, and cell cortex, and their roles in spiral cleavage. The chemical inhibitors

targeting those cytoskeletal elements will be used to investigate the importance of each

molecule/structure to spiral cleavage, therefore to find the critical molecules driving

the whole process.

In the micro scale, I will focus on the cortical actomyosin dynamics, which

has been shown playing an essential role in left-right symmetry breaking in various

systems. Through deciphering whether actomyosin chiral flow occurs during spiral

cleavage of P. dumerilii, this physical force generating mechanism may be concluded

as a conserved cleavage plane determinant for different cleavage types upon Evo-Devo.
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2. Early development of P.

dumerilii

In this study, I particularly focused on the early spiral cleavages of P. dumerilii. It’s

although a conserved cleavage type for the spiralians with particular cell division

and orientation pattern, the detailed cytoskeletal events involved are unclear. To

understand it, I started analyzing the first two asymmetric cleavages, which lead

to spiral cleavage, with immunofluorescence targeting the cytoskeletal elements, to

characterize the cellular properties in a global view.

2.1. Synchrony of the first six embryonic cleavages

To perform the mating and fertilization of P. dumerilii processes under laboratory

conditions and have the real-time control of the embryogenesis, the matured males and

females were collected into small cups pairwise with a thin layer of natural seawater.

After the mating behavior was observed and both worms spawned, the worms were

removed and the cup was filled with natural seawater to prevent polyspermy of the
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eggs. One batch of eggs contained 300-500 embryos considered fertilized simultaneously.

The embryos were incubated at 18 ◦C for fertilization envelope formation and pronuclei

fusion. If the eggs were fertilized properly, a thick jelly layer separates each zygote

and the zygotes are spherical. The jelly layer was removed by washing the embryos

on a mesh, which collects only the embryos onto it. With this physical method, the

embryos were separated from the secreted jelly with minimal disturbance.

The timing of the early P. dumerilii cleavages have been documented

(Ackermann et al., 2005), but since the developmental speed of the P. dumerilii

embryos is controlled by the temperature (A. H. Fischer et al., 2010), I wanted to

repeat these experiments under our laboratory conditions. The embryos were incubated

in a chamber slide filled with natural seawater and the development of the P. dumerilii

embryos was monitored by bright-field microscopy. Under these conditions, the embryos

survived throughout the live-imaging and developed into trochophore larvae by 24

hpf, indicating that the development was normal. The live-recordings were captured

at a 30-second temporal resolution covering half of the embryos from the animal

pole (Figure 2.1). The time of cytokinesis were annotated for the first six embryonic

cleavages (Table 2.1). Fertilization of the embryos was considered simultaneous due

to the small volume for mating and spawning in the culturing cup, confirming that

the cleavages between individuals were highly synchronous under a given incubation

condition. The first cell cycle took around 100 min, including fertilization, meiosis

of the egg, polar body formation, fusion of the pronuclei (at around 60 mpf), and

processes of the first cleavage. Starting from the second division, each cell cycle took

around 30 min (at 18 ◦C).
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Figure 2.1.: Early cleavages of P. dumerilii. The embryos were incubated at
18 ◦C and imaged from the animal pole with the wide-field DIC microscope. The
development was recorded with a 30-second temporal resolution. The 50 µm from the
animal pole toward the center of the embryo was projected. (A) The first unequal
cleavage occurred at 90-100 mpf. (B) The second unequal cleavage occurred at 120-130
mpf. (C) The third embryonic cleavage (the first spiral cleavage) from 4 to 8 cells
occurred at 150-160 mpf. (D) The fourth embryonic cleavage (the second spiral
cleavage) from 8 to 16 cells occurred at 180-190 mpf. (E) The fifth embryonic cleavage
(the third spiral cleavage) from 16 to 32 cells occurred at 210-220 mpf. (F) The sixth
embryonic cleavage (the fourth spiral cleavage) from 32 to 64 cells occurred at 240-250
mpf. The identity of the blastomeres at the animal pole were labeled. The format of
the timestamp is hr:min. Scale bar: 20 µm.
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Table 2.1.: The cell cycles under laboratory incubation condition

Cell cycle Development time Description

1-2 cell 90-100 mpf First embryonic cleavage

2-4 cell 120-130 mpf Second embryonic cleavage

4-8 cell 150-160 mpf First spiral cleavage

8-16 cell 180-190 mpf Second spiral cleavage

16-32 cell 210-220 mpf Third spiral cleavage

32-64 cell 240-250 mpf Fourth spiral cleavage

The embryos were incubated at 18 ◦C and the divisions were captured by live-imaging

with bright-field microscopy.

2.2. Orientation of the cytoskeletal elements

Because the time of cleavages were precisely captured, the phases of each cell cycle can

also be predicted. Therefore, before live-monitoring the cytoskeletal dynamics, I’ve

chosen to fix the embryos at each cleavage, as shown in Tabel 2.1, and immunostained

the cellular components. With the design, although the images are fixed, it gave me

a global view with very strong and clear signal to describe the whole process and

let me target the potential cleavages for further investigation. This is also the first

documentation of detailed investigation of early cleavages in P. dumerilii based on

the phases of cell cycle by immunofluorescence.
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2.2.1. The first two asymmetric embryonic cleavages

The first two cleavages in P. dumerilii were asymmetric, giving rise to the four

macromeres, A, B, C and D, with different sizes as already observed by bright-field

microscopy (Figure 2.1). However, this imaging technique did not reveal the intracellular

processes during the cleavages. To look into the cellular processes during each cleavage,

I fixed the embryos at various time points according to Table 2.1 to cover each cell

cycle. Microtubules were labeled by immunofluorescence with a commercial antibody

against α-tubulin. The plasma membrane and DNA were labeled with respectively

the dyes phalloidin and DAPI. Early observation was the segregation of cytoplasmic

material in the zygote. Before the onset of mitosis, the ooplasm largely localized to the

animal pole, whereas the oil droplets and the nutritional vesicles moved to the vegetal

pole of the zygote (Figure 2.2 D, also see Appendix A.3 for detailed images). A similar

segregation process happens in Medaka and is dependent on actin and tubulin (Webb

et al., 1995). Currently, the mechanism leading to this segregation in P. dumerilii

is not known. During mitosis of the zygote, my immunostainings showed that the

chromosomes were off-centered during the metaphase at the animal pole (Figure 2.2

A). Both the polar and astral mitotic spindles in the larger cell half of the zygote, the

future CD cell, were longer and spread wider than the spindles in the other daughter

cell, the future AB cell (Figure 2.2 A). The mitotic spindles at each pole shortened at

anaphase leading to a segregation of the chromatids into the two daughter cells (Figure

2.2 B). The cleavage furrow was first detected at the animal pole of the embryo between

the separated DNA and the spindles (Figure 2.2 C,D). Therefore, the ingression of the

cleavage furrow first separated the mitotic spindles and the nuclei and finally closed at

the vegetal pole to complete the cell division (Figure 2.2 E-G). The cleavage furrow
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formation was accompanied by an accumulation of actomyosin to this area (Figure 2.2

C-G). Thus, because of the off-centered DNA, the asymmetries in the length of the

mitotic spindles, and the off-centered closure of the cleavage furrow, the two-cell stage

embryo was constituted of a smaller AB cell and a bigger CD cell (Figure 2.2 H).

Figure 2.2.: The first embyronic cleavage of P. dumerilii. The embryos
were incubated at 18 ◦C and fixed at 90-100 mpf. Microtubules were labeled with
anti-α-tubulin antibody (green). The cell membrane was labeled with phalloidin
(magenta) and the nuclei with DAPI (blue). (A) The DNA aligned asymmetrically
in the zygote during metaphase. (B) The DNA was separated during the anaphase
(double-headed arrow). (C, D) The ingression of the cytokinetic ring initiated at the
animal pole (arrow). Actomyosin accumulated at the furrow (arrow). (E, F, G) The
ingression continued toward the vegetal pole and finally separated the chromosomes
into the AB and CD cells. The polar mitotic spindles were labeled with asterisks and
the astral mitotic spindles with &. Arrowhead: polar body. Arrow: cytokinetic ring.
Double-headed arrow: cleavage direction. A-C, E, H: animal view. D, F, G: lateral
view. Scale bar: 20 µm.

After the first division, the centrosome duplicated in each cell and move along

the nucleus until they were at opposite positions (180 ◦) across the nucleus. Therefore,

the second embryonic cleavage was perpendicular to the first (Figure 2.3 A). As during
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the previous cleavage, the DNA and mitotic spindles were off-centered in the both

cells, but more prominent in the CD cell (Figure 2.3 A,B). The cleavage furrows were

first detected at the animal pole and again they closed at the vegetal pole (Figure

2.3 C). Due to the asymmetric divisions, the cell sizes of the four macromeres in P.

dumerilii were unequal. The D macromere was by far the biggest, followed by the C

macromere and the A macromere was slightly bigger than the B macromere (Figure

2.3 D). This is conserved as the observation of Ref. The four macromeres were aligned

in the plane perpendicular to the animal-vegetal axis.

Figure 2.3.: The second embryonic cleavage of P. dumerilii. The embryos
were incubated at 18 ◦C and fixed at 120-130 mpf. Microtubules were labeled with
anti-α-tubulin antibody (green). The cell membrane was labeled with phalloidin
(magenta) and the nuclei with DAPI (blue). All the images were captured from
the animal view. (A) The division was synchronous and the DNA was aligned
asymmetrically in each cell during metaphase. (B) The chromosomes were separated
during anaphase (double-headed arrow). (C, D) The ingression of the cytokinetic ring
initiated at the animal pole (arrow) and was visible during the telophase (C) and
cytokinesis was finished earlier in CD cell than in AB cell (D). Arrowhead: polar body.
Arrow: cytokinetic ring. Double-headed arrow: cleavage direction. Scale bar: 20 µm.

2.2.2. The first spiral cleavage of P. dumerilii

The third embryonic cleavage is also known as the first spiral cleavage in the spiralians.

The general division axis follows the animal-vegetal orientation, giving rise to four
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micromeres (smaller blastomeres) at the animal pole and four macromeres (larger

blastomeres) at the vegetal pole. However, the division plane inclines during this

cleavage resulting in a final micromere position, which is rotated dextral or sinistral to

the macromeres. This final twist in the cell position within the embryo is specific to the

spiralians (Kuroda, 2014). The division orientation in P. dumerilii is dextral during

the first spiral cleavage (Nakama et al., 2017). In order to investigate the dynamics of

the mitotic spindles during the first spiral cleavage, the embryos were fixed at each

mitotic phase of the division and the cytoskeletal components were labeled as in the

previous section.

The initial stages of the first spiral cleavage follow a typical cell division.

The orientation of the spindles is in general parallel to the animal-vegetal axis so

that the inclination of the mitotic spindles was not obvious during metaphase by

histological observations (Figure 2.4 A,B). The position of the chromosomes was closer

to the animal pole (Figure 2.4 B). The cytokinetic ring was detected during the late

metaphase/early anaphase and the position of the cytokinetic ring were generated closer

to the animal pole (Figure 2.4 C-E). Thus, it resulted in the asymmetric division. The

DNA was segregated into micromeres and macromeres by the mitotic spindles starting

at early anaphase (Figure 2.4 D). Interestingly, the DNA separation started a bit

earlier in the C and D macromeres than in the A and B macromeres (Figure 2.4 C-E).

The second half of the mitotic phases (anaphase and telophase) were characteristic to

the spiralians. Here, an inclination of the spindles was observed during anaphase and

telophase by histochemistry, leading to a tilted cell division axis (Figure 2.4 D-F). The

spindle inclination was accompanied by a deformation in the cell membrane during

telophase (Figure 2.4 G). All the four macromeres showed a dextral orientation of

the spindles (when looking from the animal pole, Figure 2.4 F-H). This became more
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obvious through the closure of the cytokinetic ring. The cell division was asymmetric

because of the polarized localization of the chromosomes and the cytokinetic ring

toward the animal pole (Figure 2.4 B-D). This resulted in four smaller micromeres

positioned in a shifted, dextral manner comparing to the larger daughter macromeres

(Figure 2.4 H) and marked the end of the first spiral cleavage in P. dumerilii.

Figure 2.4.: The first spiral cleavage (third embryonic cleavage) of P.

dumerilii. The embryos were incubated at 18 ◦C and fixed at 150-160 mpf.
Microtubules were labeled with anti-α-tubulin antibody (green). The cell membrane
was labeled with phalloidin (magenta) and the nuclei with DAPI (blue). (A, B) The
microtubules were aligned along animal-vegetal axis during metaphase. (C, D) C
and D macromeres entered anaphase earlier than A and B macromeres. Actomyosin
started to accumulate for forming the cytokinetic ring during metaphase/anaphase.
Asterisk: Accumulation of actomyosin at the cell cortex. (E, F) Cytokinetic ring was
clearly visible during telophase and the closure positioned the micromeres in a dextral
manner. (G) The illustration of panel (F) showed division direction and closure of
the cytokinetic ring. (H) The illustration of an 8-cell embryo with the orientation of
the micromeres (1a-1d) and macromeres (1A-1D). Arrowhead: polar body. Arrow:
cytokinetic ring. Yellow/Black arrow: cleavage direction toward the animal pole. A,
E-H: animal view. B-D: lateral view and C and D showed half of the embryo. Scale
bar: 20 µm.
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A long-standing question has been which mechanism contributes to the spiral

cleavage and what gives the spiral cleavage its twist. The observed spindle inclination

and cell deformation during the first spiral cleavage are interesting processes to explore.

The cell deformation in P. dumerilii was detected at telophase, where the cytokinetic

ring was also clearly seen. As for the mitotic spindles, the inclination angle were

measured from multiple embryos in each phase of division in order to monitor how the

mitotic spindle inclines to achieve the first spiral cleavage (Figure 2.5 A). The scripts

used to measure the inclination angle were written by Dr. Benoit Lombardot from the

Scientific Computing Facility of the MPI-CBG, Germany. The plugin works with Fiji.

All the image stacks were captured by point-scanning confocal microscopy from the

animal pole and the mitotic spindle, DNA, and plasma membrane were labeled and

visualized in three separate channels. To measure the inclination angle of the embryos,

two directional vectors were required; one along the embryo axis and the other along

the spindle axis. The membrane labeling was used to segment each embryo and the

polar bodies to mark the animal pole. Therefore, the embryo axis was determined

by the vector going through the center of the embryo and toward the animal pole.

With regard to the spindle axis, the spindle positions needed to be tracked. For that,

the position of the DNA was used as a reference point. The two points with the

highest intensity around the DNA in the microtubule channel was considered as the

positions of two microtubule-organizing centers (MTOCs) (as shown in Figure 3.2).

The direction of the spindle axis vector was from the macromeres at the vegetal pole

to the micromeres at the animal pole. Therefore, a vector linking the MTOC spot

closer to the vegetal pole with the one closer to the animal pole, defined the mitotic

spindle vector (Vs). With the two direction vectors, the spindle inclination angle can

be measured precisely. If the spindle was not inclined, the spindle axis pointed toward
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the embryo axis, giving the inclination angle theta, θ, a zero-degree output. The angle

was defined positive when the spiral cleavage was dextral orientation. Contrary, the

value was negative when the orientation was sinistral (Figure 2.5 A).

All the four macromeres had dextral inclination during the first spiral cleavage

(Figure 2.5 B). When the measurements of the spindle inclination angle were grouped

as their identity (A, B, C, and D macromeres), the mean value of A, B, C, and D

were 28.849 ◦, 34.891 ◦, 20.813 ◦, and 61.686 ◦ in dextral direction, respectively. The

inclination angle of D macromere was significantly larger than A, B, and C macromeres.

The inclination angles of the A, B, and C macromeres didn’t show significant difference

between each other.

To understand in which phase of the division the spindles inclined, the

inclination angles were grouped according to cell cycle phases (Figure 2.5 C). The

angle was not significantly toward either directions during prophase (average of 2.261 ◦

dextral). However, the dextral orientation of the division angle was detected from

the metaphase (average of 34.167 ◦). Moreover, the angle increased throughout the

division (45.690 ◦ for anaphase and 53.133 ◦ for telophase).
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2. Early development of P. dumerilii

Figure 2.5.: Mitotic spindle orientation and division angle measurement
of the first spiral cleavage. (A) Schematic overview of the pipeline of the angle
measurement. The images were taken from the animal pole. A Fiji-based script
was used to determine the embryo axis and mitotic spindle vector (Vs) used for the
calculation of the division angle. The angles were plotted onto polar-histograms
to illustrate the division axes and angles. θ: inclination angle. (B) The division
angle measurements of the A, B, C, and D macromeres revealed that all the four
macromeres performed a dextral orientation of the mitotic spindle during the first
spiral cleavage. The division angles of B and D macromeres were greater than A and C.
n(A)=132, n(B)=129, n(C)=138, n(D)=141. The dashed lines indicated mean value.
The alphabets behind the average angle indicated statistical difference of the groups.
(C) The division angle measurements of all the four blastomeres in each division phase.
The dextral orientation of the mitotic spindle was detected from metaphase with
increasing angles in anaphase and telophase. n(Prophase)=36, n(Metaphase)=332,
n(Anaphase)=92, n(Telophase)=80. The dashed lines indicated the mean value. The
alphabets behind the average angle indicated statistical difference of the groups.

The spindle inclination angle measurements were grouped by each macromere

and its phase to understand if any macromeres lead the inclination in a specific phase
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2.2. Orientation of the cytoskeletal elements

during the first spiral cleavage (Figure 2.6). It showed that D macromere contained

greater inclination angle during metaphase (average of 57.063 ◦) and telophase (average

of 85.874 ◦), suggesting that D macromere may guide the initiation of spindle inclination

as well as play the leader role for the dextral orientation of the first spiral cleavage.

These observations indicated that the first spiral cleavage started without the

mitotic spindle inclination, but rather with the mitotic spindle oriented perpendicular

to the previous cell division. It is later that the spindles inclined in a dextral manner,

either actively (by cytoskeletal elements, see Chapter 4) or passively (by the physical

constraint from the eggshell, see Section 2.4), resulting in the clockwise rotation of

the micromeres. The order of and importance of the cytoskeletal elements during this

cleavage can be analyzed by chemical inhibition experiments. The detailed approach

please see Section 4.5.
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2. Early development of P. dumerilii

Figure 2.6.: Spindle inclination angle analysis of the first spiral cleavage.
The measurement was done by the method shown in Figure 2.5. The data
was grouped by the macromeres and the phases during the first spiral cleavage.
An increasing trend of spindle inclination angle was observed according to the
phases of mitosis. D macromere had the greatest inclination angle during both
metaphase and telophase. n(A.Prophase)=11, n(B.Prophase)=10, n(C.Prophase)=7,
n(D.Prophase)=8, n(A.Metaphase)=77, n(B.Metaphase)=82, n(C.Metaphase)=85,
n(D.Metaphase)=88, n(A.Anaphase)=25, n(B.Anaphase)=20, n(C.Anaphase)=24,
n(D.Anaphase)=23, n(A.Telophase)=19, n(B.Telophase)=17, n(C.Telophase)=22,
n(D.Telophase)=22.
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2.2. Orientation of the cytoskeletal elements

2.2.3. Spiral cleavages divide the embryo into clonal domains

Following the first spiral cleavage, more regular cell division patterns followed with

division axes, which were perpendicular to the previous division axes. In contrary of

the first, cell deformation was not detected in the micromeres during the second to

fourth spiral cleavage (Figure 2.7, 2.8, 2.9). Cell deformation was detected only in the

macromeres during the second to fourth spiral cleavage at telophase with asymmetric

cell division (Figure 2.16). The second, third and fourth spiral cleavages were still

termed spiral, because of the final displacement of the micromeres compared to the

daughter (micromere and macromere) cells leading to a spiral looking arrangement of

the blastomeres when looking from the animal pole (Figure 4.2).

During the second spiral cleavage, the spindles oriented in a sinistral manner

in all the blastomeres (Figure 2.7, yellow arrows). The final spindle position was

determined as early as at the metaphase of this cleavage. Both the micromeres

(Figure 2.7 B) and the macromeres (Figure 2.7 C) images showed the same orientation.

The closure of the cytokinetic ring also indicated that the cleaving direction was

sinistral (Figure 2.7 D-G). In contrast of the previous cleavages, the cleavage furrow

wasn’t organized from one side of the cell, and the closure of the cytokinetic ring was

symmetric at the cleavage furrow. The spindle orientation and cleavage axis resulted in

a 16-cell embryo with four layers of blastomeres (Figure 2.7 H, indicated with different

color codes).
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2. Early development of P. dumerilii

Figure 2.7.: The second spiral cleavage (fourth embryonic cleavage) of
P. dumerilii. The embryos were incubated at 18 ◦C and fixed at 180-190 mpf.
Microtubules were labeled with anti-α-tubulin antibody (green). The cell membrane
was labeled with phalloidin (magenta) and the nuclei with DAPI (blue). All the images
were captured from the animal view. (A-C) Z-projection of the whole embryo (A),
the micromere layer (C), or the macromere layer (D) from the animal pole showed
the metaphase of the division with mitotic spindle orientation in each cell. (D-F)
Z-projection of the whole embryo (D), the micromere layer (E), or the macromere
layer (F) from the animal pole showed the anaphase or early telophase of the division
with mitotic spindle orientation and cytokinetic ring closure of each cell. 1C and 1D
macromeres entered telophase earlier than 1A and 1B. (G) All blastomeres entered
telophase. The Z-projection showed four micromeres and two macromeres with
their division axes. (H) The illustration of a 16-cell embryo with the orientation of
the micromeres and macromeres (2A-2D). Arrowhead: polar body. White arrow:
cytokinetic ring. Yellow/Black arrow: cleavage direction toward the animal pole. Scale
bar: 20 µm.

The division orientation shifted between each spiral cleavage and thus, the

cleavage axis and spindle orientation of the third and the fourth spiral cleavages

were with dextral and sinistral rotation, respectively (Figure 2.8, 2.9). The spindle

orientation was decided as early as during metaphase (Figure 2.8 A, 2.9 A). The four
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2.2. Orientation of the cytoskeletal elements

daughter micromeres at the animal pole (Figure 2.9 B,C, indicated with green color

code) were smaller than the other blastomeres and were known to develop into the

apical tuft, a brain region of the trochophore larva. Interestingly, C and D lineages

entered cell division earlier than A and B lineages throughout all the four spiral

cleavages (Figure 2.4 E,F, 2.7 D, 2.8 B,C, 2.9 B). For detailed analysis please see

Figure 2.12 and lineage tracking data (Figure 2.11) in Section 2.3.

Figure 2.8.: The third spiral cleavage (fifth embryonic cleavage) of P.

dumerilii. The embryos were incubated at 18 ◦C and fixed at 210-220 mpf.
Microtubules were labeled with anti-α-tubulin antibody (green). The cell membrane
was labeled with phalloidin (magenta) and the nuclei with DAPI (blue). All the images
were captured from the animal view. Part of the embryo was projected showing 1a1,
1b1, 1c1, and 1d1 micromere (1q1 quartet). (A) The spindle orientation was decided as
early as in metaphase of these micromeres. (B, C) 1c1, and 1d1 blastomere entered
telophase earlier than 1a1 and 1b1 blastomeres. (H) The illustration of part of a 32-cell
embryo with the orientation of the micromeres at animal pole. Arrowhead: polar body.
Arrow: cytokinetic ring. Yellow/Black arrow: cleavage direction toward the animal
pole. Scale bar: 20 µm.

The spiral looking embryo with four quadrants was best visible at 64-cell stage.

Most of the micromeres kept dividing with alternating, spiral pattern after 64-cell.

There were also signs for bilateral division pattern, e.g., 2d112 and 4d blastomere

(Kitamura & Shimizu, 2000). The cell cycle was arrested in the 4A-4D macromere

(4Q quartet) after the fourth spiral cleavage. The cell lineages tracking of the later

stages were done by Dr. Mette Handberg-Thorsager, which showed that the 4C
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2. Early development of P. dumerilii

and 4D macromeres divided again, independently, to 5C and 5D at respectively

9:57 hpf and 10:36 hpf. 5D then divided to form a sixth quadrant 6D at 17:04:30

(Handberg-Thorsager et al., unpublished).

Figure 2.9.: The fourth spiral cleavage (sixth embryonic cleavage) of
P. dumerilii. The embryos were incubated at 18 ◦C and fixed at 240-250 mpf.
Microtubules were labeled with anti-α-tubulin antibody (green). The cell membrane
was labeled with phalloidin (magenta) and the nuclei with DAPI (blue). All the images
were captured from the animal view. Part of the embryo was projected showing the
micromeres at the animal pole. The 1c11, and 1d11 micromeres entered metaphase (A)
and telophase (B) earlier than 1a11, and 1b11 micromeres. (C) The illustration of part
of a 64-cell embryo with the orientation of the micromeres at animal pole. Arrowhead:
polar body. Arrow: cytokinetic ring. Yellow/Black arrow: cleavage direction toward
the animal pole. Scale bar: 20 µm.

2.3. Live-imaging and lineage tracking of P.

dumerilii spiral cleavages

The immunostainings of the fixed embryos helped me describe the first two cleavage

and the spiral cleavage processes with multiple fluorescent markers. To gain insight

into the blastomeres and intracellular dynamics during spiral cleavages, I performed

mRNA injections into the zygote and live-imaged the embryo development. I wanted
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to first confirm the old cell lineage studies (Ackermann et al., 2005; Vopalensky et

al., 2019) with newer technology and dissect the early cell lineages in depth with

regard to the cell cycles. I injected mRNAs encoding for lyn-gfp (labels the plasma

membrane) and h2b-mCherry (labels the histone of the DNA) into the zygote and

subsequently, starting from 4-cell stage, live-imaged the whole embryo at culturing

temperature (18 ◦C) by light sheet fluorescence microscopy (LSFM). I imaged from

5 angles to cover the entire embryo and to ensure that the image registration would

work. The temporal resolution was 90 sec, which was enough for cell tracking. The

Fiji plugin Multiview-Reconstruction (Preibisch et al., 2010) using beads as reference

points was used for the image registration and fusion. The fused images were isotropic,

which allowed full-range observation and tracking of the cell lineages. The fluorescent

signal developed within two cell cycles thus from 4-cell stage, the nuclei of the four

macromeres were detected and tracked. I used the Fiji plugin MaMuT (Wolff et al.,

2018) to manually track the cell lineages of two embryos starting from 4-cell stage (A,

B, C, and D macromeres) for four cell cycles (until 64-cell stage).

2.3.1. Clonal domain formation

We know from the literature (Shibazaki et al., 2004; Grande & Patel, 2009; Lambert,

2010; A. H. Fischer et al., 2010; Girstmair & Telford, 2019) that the spindle inclination

during the first spiral cleavage and the alternating cleaving axes throughout the four

spiral cleavages lead to an embryo with a spiral looking cellular organization when

observing the embryo from the animal pole (Figure 2.10). Formation of the four

quadrants is a stereotypic feature during spiralian development (Ackermann et al.,

2005; Girstmair & Telford, 2019; Vopalensky et al., 2019). It’s also seen by projecting
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2. Early development of P. dumerilii

the four tracts of the four macromere lineages. With my live-imaging recordings of

developing embryos, all the cell identities can be tracked and annotated. The tracking

started at 4-cell stage, each of which can easily be identified as A, B, C or D macromere

based on their sizes and positions. The D macromere is the biggest macromere, the C

macromere is the second biggest, the B macromere is opposite to the D macromere,

and the A macromere is opposite to the C macromere. Looking from the animal pole,

the macromeres were thus organized A-B-C-D along a clockwise direction. The lineage

tracts of each blastomere was color-coded to easily distinguish each blastomere cell

lineage. The position of the DNA during cell division was used to indicate the cleavage

orientation in the live-imaging movies. These were comparable with the fixed images,

indicating that the injection of mRNAs and live-imaging have little disturbance to the

embryo development. The projection of all the tracts together with the 4-cell stage

showed that each lineage formed a clonal domain, which occupied a quadrant of the

embryo (Figure 2.10 C). Interestingly, we knew from later cell lineages by Dr. Mette

Handberg-Thorsager that this clonal distribution is maintained in the brain in the 1

dpf trochophore larva (Vopalensky et al., 2019).
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Figure 2.10.: Spiral cleavage led to clonal domain formation in P. dumerilii.
(A, B) The first two spiral cleavages were plotted against the entire cell lineage tracts
from A, B, C and D. (C) Tracks of the four lineages from 4-cell to 64-cell were plotted
on top of the actual A, B, C, and D macromeres, revealing the clonal domain formation
in P. dumerilii early development. The positions of the DNA of the first two spiral
cleavages were shown with magenta spheres, and the cleavage orientation was indicated
with arrows. The tracks and the image were taken from animal view. Scale bar: 20 µm.

2.3.2. Variation of cell cycles during P. dumerilii early

cleavages

Initially, the early P. dumerilii cell lineages were described by observing through

a bright-field microscope (Ackermann et al., 2005). My P. dumerilii cell lineages

covering spiral cleavage and based on fluorescent markers has allowed me to study

the exact division timing and synchrony in more details (Figure 2.11). The first two

spiral cleavages were relatively synchronous. The D blastomere divided slightly earlier

than the other three blastomeres. In the third and the fourth spiral cleavage, not

all the blastomeres divided at the same time, but the correlated lineages from each

quadrant showed high synchrony in cell cycle, e.g., 1a11, 1b11, 1c11, and 1d11, or 1q11

in short. Moreover, the cell lineage tree showed that the micromeres closer to the
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2. Early development of P. dumerilii

animal pole tended to divide earlier. However, unlike the trend of the micromeres,

the macromeres, which are located at the vegetal pole, divided earlier than some of

the micromeres. 3D blastomere divided the first among all the blastomeres in the

fourth spiral cleavage. The 2d lineage also performed faster cell cycle in the 2q quartet,

suggesting that the D lineage is potentially leading/guiding the cleavages during P.

dumerilii early development. Thus, my cell lineages confirmed older cell lineage studies,

but also contributed with new knowledge into the asynchronous behavior of some of

the macromeres and micromeres.
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Figure 2.11.: Early lineage tracking of P. dumerilii.

Figure 2.11.: Early lineage tracking of P. dumerilii. The embryo was labeled
with lyn-mCherry and h2b-gfp mRNA and live-imaged with Zeizz Z.1 SPIM from 4-cell
stage at 18 ◦C. 5 z-stacks with a 72 ◦ rotation of each view were taken and the images
were registered and fused with Fiji Multi-view reconstruction plugin. The cell lineage
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2. Early development of P. dumerilii

of the two initial divisions prior to spiral cleavage were based on the observations
from DIC imaging and fixed, immunostained embryos (dashed lines). The resulting A,
B, C, and D macromeres were tracked using live-imaging recordings, at a temporal
resolution of 90 sec, of fluorescently labeled nuclei (H2B-GFP) and the tracking and
annotation software MaMuT. The numbers at the nodes indicated the actual time
of division. When two sets of chromosomes can be observed in mitosis, they were
defined as two cells and the branch of the lineage was created. The numbers above
the lines indicated the time span from one division to the next. Each spiral cleavage
was color-coded both the nodes and the background color. Green, first spiral cleavage
(SC); yellow, second SC; magenta, third SC; grey, fourth SC. Each node was annotated
with the cell identity. The macromeres were indicated with grey circles in the nodes.
Each lineage was indicated next to the node.

Asynchrony in the cleavages was not only shown with the cell lineage tree,

but also observed by immunostaining (Figure 2.12 A,B), DIC imaging (Figure 2.12

C-F) and live-imaging, where the zygote was injected with mRNAs encoding for

H2B-mCherry, Lyn-mCherry, and EMTB-3xGFP (Figure 2.12 G-J). The asynchrony

during the first spiral cleavage was relatively slight. All the four macromeres started

cell division at the same time. However, the D blastomere entered telophase prior to

the other three blastomeres (Figure 2.12 A). The C blastomere entered telophase after

D but before A and B (Figure 2.12 B). This resulted in a slight difference in division

time mapped in the lineage tree (Figure 2.11). The asynchrony of the second, third,

and fourth spiral cleavage can be captured with live-imaging. It is observed with DIC

microscope revealing that the nuclear envelope breakdown happened earlier in 1c and

1d blastomeres of the second spiral cleavage, and in 1c1 and 1d1 blastomeres of the

third spiral cleavage, suggesting that the asynchrony was not due to the interference of

mRNA injection into the embryos (Figure 2.12 D,F). Recruitment of the cytoskeleton

was also asynchronous during spiral cleavages. 1a1 and 1b1 were at prophase when 1c1

and 1d1 blastomeres entered metaphase, and the difference continued throughout the
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division, resulting in the earlier separation of the DNA in the anaphase and telophase of

1c1 and 1d1 (Figure 2.12 G,H). The asynchrony increased in the fourth spiral cleavage,

leading to the earlier completion of 1c11 and 1d11 than 1a11 and 1b11 blastomeres

(Figure 2.12 I,J). Therefore, although the asynchrony of the sister lineages in each cell

cycle was very little, the difference accumulated resulting in the diverse cell cycle as

shown in the lineage tracking data (Figure 2.11). The cell cycle variety increased also

in the fourth spiral cleavage and this may be a consequence of or may lead to cell fate

specification.
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Figure 2.12.: C and D lineages entered cell division prior to A and B
lineages. All the images were taken from the animal view. (A, B) The embryos
were incubated at 18 ◦C and fixed at 90-100 mpf. Microtubules were labeled with
anti-α-tubulin antibody (green) and the nuclei with DAPI (magenta). (A) The
cytokinetic ring occurred in D prior to A, B, and C macromeres. (B) C and D
blastomeres entered telophase while A and B blastomeres were still in anaphase. (C-F)
The embryos were live-imaged with DIC microscope. Nuclear envelope breakdown
occurred earlier in 1c and 1d blastomeres during the second spiral cleavage (C and
D) and in 1c1 and 1d1 blastomeres during the third (E and F) spiral cleavage. (G-J)
Microtubule (green), nuclei (magenta), and plasma membrane (magenta) were labeled
my mRNA injection and live-imaged by SPIM. The images were taken from the third
spiral cleavage. The microtubles were shown in the left panels, plasma membrane
and nucleus in the middle panel, and the merge of the three in the right panel
with microtubule in green and the other two components in magenta. 1c1 and 1d1

blastomeres entered metaphase and anaphase prior to 1a1 and 1b1 blastomeres during
the third spiral cleavage (G and H) and the fourth spiral cleavage (I and J). The
format of the timestamp is hr:min. Asterisk: nucleus. Scale bar: 20 µm.
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In summary, a spiral looking embryo is achieved through the following cellular

processes. First, the synchronous cleavages of the first three embryonic divisions

with the spindle inclination, resulting in an 8-cell embryo with 4 micromeres and 4

macromeres and a dextral rotation between them (Figure 2.2, 2.3, 2.4). Second, the

perpendicular cell division and thus cell organization between each spiral cleavage and

synchronous division timing results in an embryo, which is divided into four clonal

domains. Each quadrant and clonal domain represents one for the four cell lineages

(Figure 2.10). Therefore, a spiral looking embryo is achieved after four spiral cleavages

(Figure 2.9). However, in a finer timescale, I demonstrated that the cell cycle of

each lineage was not exactly the same. D lineage possesses the fastest cell cycle. C

lineage was the second, and A and B lineage were the last. The difference between

the lineages was within one cellular event during the mitosis, e.g., 1c11 and 1d11 were

in the metaphase while 1a11 and 1b11 were in the prophase. Therefore, the general

synchrony of each lineage during each spiral cleavage is preserved, and the blastomeres

also undergo specification during P. dumerilii early embryogenesis.

2.4. Cell autonomy of spiral cleavage and

determinate development

The spiralians are described as determinate developers with a developmental strategy

executed through mainly cell autonomous processes (Costello, 1945). Various of the

cellular mechanisms of spiral cleavage have been described in gastropods (Shibazaki

et al., 2004; Kuroda et al., 2009; Davison et al., 2016; Kuroda, 2014). Also, it was

demonstrated that the chirality can be manipulated through physical interference of
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an 8-cell gastropod embryo (Kuroda et al., 2009; Kuroda, 2014). In another phylum

of animals with determinate development, the nematodes, it was reported that the

cell orientation is influenced by the presence and shape of the eggshell (Yamamoto

& Kimura, 2017). This all suggests that the relative position of the cells is not

only controlled by the blastomere itself, but may also be influenced by the physical

constraint from the outside of the embryo.

To investigate if the dextral orientation of the cells in P. dumerilii spiral

cleavage is cell autonomous, or if the physical constraint executed by the eggshell

plays a role in positioning the cells, the embryos were dechorionated during zygotic

stage, and allowed to develop in natural seawater. Three batches of embryos (50-100

embryos in each biological replicate) were examined and most of the dechorionated

zygotes processed through the first two asymmetric divisions as the wild type embryos,

resulting in 4 macromeres in a plane with the D macromere the biggest (Figure

2.13 A-C). Cytosolic components (ooplasm versus lipid droplets and yolk granules)

segregated as in the wild type embryo. The nutritional oil droplets were positioned

toward the vegetal pole of the embryos, while the nuclei were visible at the animal

pole (Figure 2.13 C, marked with the asterisks). Also in the 4-cell embryos, the A and

C macromeres contacted each other at the animal pole (Figure 2.13 C) as was seen in

the wild type embryos (Figure 2.4 A). This indicated that the establishment of the

embryo animal-vegetal axis was independent of the eggshell.

The first spiral cleavage was described in Section 2.2.2 and contained a rotation

in the division plane, which resulted in the dextral orientation of the micromeres. The

dechorionated embryos were incubated on the glass petri dishes covered by natural

seawater at 18 ◦C. In the dechorionated embryos, the animal pole was attached to
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the bottom of the glass petri dish, but the cells could still move in the water. The

first spiral cleavage was asymmetric with the smaller micromeres forming in a dextral

orientation, as in the wild type embryos (Figure 2.13 D, indicated by arrows). Thus, the

division plane was not influenced by the dechorionation and the dechorionated embryos

had clearly two layers of blastomeres, the micromeres and the macromeres. However,

the blastomeres formed a spherical structure without the eggshell in comparison to

the oval shape in the wild type embryos. The rotational, alternating cleavage planes

were observed during the second to the fourth spiral cleavage as well, suggesting that

the spiral cleaving capability itself was not influenced by the physical constraint from

the eggshell.

The physical constraint can be generated from outside of the embryo through

a mechanical force generator or a molecular linker between the eggshell and the embryo.

Alternatively, this constraint can be obtained through molecular interactions between

the blastomeres. To investigate if all of the four macromeres are required to perform

proper spiral cleavage, the embryo was dissociated at 4-cell stage and a partial embryo

was further cultivated in natural seawater. I dissociated the C and D blastomeres

from the embryo and imaged the A and B blastomeres. The division plane of the

partial embryo was the same as the intact, wild type embryo. The 1a micromere was

located to the left of the 1A macromere and 1b is in the back of 1a and 1B (Figure

2.13 E,F). This indicated that the division axis of both 1a and 1b was in a dextral

orientation. Therefore, it suggested that the spindle inclination and division plane

determination leading to spiral cleavage do not depend on an entire embryo or all the

four blastomeres being in contact. I have here shown that A and B blastomeres can

perform spiral cleavage in the absence of C and D blastomeres, which indicated that

spiral cleavage may be a cell autonomous event.
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Figure 2.13.: Three initial cleavages of intact or partial P. dumerilii

embryos in the absence of the eggshell. Intact (A-D) and partial (E-F) embryos
were monitored. (A-C) The dechorionated zygote (A) underwent two asymmetric
divisions (B, C) generating A, B, C and D macromeres as in the wild type embryo. (D)
The embryo performed a clockwise rotation of the micromeres in the third cleavage
(first spiral cleavage), as in a wild type embryo. (E) The macromeres were dissociated
at 4-cell stage. The A and B macromeres, still together, were recorded during the first
spiral cleavage. (F) The micromere (1a, 1b) positions in the 4-cell embryo (1A, 1a,
1B, 1b) were shifted in a dextral orientation compared to the macromeres (1A, 1B)
following the first spiral cleavage in a similar manner as in the intact 8-cell embryo.
A-D were imaged from the animal pole. E and F were imaged from the side view.
Scale bar: 20 µm.

To investigate whether the embryogenesis is influenced after dechorionation,

or if the eggshell is crucial to the morphology and the function of the larva later

in embryogenesis, the dechorionated zygotes were incubated in the natural seawater

at 18 ◦C till 24 hpf. If the embryo stays intact, it develops as the wild type into a
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free-swimming larva (Figure 1.3). Both the final four oil droplets (one per macromere)

and the ciliated band can be seen (Figure 2.14 A, indicated by the arrow), indicating

the cell differentiation and positioning was not affected. However, without the presence

of the eggshell, the blastomeres were easily dissociated during development. Therefore,

many partial embryos were observed. As the arrowheads showed in Figure 2.14 A,

the partial embryo with one oil droplet in the tissue suggested it contained only one

of the four macromeres. The dissociated blastomeres can only develop into partial

embryo, indicating that the cell fates were determined early in development. Some

dissociated cells developed into tissues with the ciliated cells (Figure 2.14 B), which

were mobile in seawater, suggesting that both the macromeres and micromeres had

their fates determined early in development.

Although the eggshell did not play a critical role during spiral cleavage, it did

have crucial function for P. dumerilii embryogenesis. As mentioned above, absence

of the eggshell led to weaker cell contact and in many cases, cell dissociation during

development. The eggshell kept all the blastomeres to form an intact larva. Moreover,

the naked blastomeres becomes sticky and attached to the external substance when the

eggshell was absent. When two or more zygotes attached to each other, the embryos

conjoined each other (Figure 2.14 C). The conjoined larvae have functional organs, but

the tissue was connected between larvae. Therefore, the larvae cannot swim and died

eventually. These results suggested that the blastomeres do interact with the external

substances, and the eggshell played a critical role to keep the individual intact and

proper development during embryogenesis.
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2. Early development of P. dumerilii

Figure 2.14.: Development of P. dumerilii embryos without eggshell. The
zygotes were decorionated at the zygote stage and incubated in natural seawater at
18 ◦C until 24 hpf. Time-lapse movie recorded by bright-field microscopy of the P.
dumerilii development started from 24 hpf. (A) The free swimming larva was indicated
with an arrow. Two partial embryo with one oil droplet in the tissue were indicated
with the arrowheads. Scale bar: 500 µm. (B) Multiple larvae were conjoined during
development due to lack of the eggshell. The asterisks indicated that three larvae
(black) and one partial embryo (white) were conjoined. Scale bar: 200 µm. (C) A
partial embryo with the differentiated ciliated cells was able to rotate and move (white
arrow). Scale bar: 50 µm.

88



2.5. Early polarization of the P. dumerilii embryo

2.5. Early polarization of the P. dumerilii embryo

Axes establishment is one of the first events during embryogenesis. Different embryo

may use different mechanisms to set the embryonic axes (Jeffery, 1992; Gotta &

Ahringer, 2001; Nakamoto et al., 2011; Takaoka & Hamada, 2012; Wotton et al., 2015).

In P. dumerilii, the animal and vegetal poles are determined upon fertilization. The

sperm entry point forms vegetal pole and the opposite position of the zygote becomes

then the animal pole (Nakama et al., 2017). To investigate if the embryo polarity is

also built at the molecular level, the P. dumerilii par genes were identified, cloned,

and fused with the fluorophores for mRNA injection. One Pdupar1, one Pdupar3,

one Pdupar4, and one Pdupar6 genes were identified from the transcriptome database

(Section 7.4) and cloned (Appendix A.4, A.6). Since no antibodies against the P.

dumerilii Par proteins were available, I wanted to investigate the protein localization

by mRNA injections. The coding region of each gene was cloned into pCS2+ plasmid

with the fluorophore, sgfp, coding region at the 3’ end. The Pdupar mRNAs were in

vitro transcribed and co-injected into the zygote with the mRNA for a nuclear marker

h2b-mCherry. The embryos were incubated for 8 hr at 18 ◦C for signal development.

PduPar1 and 4 did not show any specific localization in the embryos. PduPar3 localized

slightly to apical and largely to the lateral cytoplasmic membrane, especially in the

micromeres (Figure 2.15 A). PduPar6 was in the cytosol and at the cell membrane

(also largely lateral) in the micromeres (Figure 2.15 B). Very little signal was detected

at the basal plasma membrane. Generally, the signal was higher in the micromeres.

The macromeres, which were at the vegetal pole, had lower PduPar6 localization and

PduPar3 was barely detected. This result showed a molecular polarity from the animal

pole to vegetal pole of P. dumerilii embryo, by largely segregated the Pdupar mRNAs
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2. Early development of P. dumerilii

into micromeres, or active degradation of the Par3/6 proteins in the macromeres. The

localization of Par3/6 to apical and lateral plasma membrane also indicated that Par

may be involved in cell polarity establishment during the early development of P.

dumerilii.

Figure 2.15.: Localization of Par components in the early P. dumerilii

embryo. Pdupar3 or Pdupar6 mRNA (in green) was injected into the zygote together
with the nuclear marker h2b-mCherry mRNA (magenta). (A) PduPar3 was localized to
the plasma membrane in the micromeres at the animal pole. (B) PduPar6 was localized
to the plasma membrane and the cytosol in both the micromeres and macromeres. (C,
D) The orthogonal view showed that PduPar3 and PduPar6 were largely localized to
the cell periphery as well as toward the animal pole. Arrow: PduPar3/6 expression.
ma: macromere. The cells without labeling were micromeres. Scale bar: 20 µm.
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2.6. Cellular and intracellular dynamics during

spiral cleavages

The difference in Par localization between the micromeres and macromeres implied that

the micromeres and macromeres may have different cell behavior during embryogenesis.

This difference was not only seen in the molecular expression, but also in the migration

of the nuclei and the cellular component distribution. The nuclei of the micromeres

stayed at the center of the cell at the animal pole through the four spiral cleavages

(Figure 2.16 E-H). However, the nuclei of the macromeres showed a much more dynamic

behavior. Localized toward the apical side of the macromeres, the nuclei alternated

in position between the left versus right side of the cell between each spiral cleavage

(Figure 2.16 I-P). Further, the nuclei tracking showed that the nuclei of the macromeres

traveled further in distance than the micromeres (Figure 2.16 A-D).

The movement of the nuclei in the macromeres may be passive due to the

movement of the whole cell or due to the production of a force in the cytoplasm, which

carries the nuclei along with it. Alternatively, the nuclei movement could be active

within the cells. To investigate the dynamics of the nuclei position within the cell,

a combination of mRNAs encoding for cytoskeletal components, DNA, and plasma

membrane were injected into the zygotes. As described in the previous sections, spiral

cleavage contained alternating orientation of the division axes, both in the micromeres

and macromeres. However, the mechanisms to achieve this was different between the

micromeres and macromeres. In the micromeres, the nuclei stayed at the center of the

cell, and the mitotic spindle changed direction to achieve the alternating division axes.

Therefore, the movement of the nuclei in the cell tracking was due to the migration of
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2. Early development of P. dumerilii

the micromeres (Figure 2.16 A-D). On contrary, the nuclei of the macromeres were

at the side of the blastomere and migrated in the cell between each spiral cleavage.

The cytoskeletal components (non-muscle-myosin regulatory light chain, PduRlc1 and

F-actin, detailed comparison see Section 4.2) concentrated around the nuclei, migrating

with them between the divisions (Figure 2.16 I-P). Strikingly, an accumulation of the

actin around the nuclear envelope took place right before nuclear envelope breakdown

at the beginning of mitosis (Figure 4.4, see Section 4.2.2). These experiments were

performed together with Dr. Mette Handberg-Thorsager.

Actin is clearly an important cellular factor during the cell cycle. A molecular

player, which often forms a complex with actin in the cell cortex, is non-muscle-myosin

(Matzke et al., 2001; Maddox & Burridge, 2003; Sedzinski et al., 2011; Stewart et al.,

2011; Levayer & Lecuit, 2012; Alvarado et al., 2013; Biro et al., 2013; Carvalho et al.,

2013; Maliga et al., 2013; Beach et al., 2014; Billington et al., 2015; Murrell et al.,

2015; Ennomani et al., 2016; Maître et al., 2016; Chugh & Paluch, 2018). I therefore

cloned and tested the localization of the 6kb large P. dumerilii non-muscle-myosin,

Pdunmm, by mRNA injections. Unfortunately, the fluorescent signal was only visible

after the spiral cleavage period. This could be because it did not localize to any cellular

structure during early development or because of protein conformation issues. At 24

hpf, PduNmm signal was visible and localized to the cell cortex (Figure 3.3 C, see

Section 3.2.3). Taken together, the alternating division axes in the macromeres relied

on a combination of nuclei migration, re-organization of the cytoplasmic actomyosin

and organization of the mitotic spindle. Further, the movement of the nuclei in the

cell tracking was largely dependent on intracellular migration.

Based on my observations, we now had some first indications that the
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2.6. Cellular and intracellular dynamics during spiral cleavages

micromeres have different gene expression, cell polarity, molecular distribution, and

mitotic mechanisms compared to the macromeres. All of these findings resulted in the

completion of the spiral cleavage. However, how the spindles inclines and how the final

cleavage plane is determined at the molecular and physical level, remain unsolved. To

approach these questions, it is necessary to visualize the cytoplasmic components as

early as during spiral cleavage to investigate the molecular mechanisms of it.
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2. Early development of P. dumerilii

Figure 2.16.: Alternating division axes and nuclei migration during spiral
cleavages.

Figure 2.16.: Alternating division axes and nuclei migration during spiral
cleavages. (A-D) Nuclei tracking of the A lineage. The traces of the 4A macromere
and the 1a22 micromere were showed. The micromere tract was labeled with the green
line and the macromere with the blue line. The division axes were indicated with
arrows. (E-G) The zygote was injected with h2b-mCherry and lyn-mCherry mRNA
to mark the nuclei and plasma membrane (magenta) and emtb-3xgfp mRNA to mark
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2.6. Cellular and intracellular dynamics during spiral cleavages

the mitotic spindles (green). The outline of the micromere was illustrated with a
the dashed line. The division axes were indicated with double-headed arrows. (H)
Superimposition the division axes of the three spiral cleavages in E-G. (I-O) The
zygote was injected with h2b-mCherry and lyn-mCherry mRNA to mark the nuclei
and plasma membrane (magenta) and rlc1-sgfp (non-muscle-myosin regulatory light
chain 1 conjugated with sgfp) mRNA to label non-muscle-myosin. The outline of the
micromere is illustrated with the dashed line. The division axes were indicated with
arrows pointing toward the micromere side. (P) Superimposition the division axes of
the three spiral cleavages in J, L, and N. Asterisk, DNA. All the images were taken
from the side view. Scale bar: 20 µm.
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3. live-imaging of cytoskeleton

dynamics during early P.

dumerilii spiral cleavage

The progress of developing the methods to label cytoskeletal components in early P.

dumerilii spiral cleavages is described in this chapter. For the early visualization of

the cytoskeletal components, the following methods were optimized and investigated:

chemical dye soaking or injection into the zygote (Section 3.1), mRNA injection

of the cytoskeletal components conjugated with fluorescent protein (Section 7.13),

optimization of the expression and labeling of the target genes in early development

(Section 7.13), synthetic peptides injection for labeling cytoskeletal component and

stability examination during live-imaging (Section 3.4).
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3.1. Chemical dyes fail to label microtubule or

actomyosin for live-imaging

One approach to label the very first cleavages of a zygote, is by soaking and immediate

uptake and incorporation of a fluorescently labeled chemical dye by the zygote. To

this end, I tested SiR-actin or SiR-tubulin to label the cytoskeletal components during

early embryogenesis as which has been done in C. elegans spermatocytes (Hu et al.,

2019) and various cell lines for live-imaging the cytoskeletal dynamics or for structural

studies (Lukinavičius et al., 2014; Melak et al., 2017). The chemical dyes were used by

either soaking the permeabilized zygotes (started at 60 mpf) in the dye or by injection

of the dye into the zygote (at 60 mpf).

For the soaking experiment, 10 µm verapamil was included in the soaking

solution (total volume of 500 µL) to block the calcium channels of the zygote and

potentially decrease the expulsion of the SiR-dye from the cells. After a 4-hour soaking

treatment of either 1 µm of SiR-actin or SiR-tubulin, the fluorescent signal was hardly

detected in the developing embryos (Figure 3.1 B). The injection of these dyes showed

similar results (Figure 3.1 A). However, if the embryos were fixed (at 8-cell stage) prior

to the treatment, and soaked with SiR-actin for 30 min, it showed a clear actomyosin

labeling of the cell cortex and the nuclear envelope of the dividing blastomeres (Figure

3.1 C). Therefore, I hypothesized that the chemical was first taken up, but then actively

removed from the embryos even in the presence of verapamil. To test this hypothesis

in more details, the developing embryos were soaked in SiR-actin for 4 hr, started from

60 mpf, then 1 µL of 16% PFA (= 0.032% PFA) was added to the 500 µL) soaking

solution, which killed the embryos in 30 sec but was not enough to fix the sample. The
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3.1. Chemical dyes fail to label microtubule or actomyosin for live-imaging

sample was continuously imaged before and after the addition of PFA. Interestingly,

the fluorescent signal, which was not detected in the live embryos after 4 hr of SiR-dye

soaking, started to be seen at the cell cortex 10 min after the embryos were sacrificed

(Figure 3.1 D). This indicated that the SiR-dye did label the cytoskeletal elements

but was actively expulsed by the living embryo. Thus, live-imaging of cytoskeletal

dynamics with SiR-dyes in P. dumerilii is not possible, unless a blocker for the active

removal of the SiR-dyes is found, which does not interfere with development.

Figure 3.1.: SiR-actin was not suitable for labeling F-actin fibers in the
living P. dumerilii embryos. (A, B) Intended labeling of F-actin fibers with
SiR-actin in the live-developing embryos by injection (A) or following 4 hr of soaking
(B). (C) SiR-actin dye labeled F-actin in the fixed embryos. The signal became visible
within 30 min of soaking the fixed embryo in the SiR-actin dye. (D) Following the
4 hr treatment with SiR-actin (from B), the embryos were sacrificed by PFA, but
continuously soaked in SiR-actin. The labeling of actin became visible within 10 min
and continued improving. Time indicated minutes-post-sacrifice. The format of the
timestamp is hr:min. Scale bar: 20 µm, n>100.
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3. live-imaging of cytoskeleton dynamics during early P. dumerilii spiral cleavage

3.2. Labeling of cytoskeleton by gene cloning and

mRNA injection

To visualize cytoskeletal components during spiral cleavage, actin binding peptide

Lifeact, various non-muscle-myosin components, and the microtubule binding domain

ensconsin (EMTB) were targeted and investigated in sequence level. The sequences

of the homologous genes from other organisms (mouse, D. melanogaster, C. elegans,

and Capitella teleta) were aligned and the conserved motifs of each gene were used

to search for the homologous P. dumerilii genes by using the BLAST tool of the P.

dumerilii transcriptomic database (Arendt lab, Heidelberg, Germany). The full coding

region of each gene were cloned into the expression vector pCS2+ between the SP6

promoter and the SV40 poly-A signal allowing for synthesis of the full-length mRNAs.

The DNA and protein sequences were listed in the Appendix A.6.

The in vitro transcribed mRNAs (200ng/µL) were injected into P. dumerilii

zygotes and the embryos were incubated at 18 ◦C until 2-cell stage, then mounted in

0.6% low melting temperature agarose/seawater and imaged by spinning disk confocal

microscope or SPIM.

3.2.1. Microtubule

EMTB is a microtubule binding protein. To visualize microtubule dynamics with

EMTB, I used an expression construct with microtubule binding-domain of ensconsin

(EMTB) from human (amino acids 18-283 of GenBank reference sequence X73882)

conjugated to three GFPs (this construct was kindly provided by Norden lab, MPI-CBG,
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3.2. Labeling of cytoskeleton by gene cloning and mRNA injection

Germany). The mitotic spindles in the P. dumerilii embryos with injected emtb-3xgfp

mRNA were visible at 4-cell stage (Figure 3.2). The signal intensity got stronger

throughout the spiral cleavage.
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3. live-imaging of cytoskeleton dynamics during early P. dumerilii spiral cleavage

Figure 3.2.: Early visualization of the cytoskeletal elements during spiral
cleavages. The zygote was injected with emtb-3xgfp (green) and lifeact-mKate2
(magenta) mRNAs and imaged by SPIM. The expression of Lifeact can be detected but
the intensity was not strong enough for further analysis. (A) MTOCs and the spindles
were visualized from the first spiral cleavage. (B) The fluorescent signal increased
through development. Arrowhead: MTOC. Asterisk: nucleus. Double-headed arrow:
orientation of the mitotic spindles. All the images were taken from the side view and
half of the embryo was projected. The format of the timestamp is hr:min. Scale bar:
20 µm.
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3.2.2. Actin

Lifeact is a 17 amino acid peptide which binds to F-actin (J. Riedl et al., 2008). I used

a construct with Lifeact conjugated to a fluorophore at the 3’ end and cloned it into

pCS2+ to synthesize the mRNA. The small size of Lifeact resulted in fast translation

of the mRNA and the fluorescent signal was seen as early as at 4-cell stage at the cell

cortex. However, the intensity was not strong enough for protein dynamic analysis

during spiral cleavage. The optimization of Lifeact expression in P. dumerilii is shown

in Section 3.3.

3.2.3. Non-muscle-myosin

Non-muscle-myosin (Nmm) is an actin-binding protein involved in generation of the cell

contractility. Generally, it consists of non-muscle-myosin heavy chain, the regulatory,

and the essential light chains (Holmes, 2008). I searched the P. dumerilii transcriptomic

database for the orthologs and was able to annotate two essential light chains (elc1 and

2 ), two regulatory light chains (rlc1 and 2 ), and the non-muscle-myosin II heavy chain

(nmm) in P. dumerilii. The full-length sequences of the five genes were cloned and

sequenced. For the sequence information please see Appendix A.6. sgfp was conjugated

to the 3’ end of each gene and the mRNAs were synthesized. For comparison with the

homologous gene in D. melanogaster, Pduelc1 and 2 are homologous to cytoplasmic

myosin light chain, and Pdurlc1 and 2 to spaghetti squash.

I injected the mRNAs related to non-muscle-myosin with the hope that this

way I could label the actomyosin during spiral cleavage. Whereas the PduElcs are

not visible in the early P. dumerilii embryos, the fluorescent PduRlc proteins were
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visible from 4-cell stage, but the signal was weak and without specific localization.

Both PduRlc1 and PduRlc2 were abundant in the cytosol and partially labeled the

cell cortex at 48 hpf (Figure 3.3 A). However, the signal intensity and labeling of

the myosin-light-chains were not strong enough for further analysis. The injected

non-muscle-myosin heavy chain (PduNmm) localized to the cell cortex, but it was

hardly visible before 64-cell stage (Figure 3.3 B). However, the 24 hpf embryos showed

strong cell cortex localization signal of PduNmm (Figure 3.3 C). This indicated that

actomyosin was presence at the cell cortex, but a better tool for live-monitoring its

dynamics during early development needed to be developed.

Figure 3.3.: Localization of P. dumerilii non-muscle-myosin components.
The mRNA of the non-muscle-myosin regulatory light chain 2 (Pdurlc2 ) or heavy
chain (Pdunmm) conjugated with sgfp was injected into the zygotes. (A) PduRlc2
was localized to most of the cells of the embryo at 48 hpf. Particularly, the ventral
nervous system (arrowhead), stomodeal (asterisk) and brain regions (dashed line)
were distinguished. (B) h2b-mCherry (magenta) and Pdunmm (green) mRNA were
co-injected into the zygotes. PduNmm signal was detected in a part of the embryo at
64-cell stage. The localization to the cell cortex was indicated by arrows. (C) The cell
cortex was labeled (arrow) with PduNmm at 24 hpf. Scale bar: 30 µm (A) and 20 µm

(B, C).
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3.3. Sequence optimization increases fluorescent

signal of the injected mRNA

In order to optimize the injected mRNA expression in terms of increasing translation

efficiency and mRNA stability, various 5’UTRs and 3’ terminators were tested. Based

on a work in D. melanogaster (Pfeiffer et al., 2012), I constructed a combination of

different UTR regions in the pCS2+ expression plasmid, I synthesized and injected

the mRNAs into the P. dumerilii zygote and I quantified the fluorescent intensity for

each construct at 8 hpf. I tested two Kozak sequences, syn21 and L21, upstream of

the coding region. syn21 (5’-AACTTAAAAAAAAAAATCAAA-3’) is a synthetic 21

bp, AT-rich sequence, designed as a combination of Cavener consensus sequence with

elements from the Malacosoma neustria nucleopolyhegrovirus (MnNPV) polyhedron

gene. L21 (5’-AACTCCTAAAAAACCGCCACC-3’) is the 21 bp sequence immediately

preceding the initiation codon of the lobster tropomyosin gene. Both syn21 and L21

increase the transgene signal level in D. melanogaster either through an increase in

translation or because of an increased stability of the transcribed mRNA (Pfeiffer et

al., 2012).

From the same study, it was shown that the 3’UTR of Autographa californica

nucleopolyhedrovirus p10 gene promoted polyadenylation more efficiently than SV40,

and that poly-A tail was important for mRNA stability and translation. Therefore,

I compared the original 3’ terminator (SV40) on the pCS2+ plasmid with p10 by

replacing SV40 with p10 3’UTR.

Pdupar6-sgfp was chosen as the reporter be genecause of its cytosolic signal

during early P. dumerilii development, thereby facilitating the quantification of the
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fluorescent intensity (Figure 3.4 A). Therefore, the sGFP intensity measurements were

used as a proxy for the amount of PduPar6 protein. Either syn21 or L21 were cloned

immediately preceding the initiation codon of Pdupar6. As control experiments, the

original pCS2+ construct was used, or the original Pdupar6 5’UTR (5’-TCGGCTCC

AATGTGGAATTTACCTGGATTTAACCGGTGACCAAGCCCTGGAGGAGGG

CAAAAAGTCATCTACG-3’) was cloned into pCS2+ plasmid. The 3’ terminator

p10 was compared in the original pCS2+ plasmid together with Pdupar6-sgfp (Figure

3.4 A).

The plasmids were linearized, the mRNAs in vitro transcribed, and the

concentration adjusted to 600ng/µL with nuclease-free water for storage at −80 ◦C.

The injection mix was freshly prepared containing 200 µg/µL Pdupar6 mRNA and

200 µg/µL h2b-mCherry mRNA. H2B expression served as the loading control to

normalize the expression of the target PduPar6-sGFP. The injected embryos were

fixed at 8 hpf and immediately imaged with confocal microscopy. It was clear that the

sGFP intensity was higher in both syn21 or L21 5’UTR containing groups (Figure 3.4

B). However, the p10 3’ terminator did not seem to increase the expression level of

the injected mRNA in P. dumerilii.
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Figure 3.4.: Optimization of injected mRNA translation with 5’UTR and
3’ terminator. (A) Scheme of the construct designing showed that either syn21 or
L21 5’UTR was constructed in front of the start codon of Pdupar6 coding sequence.
Either the original SV40 terminator of pCS2+ or p10 3’ terminator was cloned at the
terminator site of pCS2+ plasmid. (B) Expression level of PduPar6 in P. dumerilii
embryos. A mixture of the Pdupar6-sgfp and h2b-mCherry mRNA was injected into
P. dumerilii zygote and imaged at 8 hpf. The brightness was normalized according to
the expression of H2B-mCherry. Scale bar: 30 µm.

To quantify the increment of the injected mRNA signal, the fluorescent

intensity of the translated protein was plotted as a relative value. In Fiji, I defined the

region of interest covering the whole embryo on a maximum intensity projection of

the imaged z-stack. I measured the average fluorescent intensity of H2B-mCherry as

well as the target PduPar6-sGFP separately. The intensity of PduPar6-sGFP readout

was divided by the H2B-mCherry signal to normalize the injection variation of each
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specimen. These calculations were plotted in Figure 3.5. Next, all the normalized

values were compared with the SV40 group, that was with the 5’ and 3’UTR regions of

the original pCS2+ construct. The normalized sGFP intensity of the SV40 group was

set to 1. The fluorescent intensity of the syn21 or L21 containing construct was 2.93 ±

0.22 or 2.47 ± 0.16 times as bright as the SV40 control. syn21 5’UTR gave higher

signal comparing to L21 5’UTR. Substitution of SV40 by p10 did not significantly

change the expression of the protein comparing to their correlated groups (syn21 +

p10 group was 2.66 ± 0.06 and L21 + p10 group was 2.28 ± 0.27). The construct

with the original 5’UTR of Pdupar6 didn’t show significant change of the fluorescent

signal (0.68 ± 0.03) compared to the SV40 control group, indicating that the specific

5’UTR, syn21 or L21, boosted protein production in P. dumerilii embryos.
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Figure 3.5.: Quantitative analysis of the expression of PduPar6 under the
regulation of different UTR regions. A combination of different 5’UTRs (syn21,
L21, original 5’UTR of pCS2+ or the 5’UTR of Pdupar6 ) and 3’ terminators (SV40 or
p10) were constructed and tested by mRNA injections into the P. dumerilii zygotes.
The mRNAs were co-injected with h2b-mCherry mRNA as standard. The relative
fluorescent intensity of PduPar6-sGFP/H2B-mCherry was calculated and further
divided by the value of the SV40 control. The alphabets above each box indicated
statistical difference of the groups. The final values were plotted. Biological replicate
n=4.

The data showed that the constructs with syn21 or L21 may accelerate the

injected mRNA expression probably either through an increased in protein translation

and/or mRNA stability. Moreover, syn21 increased the potential to detect the target
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protein in early P. dumerilii embryos, because it resulted in the strongest signal level

among all the constructs. Therefore, syn21 was added to the lifeact construct to label

actomyosin and investigate its dynamics in early spiral cleavages.

A third sequence optimization that I evaluated, was the linker region between

the target gene and the fluorescent protein. In most of the mRNAs, which I used this

evaluation did not seem to be necessary, since the localization was consistent. However,

my experience with the different Lifeact constructs, which I tested was that depending

on the downstream fluorophore, the localization to the actin fibers could be more or less

well-defined. Lifeact is a small peptide (17 amino acids). Therefore, the conformation

of the conjugated fluorescent protein may affect the binding affinity of Lifeact in the

actomyosin complex. To determine the optimal Lifeact construct for live-imaging in P.

dumerilii, I tested two different linker sequences between Lifeact and the fluorophore,

and various fluorophores (mKate2, mCherry, eGFP, sGFP, mNeonGreen) located at

the C-terminus of Lifeact. Regarding the linker region, the short linker was part of

the multiple cloning site of pCS2+, and the optimal linker was codon optimized for C.

elegans transgenic Lifeact expression (Figure 3.6 A). The two linkers gave different, but

overlapping, actomyosin labeling patterns. The short linker labeled largely extracellular

components such as the filopodia connecting the blastomeres and the eggshell (Figure

3.6 C). Further, the cell cortex was slightly labeled and the actomyosin network was

hardly visible. The linker optimized for C. elegans (“optimal-linker”) resulted mainly

in cell cortex labeling as well as partial cytosolic distribution (Figure 3.6 B). From

phalloidin staining in fixed embryos (e.g., Figure 2.4), I expected the F-actin labeling

of the cell cortex and abundant at cytokinetic ring during cell division, thus verifying

the fluorescent stainings observed in the living embryos. Regarding the fluorophores,

different fluorophores at the C-terminus of the fusion proteins also led to differences in
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actomyosin labeling affinity. The constructs with the optimal linker and a GFP, sGFP,

mNeonGreen, or mCherry at the 3’ end all showed largely filopodia labeling, but very

little labeling of the cell cortex (Figure 3.6 D). Contrary, when fluorescently labeling

the Lifeact with mKate2, the cell cortex was nicely labeled starting from 4 cell-stage

and even individual F-actin fiber can be distinguished (Figure 3.6 B). Therefore, in

order to monitor the cortical actomyosin dynamics, the construct with the optimal

linker and mKate2 fluorophore (namely syn21-lifeact-mKate2 ) was chosen for further

experiments.

Figure 3.6.: Optimization of Lifeact labeling in P. dumerilii during spiral
cleavage. (A) Construct design for synthesizing mRNA for lifeact coupled to a
fluorophore. The Kozak sequence syn21 was conjugated in front of the start codon of
lifeact. Two linker regions and multiple fluorophores were tested to optimize Lifeact
labeling. (B-D) Lifeact localization in the living P. dumerilii embryo. Lifeact mRNA
with optimal-linker and mKate2 fluorophore was injected in (B), Lifeact mRNA with
the short-linker and mKate2 in (C) and Lifeact with the optimal-linker and GFP in
(D). The images were taken from the side view. Scale bar: 20 µm.
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To further test how early actomyosin can be labeled by mRNA injection

method, equal amount (with a higher concentration of 600ng/µL) of lifeact-mKate2,

without syn21 and with the short linker, or syn21-lifeact-mKate2 mRNA was injected

into the zygote at around 60 mpf. In details, the embryos took 60 min to secrete the

jelly layer after fertilization and the jelly layer was manually removed by physical

filtration. The injection of mRNAs was performed at 60-90 mpf. The first embryonic

cleavage took places at around 90 mpf, serving as a sign to terminate the injection

and to start mounting the samples for live-imaging. The embryos had maximum

30 min from injection until the first embryonic cleavage to develop the fluorescent

signal. The lifeact-mKate2 construct couldn’t give a visible fluorescent signal at

2-cell stage. However, the fluorescent signal was visible as early as in the zygote of

the syn21-lifeact-mKate2 injected embryos (Figure 3.7). And the signal increased

throughout the embryogenesis.
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3.3. Sequence optimization increases fluorescent signal of the injected mRNA

Figure 3.7.: Lifeact distribution in the P. dumerilii zygote. Injection of large
amount of syn21-lifeact-mKate2 at 60 mpf into the P. dumerilii zygotes resulted in a
fast visualization of the fluorescent signal while still in the one-cell stage. Two embryos
were shown with cross section (A and B) or maximum intensity projection (C and D)
imaging from various views. (A, B) Cross section of the two embryos showed both
the cortical and the cytosolic actomyosin labeling. The animal pole contained thicker
cortical actomyosin as shown in B (arrowhead). Filopodia connected to the vitelline
membrane can be observed in A (arrow). (C, D) Maximum intensity projection of the
two embryos from A and B gave cell cortex labeling of actomyosin. A and C: animal
view. B and D: side view. Scale bar: 20 µm.
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3.4. Protein synthesis and injection for early

labeling of actomyosin

As described in the previous section, actomyosin can be visualized at least from 4-cell

stage through mRNA injections. However, the fluorescent intensity fluctuated with

the amount of mRNA injected. The injected mRNAs needed time to be translated

and the fluorescent protein had to mature. Therefore, the fluorescent signal was

only slightly detected at the 4-cell stage. The intensity increased throughout the

developmental processes, giving brighter, higher resolution images in the later stages.

syn21-lifeact-mKate2 mRNA injection is then useful for monitor overall P. dumerilii

spiral cleavage, as well as the cytoskeletal dynamics in the later spiral cleavages, but

limited for quantitative measurements during early spiral cleavage (starting at 4-cell

stage).

To visualize actomyosin earlier in development, I developed an alternative

labeling approach by directly injecting the fluorescently labeled Lifeact peptide and

thus skipped the protein translation process inside the zygote. There were two methods

to synthesize Lifeact peptide conjugated with a fluorescent compound. In the first

method, Lifeact was synthesized through a chemical reaction (Sequence: GVADLIKK

FESISKEEGGGGAPSAAGSK) with the optimal linker at the C-terminus. Then, the

first methionine of the peptide was removed and an additional lysine was included at

the C-terminus of the peptide for further fluorescent dye conjugation. The peptide

was next conjugated with TRITC fluorescent dye at the last lysine (Figure 3.8 A).

The peptide was diluted to 10 µg/µL and stored at −80 ◦C. A second method relied on

synthesizing the identical Lifeact-mKate2 peptide with the optimal linker as produced
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from the mRNA construct. In this case, the lifeact with the optimal linker and

mKate2 (6xhis-lifeact-mKate2 ) was sub-cloned into the expression vector pET30a. A

six-histidine site was included at the 5’ end of lifeact for protein purification. The

protein expression was done by bacteria and the fluorescence could be detected directly

in the bacteria culture before purification. The induced Lifeact-mKate2 protein was

then purified, diluted to 2 µg/µL and stored at −80 ◦C (Figure 3.8 B-D).

The Lifeact-TRITC peptide or Lifeact-mKate2 purified protein (diluted

to 500ng/µL) was injected into P. dumerilii zygotes and imaged at the desired

developmental stages. The Lifeact-TRITC protein showed barely any signals at the

cell cortex (Figure 3.8 A). However, the cortical actomyosin was seen right after the

injection with Lifeact-mKate2 purified protein and the signal persisted (Figure 3.8

B,C). The fluorescent signal could be imaged for up to 6 hr covering the four spiral

cleavages when imaging with a broad time interval (60 sec/time point or longer)

(Figure 3.9 A). This indicated that the embryogenesis was normal after Lifeact protein

injection. However, to monitor and measure the cortical actomyosin dynamics during

spiral cleavage, high temporal and spatial resolution imaging was necessary. Therefore,

when imaging at a temporal resolution of 5-8 sec, the injected protein persisted only for

up to 30 min covering one spiral cleavage (Figure 3.9 B). The injected protein localized

mainly to the cell cortex, and the actomyosin network was clearly labeled (Figure

3.8 C). Other F-actin structures in the cells were also labeled such as the cytokinetic

ring during the first spiral cleavage (Figure 3.8 C) and an actin accumulation around

the nucleus prior to nuclear envelope breakdown (Figure 3.8 B). These observations

coincided perfectly with the F-actin labeling in the fixed embryos (Figure 4.4 B)

and indicated that the Lifeact-mKate2 recombinant protein is a powerful tool for

investigation of actomyosin dynamics during early spiral cleavage.
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3. live-imaging of cytoskeleton dynamics during early P. dumerilii spiral cleavage

Figure 3.8.: Actin labeling in early P. dumerilii embryos by Lifeact protein
injection. (A) Injection of chemically synthesized Lifeact conjugated to TRITC
into the zygotes did not label actin in the living P. dumerilii embryo during 4-cell
stage. (B-C) Synthesized and purified Lifeact-mKate2 protein was injected into the P.
dumerilii zygote. The Lifeact-mKate2 protein labeled the different actin components
of the cells at 4-cell stage: actin fibers of the cell cortex (arrow) and actin accumulation
around the nucleus prior to nuclear envelope breakdown (arrowhead). (D) Control
experiment with mKate2 protein injections into the P. dumerilii zygote. No specific
cellular localization was observed. The panel C showed an optical cross section while
A, B, and D were the projected images showing the whole cells. Scale bars: 20 µm

(A), 15 µm (B-D).
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3.4. Protein synthesis and injection for early labeling of actomyosin

Figure 3.9.: Durability of the injected Lifeact-mKate2 protein under
live-imaging. (A) Lifeact-mKate2 protein was injected into the zygote and the
imaging was started at the 4-cell stage with a 30-second temporal resolution. The
fluorescent signal can be observed for more than 2 hr of continuously imaging but it
decreased through time. (B) When the injected embryos were imaged with a 5-second
temporal resolution, the fluorescent signal decreased dramatically during the 30 min of
imaging. The first spiral cleavage was captured within the time span. The images were
taken from the side view. The format of the timestamp is hr:min. Scale bar: 20 µm.
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dumerilii spiral cleavage

In the previous chapters, I have described the dynamics of cytoskeletal elements during

spiral cleavage. Next, I wanted to understand the function of these elements during

spiral cleavage. I was particularly interested in the role of the actomyosin cortex, since

striking changes in the cell shape took place during spiral cleavage.

Both the synthetic Lifeact-mKate2 protein and syn21-lifeact-mKate2 mRNA

can label actomyosin of the early embryos. But different strategy was selected for

different experimental purposes. In this chapter, the live-recorded movies were achieved

by mRNA injection, which performed better signal intensity throughout long-term

imaging. For particle image velocimetry analysis, both the protein and mRNA injected

embryos were included to achieve the best signal-noise quality.
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4. Contribution of actomyosin to P. dumerilii spiral cleavage

4.1. Actomyosin distribution analysis in early

developing P. dumerilii embryos

Imaging of the early development of the P. dumerilii embryos by regular mRNA

injection into the zygote was not successful due to the relatively short cell cycle of the

embryos, which caused low expression of the fluorescent protein under investigation.

To overcome this, I designed the mRNA construct syn21-lifeact-mKate2 (described in

Section 3.3), which resulted in an increased translation efficiency (syn21) and protein

binding/stability (optimal-linker) and allowed for an early visualization of actomyosin

in the P. dumerilii embryos.

4.1.1. Asymmetric actomyosin distribution during the first two

embryonic cleavages

Important cytoskeletal arrangements took place in the two asymmetric divisions of the

zygote immediately prior to spiral cleavage (Section 2.2.1). Therefore, I wanted to study

this in the living embryo. Large volume of syn21-lifeact-mKate2 mRNA (concentration

of 600ng/µL) was injected into the zygote to reach a detectable fluorescent level of

actomyosin before the first cell division. This labeling strategy allowed me to visualize

both the cortical and cytosolic F-actin in the zygote. The cortical actomyosin labeling

was much brighter than the cytosolic F-actin proportion (Figure 3.7 A,B). Moreover,

cortical actomyosin is localized asymmetrically with a greater segregation toward

the animal pole compared to the vegetal pole (Figure 3.7 B). Maximum intensity

projections showed the same, but also that cortical actomyosin of the P. dumerilii
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4.1. Actomyosin distribution analysis in early developing P. dumerilii embryos

embryo formed a dense fibrous network (Figure 3.7 C,D). The cytosolic actomyosin

network enveloped the nutritional vesicles and might play a role in reorganizing/moving

the cellular compartments during early embryogenesis (Figure 3.7 B).

Injections with lower syn21-lifeact-mKate2 mRNA concentration (200ng/µL)

resulted in higher viability, around 80%, of the injected embryos. The Lifeact-mKate2

signal of the normally developing embryos remained low during the first cleavage,

but it was clear that the cortical actomyosin segregated asymmetrically within the

blastomeres (Figure 4.1). Both in the AB and CD blastomeres, the actomyosin was

largely located at the animal pole and at the side of the embryo (Figure 4.1 A,B). The

cytokinetic ring formed at the actomyosin-abundant side of the blastomere during the

second asymmetric embryonic cleavage, resulting in the bigger A and D cell, respectively

(Figure 4.1 C). More Lifeact-mKate2 protein has matured after the cleavage, which

resulted in an increase in the actomyosin signal at 4-cell stage (Figure 4.1 D). The

asymmetric distribution of actomyosin toward the animal pole was also detected in

all the four macromeres, and the cell contact had higher actomyosin signal (Figure

4.1 D). From the phalloidin stained fixed embryos in Figure 2.4, I described that the

asymmetric cytokinetic ring formation started from the animal pole during the first two

spiral cleavages, which was the actomyosin-abundant side of the blastomeres. These

observations indicated that actomyosin may play a role in defining cell asymmetry,

both in the first two asymmetric embryonic cleavages as well as in the first spiral

cleavage.
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4. Contribution of actomyosin to P. dumerilii spiral cleavage

Figure 4.1.: Actomyosin localization in early P. dumerilii embryos. (A, B,
C) Actomyosin was visualized from 2-cell stage with asymmetric distribution. It was
largely distributed at the animal pole (A, arrow) as well as toward the future B and C
cell side (B and C, arrowhead). (D) Actomyosin was distributed largely toward animal
pole (arrow) and the cell contact (asterisk) at the 4-cell stage. A, D: side view. B, C:
animal view. Scale bar: 10 µm.

4.1.2. Actomyosin labeling by Lifeact during spiral cleavage

After the injection of (200ng/µL) syn21-lifeact-mKate2 mRNA and continuously

imaging, the Lifeact-mKate2 expression still increased during spiral cleavage, making

the observation and measurement of actomyosin dynamics more reliable. Actomyosin

was more abundant at the cell contact of the 4-cell embryos, and prior to the cell

division it accumulated around the cleavage furrow (Figure 4.2 A). A change in cell

division axes became apparent as a deformation in the cell boundary between the

four macromeres was detected (Figure 4.2). The cytokinetic ring was abundant in

actomyosin from the telophase until the end of the first spiral cleavage (Figure 4.2

Telophase). The actomyosin in the micromeres were evenly distributed at the cell

cortex in each blastomere throughout the spiral cleavages (Figure 4.2 B-D).

To summarize, when providing Lifeact-mKate2 to the zygote by mRNA

injections, the fluorescent signal of Lifeact-mKate2 increased for each cell cycle. I did
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4.1. Actomyosin distribution analysis in early developing P. dumerilii embryos

not observe asymmetric mRNA segregation between the blastomeres because all the

cells showed fluorescent signal. The injected embryos developed into trochophore larvae,

and the fluorescent signal was visible for more than five days of development, indicating

that the mRNA, injection, and the imaging processes did not dramatically influence

P. dumerilii embryogenesis. These results also suggested that syn21-lifeact-mKate2

mRNA injection for actomyosin labeling was a potential method for long-term tracking

of the actomyosin dynamics without interfering with the development of the larvae.

123



4. Contribution of actomyosin to P. dumerilii spiral cleavage

Figure 4.2.: Actomyosin distribution during spiral cleavage.
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4.2. Actomyosin dynamics during cell division in micromeres and macromeres

Figure 4.2.: Actomyosin distribution during spiral cleavage. The embryo was
injected with syn21-lifeact-mKate2 mRNA into the zygote and imaged with spinning
disk confocal microscopy from 4-cell stage and during spiral cleavage. (A) The first
spiral cleavage. (B) The second spiral cleavage. (C) The third spiral cleavage. (D)
The fourth spiral cleavage. (A-D) The expression of Lifeact-mKate2 was visible at
4-cell stage, especially at the cell-cell contact sites (A, arrow). The signal increased
through time, and the cytokinetic ring was observed during the telophase of this
cleavage, indicated with the asterisks. (B-D) The Lifeact-mKate2 expression increased
throughout the development and it didn’t interfere the embryogenesis. The blastomeres
at the animal pole were labeled with cell lineage IDs. The images were taken from the
animal view. The format of the timestamp is hr:min. Scale bar: 10 µm.

4.2. Actomyosin dynamics during cell division in

micromeres and macromeres

Since actomyosin can be monitored from at least the beginning of the spiral cleavage,

how it contributed to the blastomeres behavior was investigated. Here I showed the

divergent actomyosin behaviors in the micromeres and macromeres (Section 4.2.1),

which may play a role in the differences of the cell division of these blastomeres, and a

conserved, novel function of actomyosin in both micromeres and macromeres, which

may trigger cell division during early P. dumerilii cleavages (Section 4.2.2).

4.2.1. Distribution of cortical actomyosin during cell division

In Section 2.6, I have shown that the cellular behavior of cell division of the micromeres

and the macromeres was different. The micromeres had perpendicular cell division

axes between consecutive cell divisions, while the nuclei of the macromeres migrated
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4. Contribution of actomyosin to P. dumerilii spiral cleavage

from one side of the cell to the other side between each spiral cleavage (Figure 2.16).

To understand whether the actomyosin distribution and dynamics are also different

between micromeres and macromeres, I live-imaged syn21-lifeact-mKate2 mRNA

injected embryos from the lateral view to cover both cell types.

The actomyosin distribution was homogenous in the cell cortex of the

micromeres during the interface (Figure 4.3 A). An accumulation of actomyosin to the

cytokinetic ring was only observed during cytokinesis. The actomyosin distribution in

the macromeres was different from the micromeres. Both the cytosolic and cortical

actomyosin was localized at the animal side of the macromere, where the nucleus

was located during the interface (Figure 4.3 A). When the cell divided, a clear

actomyosin-abundant region was detected toward the animal pole of the embryo,

whereas a lack of actomyosin was observed at the vegetal side of the macromeres

(Figure 4.3 A,B). Moreover, the boundary of the actomyosin-abundant region was

the location, where the cytokinetic ring was formed (Figure 4.3 B). The asymmetry

remained until the end of the cytokinesis, and a major proportion of actomyosin

was segregated into the daughter micromere (Figure 4.3 C). Following cytokinesis,

the daughter macromere expressed cytosolic actomyosin, which localized around the

nucleus (Figure 4.3 D). Because the nucleus of the macromere was at the animal side

of the it, the expressed actomyosin was also localized at the animal side. Therefore,

the macromere kept actomyosin asymmetry for the next spiral cleavage.
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4.2. Actomyosin dynamics during cell division in micromeres and macromeres

Figure 4.3.: Actomyosin distribution in the macromeres and micromeres.
The zygote was injected with syn21-lifeact-mKate2 mRNA to label actomyosin. The
third spiral cleavage was captured and a macromere (ma) was marked with a blue
dashed line while a micromere (mi) with a yellow dashed line. Both the cortical and
cytosolic proportion of actomyosin can be detected but cortical was predominant in
the projected images. The signal around the newly formed nucleus (D, asterisk) was
an example of the cytosolic actomyosin since the macromere side lacked of cortical
actomyosin during division. The images were taken from the side of the embryo.
Asterisk: nucleus. Dashed line: cell outline. The format of the timestamp is hr:min.
Scale bar: 20 µm.

4.2.2. Cytosolic actomyosin accumulates at the nuclear

envelope before cell division

Cytosolic actomyosin dynamics was also correlated to the cell cycle. There was no

specific actomyosin localization at the interface. However, when the cells entered the

prophase of cell division, dramatic actomyosin accumulation at the nuclear envelope

was detected prior to the nuclear envelope breakdown (Figure 4.4 A). The actomyosin

was recruited from every direction surrounding the nuclear envelope and this process

decreased substantially the cytosolic actomyosin pool. The recruitment of actomyosin

took around 10 min and it’s released following nuclear envelope breakdown occurring

within the next 2 min. A homogeneous actomyosin distribution was observed, indicating

that the nuclear envelope was no longer presence. The accumulation of cortical
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4. Contribution of actomyosin to P. dumerilii spiral cleavage

actomyosin was detected during the anaphase and the cytokinetic ring formed a few

minutes after to complete the cell division. To verify the accumulation of cytosolic

actomyosin by Lifeat-mKate2 labeling, the fixed embryos were stained with phalloidin

at the prophase of cell division while nuclear envelope breakdown was progressing.

I observed that the nuclear envelope became actin-rich with the recruitment of the

mitotic spindles, indicating that Lifeact-mKate2 indeed labeled actin fibers in P.

dumerilii (Figure 4.4 B). Actomyosin labeled with SiR-actin dye showed the same

result (Figure 3.1 C). Thus, my syn21-lifeact-mKate2 mRNA construct allowed for

fast tracking of actomyosin dynamics during early embryogenesis. In P. dumerilii,

this has allowed me to describe the cortical and cytosolic actomyosin dynamics with

relation to cell division in micromeres and macromeres.
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Figure 4.4.: Cytosolic actomyosin dynamics during cell division in living
or fixed P. dumerilii embryos.
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Figure 4.4.: Cytosolic actomyosin dynamics during cell division in living or
fixed P. dumerilii embryos. (A) Embryos were injected with syn21-lifeact-mKate2
mRNA and imaged at 32-cell stage. Actin accumulated at the nuclear envelope before
the nuclear membrane breakdown and the event lasted around 10 min. The cytokinesis
started followed by the nuclear envelope breakdown. The cleavage furrow was indicated
with the arrowhead. Asterisk: nucleus. (B) The accumulation of F-actin was stained
in the fixed specimen with phalloidin staining. The mitotic spindles were labeled with
anti-α-tubulin antibody by immunofluorescence (green) and the nuclei were labeled
with DAPI (blue). The accumulation occurred during prophase of cytokinesis. Arrow:
the accumulation of F-actin at the nuclear envelope. The format of the timestamp is
hr:min. Scale bar: 20 µm.

4.3. Quantitative analysis of actomyosin dynamics

during the first spiral cleavage

Actomyosin is the key cytoskeletal component to generate the mechanical forces for

cell deformation and division plane determination. In C. elegans, actomyosin counter

rotations play a critical role in setting up the division plane in the 4-cell embryo leading

to the left-right symmetry breaking event (Naganathan et al., 2014). Therefore, I

wanted to investigate whether the cortical actomyosin dynamics contributes in the

division plane determination during the first spiral cleavage, which is the key factor of

the chirality in spiralians.

To be able to track the cortical actomyosin movement in real-time, the

embryos were injected with fluorescent lifeact mRNA or protein into the zygote.

The criteria for selecting the appropriate labeling strategy was that the fluorescent

signal had to be bright enough for quantitative measurements at 4-cell stage, stable

for long-term live-imaging, and not affecting embryogenesis significantly. Various
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fluorophore conjugated lifeact mRNAs with different UTR modifications have been

tested as described in Section 3.3. Of these, the syn21-lifeact-mKate2 mRNA construct

showed the earliest (1-cell stage) and highest stable fluorescence expression (Figure

4.1). Furthermore, purified Lifeact-mKate2 protein, which was expressed in bacteria,

labeled actomyosin as early as in the zygotes. Although the fluorophore amount was

fixed after the inject, the signal was bright enough for 30-minute live-imaging at a

5-second temporal resolution (Figure 3.9). Therefore, both the mRNA and protein

were selected for investigating actomyosin dynamics in P. dumerilii.

After injection, the embryos were mounted in 0.4% agarose and incubated

at 18 ◦C until 4-cell stage. The embryos were imaged with a 5-second temporal

resolution covering 30 µm with 0.5 µm optical section. The Lifeact-mKate2 protein

injected embryos were imaged for 30 min until the end of the first spiral cleavage.

The syn21-lifeact-mKate2 mRNA injected embryos were imaged until the end of the

fourth spiral cleavage. Each blastomere captured was re-orientated with the Fiji plugin

BigDataViewer to view the image stack from the cytokinetic ring. Then the images

were projected with maximum intensity method. Therefore, each blastomere had a

unique view from the side of it. The digital correction of the observation plane also

made the tracking and analysis of actomyosin dynamics around the cytokinetic ring

more precisely.

Particle image velocimetry (PIV) is a technique to measure fluid flows (Willert

& Gharib, 1991). The Grill lab, MPI-CBG, Germany, has adapted PIV to analyze the

cortical actomyosin dynamics (Naganathan et al., 2014; Pimpale et al., 2019). For the

calculations of the actomyosin dynamics during spiral cleavage in P. dumerilii, the

selected time frames were based on the cell cycle events of each blastomere, starting from
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the anaphase, where an accumulation of actomyosin around the forming cytokinetic

ring was seen, till the telophase of the cell division, where the ingression of the cleavage

furrow was detected. The analytic area was defined relative to the cytokinetic ring.

Two opposing rectangular region-of-interests parallel to the cytokinetic ring were

defined and the velocity vectors from each region were summed up to get a proxy for

the flow orientation around the cytokinetic ring (Figure 4.5 A-D). The component of

the vector parallel to the cytokinetic ring was measured and the actomyosin counter

rotational velocity was calculated with the following equations:

−→
Vc =

−→g1 ×
−→
V1y +

−→g2 ×
−→
V2y (4.1)

Equation 4.1.: Counter rotational velocity equation. The direction of the
velocity vectors

−→
V1y and

−→
V2y are corrected by the directional vectors −→g1 and −→g2 .

Therefore, the result represents the counter rotational velocity
−→
Vc .

|−→g1 | = |−→g2 | = 1 (4.2)

Equation 4.2.: Chiral rotational direction equation. The directional vectors
−→g1 and −→g2 are both with the value of 1 pointing toward opposite directions.

The asymmetric distribution of cortical actomyosin in the macromeres made

it difficult to analyze the counter rotation at the macromere side (with weaker signal)

of the cytokinetic ring (example see Figure 4.3). Furthermore, the macromeres of the

fourth spiral cleavage were located inside of the embryo. The micromeres at the animal

pole and the oil droplets in the macromeres at the vegetal pole also made it difficult to

image cortical actomyosin of these macromeres (3Q blastomeres) no matter from which
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direction. Therefore, neither imaging from the animal pole nor from the vegetal pole

gave qualified images for PIV. For these given reasons, only the macromeres during

the first to third spiral cleavage, and the micromeres of the second to the fourth spiral

cleavage were analyzed from a lateral view (Figure 4.5 B).

PIV showed that both the macromeres of the 4-cell (A, B, C, and D) and

the 8-cell (1A, 1B, 1C, and 1D) stage performed cortical actomyosin counter rotation

during cell division. The cortical actomyosin generated 2.437 ± 0.595 µm/min counter

rotational velocity in the macromeres of the first spiral cleavage, and 2.816 ± 2.406

µm/min in the second spiral cleavage. Actomyosin also showed a significant counter

rotational pattern during the second spiral cleavage in the micromeres (2.882 ± 0.922

µm/min), but not in the third and the fourth spiral cleavage (Figure 4.5 E). These

observations indicated that the behavior of the macromeres and the micromeres may

be different during cell division. The actomyosin of the macromeres may actively

tune the division axis, while the micromeres have the division angle set during the

interface and divide passively according to the previous cleavage. These calculations

suggested that the macromeres are the main actors in creating an inclination in the

cell division axis during spiral cleavage, whereas the micromeres follow an usual cell

division pattern.
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Figure 4.5.: Chiral counter-rotational velocity of cortical actomyosin during
spiral cleavage.
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Figure 4.5.: Chiral counter-rotational velocity of cortical actomyosin during
spiral cleavage. Actomyosin was labeled with syn21-lifeact-mKate2 mRNA or
Lifeact-mKate2 protein and imaged at the first spiral cleavage with a 5-8 second
temporal resolution and 0.5 µm optical sectioning covering 30 µm thickness. (A) The
scheme of particle image velocimetry (PIV) with the modified PIVlab by the Grill lab
in MPI-CBG, Germany. The gray gradient illustrated actomyosin concentration. Two
regions of interest, ROI1 and ROI2, with the width of 7.5 µm and length of visible
cortical actomyosin in the images located at either side of the cytokinetic ring. Each
ROI started 3 µm from the cytokinetic ring to prevent the bias from the ingression of
the ring. Seven time frames (data points) during cytokinesis were analyzed from each
biological replications. At lease three biological replications were analyzed in each
group (shown in E). −→g2 and −→g2 directional vectors were taken into account to calculate
counter rotational flow rate. The velocity in y axis (

−→
V1y and

−→
V2y) were responsible for

−→
Vc . (B) An example image during cytokinesis showed actomyosin gradient. Scale bar:
30 µm. (C) Chiral velocity (Vc) was measured and plotted from the image. Magenta
and green arrows showed velocity vectors in different y directions. (D) ROIs were
plotted on (C). (E)

−→
Vc of various blastomeres during each spiral cleavage were plotted

with mean (the blue dashed lines) and 95% SEM (gray area). The numbers in each
graph indicated the mean Vc value.

4.4. Mitotic spindle inclination during spiral

cleavage

In Section 2.2.2, I’ve shown that the mitotic spindles inclined during the first spiral

cleavage (Figure 2.4), and the perpendicular division axes were detected during the

second through the fourth spiral cleavage forming a spiral looking embryo with the

four clonal domains, one for each blastomere lineage (Figure 2.7, 2.8, 2.9, 2.10). The

quantitative measurements of the cortical actomyosin dynamics revealed that the

counter rotation at the cytokinetic ring was detected in the macromeres (Figure 4.5).

This indicated that the macromeres contributed with the major biophysical forces
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for cell positioning resulting in the spiral cleavages. Combining these observations, I

hypothesized that the cortical actomyosin counter rotation may actively position the

spindles and thus determine the final division plane in the macromeres.

To investigate real-time spindle inclination within each spiral cleavage, the

embryos were injected with lyn-mCherry and emtb-3xgfp mRNA and imaged with

a 30-second temporal resolution from the animal pole. Both the plasma membrane

and the mitotic spindles can be detected from the 4-cell stage (Figure 3.2). The four

blastomeres at the animal pole of each spiral cleavage were investigated. As described in

Figure 4.6, it showed that during the first spiral cleavage, the angles of the macromeres

were less during the metaphase and increased along the progression of cell division

(Figure 4.6 A). The cell deformation can also be seen at the anaphase and telophase

of this cleavage, resulting in the dextral positioning of the micromeres (Figure 4.6 A).

This was in accordance with the observations and description in the previous chapters

(Chapter 2 and 3) based on various experimental and imaging techniques. Therefore,

the cytoskeletal dynamics was active and played critical roles in the macromeres of

the first spiral cleavage. However, as shown in Figure 4.5, actomyosin counter rotation

was not observed in the micromeres of the third and fourth spiral cleavages. Therefore,

I hypothesized that the division axes are determined prior to these cell divisions, and

the cell division proceeds to separate the daughter micromeres. The movies showed

that the division plane was pre-determined in the micromeres. The inclination angle

remained unchanged throughout cytokinesis. Following cytokinesis one micromere was

separated into two daughter micromeres along the cell long axis determined in the

interface (Figure 4.6 B-D).
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4.4. Mitotic spindle inclination during spiral cleavage

Figure 4.6.: The cell long axis dynamics during spiral cleavages.
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4. Contribution of actomyosin to P. dumerilii spiral cleavage

Figure 4.6.: The cell long axis dynamics during spiral cleavages. The
zygotes were injected with the membrane marker lyn-mCherry and microtubule marker
emtb-3xgfp and live-imaged from the animal view. (A-D) The mitosis of the four spiral
cleavages was captured. The cell outline of the B lineage was marked with the white
dashed lines. The long axis of the cell and the mitotic spindle vector was indicated
with the white arrow (Vs). And the reference embryonic axis toward the animal pole
was marked with the yellow dashed arrow (Ve). The format of the timestamp is hr:min.
Scale bar: 10 µm.

To measure the progress of the spindle inclination during spiral cleavage, I

defined two directional vectors inside the embryo and calculated the spindle inclination

angle. The embryonic vector (Ve) was defined as the vector from the outer mitotic

spindle toward the center of the embryo (Figure 4.6, yellow dashed lines), and the

spindle vector (Vs) was defined as the vector from the outer mitotic spindle toward the

inner one (Figure 4.6 A-D, white dashed lines). The spindle inclination angle was then

the angle between the two vectors. The spindle inclination angle of the macromeres

during the first spiral cleavage and the micromeres at the animal pole during the second

to the fourth spiral cleavage were measured and plotted on Figure 4.7. The inclination

angle was significantly increased from the metaphase (12.63 ◦ ± 7.16 ◦), anaphase

(24.93 ◦ ± 8.88 ◦), to telophase (32.63 ◦ ± 9.13 ◦) in the macromeres (Figure 4.7, red

boxes). However, the angle was set up in the micromeres during the metaphase (27.51 ◦

± 3.69 ◦ during the second, 26.84 ◦ ± 3.22 ◦ during the third, and 21.24 ◦ ± 2.95 ◦

during the fourth spiral cleavage), which were greater than the initial inclination angle

of the macromeres during the first spiral cleavage, and remained constant throughout

the cytokinesis (Figure 4.7, blue, black, and green boxes). The inclination angle of the

micromeres at the fourth spiral cleavage was slightly decreased, from 21.24 ◦ ± 2.95 ◦

to 17.94 ◦ ± 2.45 ◦ due to the movement of the neighbor blastomeres. The cell axis

was not changed during the division. With these measurement, it was claimed that
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4.4. Mitotic spindle inclination during spiral cleavage

the physical actomyosin counter rotational force was generated from the macromeres,

resulting in the inclination of the mitotic spindles and cell division plane determination,

leading to the spiral cleavage in P. dumerilii.

Figure 4.7.: Measurement of the cell long axis dynamics between cleavages.
(E) The cell orientation θ was defined as the angle between Ve and Vs, illustrated
at the top right corner of the plot (also indicated in Firgure 4.6). A, B, C, and D
macromeres were analyzed during the first spiral cleavage (red boxes). Moreover,
the micromeres located at the animal pole of the second, third, and fourth spiral
cleavages were measured and plotted with the blue, black, or green boxes, respectively.
n(First.Metaphase)=328, n(First.Anaphase)=167, n(First.Telophase)=251, for all the
rest groups, n=36.
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4. Contribution of actomyosin to P. dumerilii spiral cleavage

4.5. Contribution of the cytoskeletal components to

the first spiral cleavage

As shown in Section 2.2.2, the mitotic spindles inclined during the first spiral cleavage

(Figure 2.5, 2.6). The inclination started from the metaphase throughout the whole

cell division (Figure 2.5 C). Then the perpendicular division axes were observed during

the remaining three spiral cleavages suggesting that different cellular mechanisms

might control the first spiral cleavage versus the subsequent spiral cleavages, resulting

in an embryo with four clonal domains and whose blastomeres had a spiral looking

orientation when looking from the animal view (Figure 2.10). It showed that the

spindle inclination was mainly detected during the first but the second to the fourth

spiral cleavage (Figure 4.6, 4.7). And Vc was detected mainly in the first two spiral

cleavages (Firgure 4.5). Therefore, here I focused on the mechanisms controlling the

first spiral cleavage to understand the relationship of each cytoskeletal component in

this process.

4.5.1. The chemical treatments targeting cytoskeletal elements

The shift in cell positioning during the first spiral cleavage was achieved by a

combination of an inclination of the mitotic spindle, a deformation of the cell membrane,

and the closure of the cytokinetic ring (Kuroda, 2014). These cellular processes required

cytoskeletal elements including microtubules and actomyosin (Shibazaki et al., 2004).

To elucidate whether spindle inclination or cell orientation determination is required for

spiral cleavage to occur, the embryos were treated with exogenously applied chemicals
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4.5. Contribution of the cytoskeletal components to the first spiral cleavage

targeting microtubule, actin, or myosin.

To disrupt microtubule function, the commonly used drugs in cell biology

colchicine and nocodazole were selected. Colchicine binds to soluble tubulin and form

tubulin-colchicine complexes. These poorly reversible complexes then bind to the

end of microtubules and stop microtubule elongation. Therefore, colchicine arrests

microtubule growth. Moreover, it promotes microtubule depolymerization at high

concentration. It’s been used for cell cycle studies since it results in cell cycle arrest

in the metaphase (Taylor, 1965). Nocodazole disrupts microtubules by binding to

β-tubulin, thus interfering with tubulin polymerization. It’s been largely used in cell

biological studies, especially for flow cytometry, because it makes cell cycle arrest in

G2/M phase (Blajeski et al., 2002). Therefore, either colchicine or nocodazole was

applied to the developing P. dumerilii embryos to elucidate the roles of microtubule

in spiral cleavage.

Actomyosin is asymmetrically distributed from 1-4 cell stage and in the

macromeres of P. dumerilii (Figure 4.1, 4.3). And it plays critical roles in maintaining

or changing the cell shape (Roh-Johnson et al., 2012), in cytokinesis (Kitanishi-Yumura

& Fukui, 1989; Sedzinski et al., 2011; Cheffings et al., 2016; Spira et al., 2017; Dekraker

et al., 2018), in cell polarity (Wedlich-Soldner et al., 2003; Munjal & Lecuit, 2014;

Autenrieth et al., 2016; Raman et al., 2018; Saha et al., 2018), and in positioning

of the cytosolic components (Ma & Taylor, 1994; Even-Ram et al., 2007; Joo &

Yamada, 2016). To investigate which components of actin filaments and actomyosin

are crucial to spiral cleavage, various commonly used chemicals, latrunculin A, CK-666

and SIMFH2, were applied to P. dumerilii embryos. Latrunculin A is a toxin produced

by the sponge Latrunculia and Negombata, which binds to actin monomers at the
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barbed side of the actin filaments where actin nucleation takes place. Therefore, it

blocks the end of F-actin and prevents polymerization. This F-actin disruption is then

sufficient to make morphological changes to the mammalian cells (Coué et al., 1987).

CK-666 is a chemical targeting the actin cytoskeleton regulator Arp2/3 complex. Two

of the Arp2/3 subunits, the Actin-related-protein Arp2 and Arp3 resemble monomeric

actin structure and serves as nucleation positions, binding to the existing filament and

forming new actin filaments. Therefore, the connection of the branched actin forms the

actin network. CK-666 binds to Arp2/3 to stabilize the inactive state of the complex,

and therefore it inhibits the formation of actin branching structures. It’s been used

for studying the function of Arp2/3 and its influence on the F-actin network (Nolen et

al., 2009; Hetrick et al., 2013). SMIFH2 is an inhibitor targeting Formin homology 2

domain. Formins are a group of Rho-effector proteins involved in actin polymerization,

especially in the formation of parallel actin fibers forming close to the cleavage furrow

during cell division. SMIFH2 therefore inhibits Formin-mediated actin assembly by

disrupting Formin dependent processes (Rizvi et al., 2009; Isogai et al., 2015).

Regarding the inhibition of the motor protein non-muscle-myosin or its related

pathways, several commonly used chemicals such as blebbistatin and Y-27632 were

used to treat the P. dumerilii embryos. Blebbistatin is a myosin II inhibitor, which

inhibits myosin ATPase activity and interferes with actomyosin-based motility. It

binds between the nucleotide binding pocket and the actin binding cleft of myosin

in an actin detached conformation (Shu et al., 2005). Y-27632 is a chemical used to

interfere rho-associated protein kinase (ROCK) signaling pathways, which selectively

inhibits p160ROCK . ROCK catalyzes myosin light chain phosphorylation, resulting in

actin fiber contraction. It affects cellular function in multiple levels, including cell

morphology, G1/S cell cycle transition, and cytokinesis (Ishizaki et al., 2000; Narumiya
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et al., 2000).

The chemicals were dissolved in the recommended solvents (EtOH or DMSO,

see Section 7.3.10) to make the stock solution, then they were diluted with natural

seawater to 2x of the working concentration just before the beginning of the experiment

to prevent aggregation or decomposition. First, the embryos were incubated in

one volume of natural seawater. Then, they were mixed with one volume seawater

containing the 2x concentrated chemical at the beginning of the 4-cell stage, around

120 mpf, for 20 min until the embryos in the mock control group started to divide. The

embryos were fixed and the cytoskeletal elements were labeled by immunofluorescence

or chemical dye staining.

4.5.2. Cell division axis is not affected upon microtubule

depolymerization

In the mock controls, the mitotic spindles oriented in the direction of animal-vegetal

axis at the metaphase and inclined in a dextral manner throughout the first spiral

cleavage (Figure 4.8 A) as described in Section 2.2.2. Nocodazole treated embryos

lost the mitotic spindles due to the tubulin depolymerization effect of the chemical.

Partial microtubule signal remained in the 0.005 µm nocodazole treated embryos, but

no microtubules were detected under 0.01 µm nocodazole treatment (Figure 4.8 B,C).

The nuclei of A and B macroomeres were closer to each other, as in the C and D

macromeres, indicating that the nucleus migration to each end required the presence of

microtubules (Figure 4.8 B,C). Without the pulling forces from the mitotic spindles at

the end of the second embryonic cleavage, the nuclei cannot be positioned to the center

143



4. Contribution of actomyosin to P. dumerilii spiral cleavage

of the daughter macromeres at 4-cell stage and remained closer to the position as in

the previous cell cycle. However, the cytokinetic ring was detected at the right position

without the presence of the mitotic spindles, indicating that the cell division plane

was irrelative to the presence of the mitotic spindles during the first spiral cleavage

(Figure 4.8 B,C). When the embryos were injected with the syn21-lifeact-mKate2

mRNA and microtubule marker emtb-3xgfp mRNA into the zygote, soaked in 0.005%

colchicine and live-imaged, the mitotic spindles were not detected due to the tubulin

depolymerization effect of the colchicine, but the cell division plane was present in a

dextral manner as in the controls (Figure 4.8 D, also see Appendix A.5 for detailed

experimental design). The inclination of the long axes of all the four blastomeres

were observed as in the control. Although the cell division was not achieved due

to lack of mitotic spindle, the potential of dextral orientation of the division axes

and the accumulation of actomyosin for cytokinetic rings indicated that, first, the

animal-vegetal orientation of the cell was decided very early in the cell cycle during

4-cell stage. And second, the initiation of spiral cleavage (division axes inclination)

was not mainly controlled by the microtubules nor the mitotic spindles.

4.5.3. Cortical actomyosin is essential for cell deformation and

microtubule orientation

In mock control embryos (0.5% EtOH), the cortical actin was clearly labeled during

the first spiral cleavage (Figure 4.8 E). On the contrary, phalloidin staining (labeling

actin) was weaker or not visible and the cell division did not complete when the

embryos were treated with latrunculin A at two concentrations (0.75 µm and 1.5 µm

latrunculin A). This indicated that latrunculin A successfully interfered with actin
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polymerization resulting in the abolishment of the actin network. Although actomyosin

was interfered, the mitotic spindles formed and were nicely labeled by immunostaining

(Figure 4.8 F,G). However, the spindle orientation was randomized both in the 0.75 µm

and 1.5 µm latrunculin A treated groups. It was shown in Figure 4.8 F that the

abnormal spindle orientation of A and B macromeres and, A, B, D macromeres in

Figure 4.8 G. When the embryos were injected with the cytoplasmic membrane marker

lyn-gfp, microtubule marker emtb-3xgfp, actomyosin marker syn21-lifeact-mKate2, and

nucleus marker h2b-mCherry mRNA into the zygote and live-imaged while soaked

in 0.75 µm latrunculin A at 4-cell stage for one cell cycle, it showed that the division

of the nuclear DNA was still processed, however, the division axes were randomized

as shown in the fixed embryos (Figure 4.8 H, also see Appendix A.5 for detailed

experimental design). Moreover, unlike the normal cell deformation and cleavage axes

determination in the abolishment of microtubule, the long cell axes of the macromeres

remained parallel to the animal-vegetal axis and no inclination was observed when

treated with latrunculin A (Figure 4.8 H). An interesting observation was that usually

the effects of latrunculin A was more severe to A and B blastomeres than to C and

D (Figure 4.8 F-H). This may be due to the cell size difference so that the chemical

effects on the bigger C and D blastomeres were less severe than on the smaller A and

B blastomeres. When the embryos were treated with CK-666, not all the blastomere

showed abnormal division axes. The effect of it to division angle was milder than

Latrunculin A and many embryos showed normal cleavage at 4-cell stage (Figure 4.8 I).

This may due to that CK-666 interfered the branch formation of the F-actin network

so only a subgroup of actin structure was affected, or the penetrance of this chemical

was not as efficient as other chemicals. On the other hand, the division axis was not

affected under SMIFH2 treatment (Figure 4.8 J). However, this could be because of
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the low solubility of SMIFH2 in seawater. Therefore, the chemical may have less effect

than the expectation and under other biological conditions at the same concentration.

These observations indicated that both the orientation of the mitotic spindles and the

final division axis were highly dependent on the contribution of cortical actomyosin,

resulting in the dextral blastomere organization of the first spiral cleavage.

The contribution of the motor protein myosin in actomyosin was tested

by treatments with the chemicals, blebbistatin or Y-27632. Blebbistatin has a low

solubility in seawater, therefore the effect varied from embryo to embryo. In the

embryos which were affected by the chemical, cortical actomyosin was hardly detected

with phalloidin staining, and the mitotic spindle orientation was abnormal, as in the

latrunculin A treated groups (Figure 4.8 K). The Y-27632 treated embryos showed a

change in the cell division plane. Abnormal mitotic spindle orientation was observed

in A and B macromeres. The division plane was perpendicular to the animal-vegetal

axis, rather than parallel to it. Although C and D macromeres showed parallel division

axis to the animal-vegetal axis, cell deformation was not observed, indicating that the

daughter micromeres might not shift in position in a dextral orientation compared

to the macromeres (Figure 4.8 L). These observations indicated that myosin activity

was also crucial for proper first spiral cleavage. Taken together, the treatments with

chemicals interfering with the actomyosin cortex indicated that actomyosin played

critical roles to determine the division plane, orientation of the mitotic spindles, and

cell positioning during the first spiral cleavage.
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Figure 4.8.: Cytoskeletal dynamics under chemical inhibitor treatments to
the early P. dumerilii embryos.

Figure 4.8.: Cytoskeletal dynamics under chemical inhibitor treatments
to the early P. dumerilii embryos. The embryos were treated with various
cytoskeletal inhibitors or myosin inhibitors at the 4-cell stage for 20 min. Then the
embryos were fixed and stained with the microtubule maker, DAPI, and phalloidin and
imaged by confocal microscope. (A, E) The normal P. dumerilii embryos performing
the first spiral cleavage showed a dextral spindle inclination of all the macromeres
(arrow indicated). (B, C) The embryos treated with 0.005 µm (B) or 0.01 µm (C)
nocodazole showed microtubule depolymerization. Microtuble was detected around
the MTOC at the low-dose nocodazole group (B) and there was no microtubule
signal detected with a high-dose treatment (C). The cytokinetic ring was indicated
with the asterisk. (D) Live-imaging of the colchicine treated embryo injected with
the membrane marker lyn-mCherry mRNA showed that the blastomeres had the
potential to perform a dextral orientation of the micromeres without the presence
of the mitotic spindles. The curved arrows indicated the division axes. (F, G) The
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embryos were treated with 0.75 µm (F) or 1.5 µm (G) latrunculin A at the 4-cell stage
for one cell cycle. The mitotic spindles showed random orientation, indicated by the
yellow arrows. The white arrows indicated normal orientation of the spindles. (H)
Live-imaging of the latrunculin A treated embryo injected with the membrane marker
lyn-mCherry, spindle marker emtb-3xgfp, and DNA marker h2b-mCherry mRNA. (I,
J) Neither CK-666 nor SMIFH2 showed dramatic division plane alternation during
the first spiral cleavage. The dextral orientation of the cleavage plane, the position
and closure of the cytokietic ring were similar to the normal embryos. (K) The
spindles were abnormally positioned, perpendicular to the animal-vegetal axis, under
100 µm blebbistatin treatment. The yellow arrows indicated the spindle axes. There
was no obvious animal-vegetal orientation of the spindles, therefore, the arrows were
double-headed. (L) Both the orientation of the mitotic spindle and the division plane
of the cytokinetic rings were interfered by 200 µm Y-27632 treatment. The yellow
arrows indicated the abnormal mitotic spindles orientation and the asterisks indicated
the position of the cytokinetic rings. For all the tested chemical treatments, more than
80% of the specimens showed the phenotype (n>100). Scale bar: 20 µm.

4.5.4. Mitotic spindle angle in the absence of microtubules or

cortical actomyosin

The spindle inclination angle of the chemical treated embryos (Figure 4.8) were

measured and plotted as described in Figure 2.5 A. The control group showed major

dextral inclination (average angle of 36.813 ◦) of the mitotic spindles (Figure 4.9 A).

The data of the control group was taken from Figure 2.5 and all the four macromeres

were pooled together. Therefore, this is the average spindle inclination angle of all the

division phases among the four macromers during the first spiral cleavage. The groups

treated with the microtubule inhibitors (nocodazole or colchicine) were not measured,

because of the abolishment of the microtubules. Embryos treated with latrunculin A

showed a random distribution of the mitotic spindles (average spindle angle of 0.65 ◦).

Around half of the spindles performed dextral inclination and the other half a sinistral
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inclination (Figure 4.9 B). This indicated that when actomyosin was interfered, the

spindles were unable to position properly during the first spiral cleavage. The effect

was milder in the CK-666 treated embryos (average spindle angle of 10.029 ◦) but still

showed significant difference to the control group. Some spindles showed sinistral

orientation after CK-666 treatment (Figure 4.9 C). This may be due to that CK-666

affects Arp2/3, which interferes with actin branching. Therefore, instead of a complete

abolishment of the F-actin network, only a subset of actin structure was influenced,

resulting in a partial abnormal mitotic spindle orientation. Although the solubility of

blebbistatin, which inhibits ROCK activity, was lower in seawater and precipitated

during treatment, it interfered division axes during 4-cell stage. The inclination angle

(average of 11.573 ◦) was significantly less than the control group when treated with

blebbistatin (Figure 4.9 D). Taken together, a decrease in the cortical actomyosin

or its motor activity led to an abnormal spindle angle and consequently abnormal

cell division axis. This can be a result of a lack of active spindle positioning by the

actomyosin cortex.

To sum up, the chemical treatment experiments have shown that the first

spiral cleavage can be divided into a series of events: first, the mitotic spindles were

organized along the animal-vegetal axis, giving this cleavage a general division axis.

Second, cell deformed during anaphase and this re-orientated the cell long axis. Third,

the mitotic spindle inclined into a dextral manner, coupled by cell deformation and

cytokinetic ring formation. Fourth, separation of chromosome mediated by microtubule

led the cell components to the micromeres or macromeres. Fifth, the cytokinetic

ring closure and further rotation of the whole micromere layer (by cell deformation)

increased the spindle inclination angle in telophase. And sixth, the four micromeres

were properly positioned through the motion of cytokinesis resulted in the completion
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of the first spiral cleavage (also summarized in Figure 6.1 in Section 6.1).

Figure 4.9.: Spindle angle measurement of the cytoskeletal element
inhibitors treated embryos during the first spiral cleavage. The embryos were
treated with the inhibitors at the 4-cell stage for one cell cycle and fixed. Microtubule,
DNA, and the plasma membrane were stained and imaged with the confocal microscope.
The spindle inclination angle was measured as the method discribed in Figure 2.5. (A)
The spindle inclination angle of the normal embryos. The data was collected from all
the macromeres of Figure 2.5. Most of them showed dextral orientation. (B) With
latrunculin A treatment, the mitotic spindles performed random distribution in the
blastomeres. (C) The spindle inclination angle decreased after CK-666 treatment.
(D) The spindle inclination angle decreased after blebbistatin treatment. The dashed
lines indicated the mean inclination angle. The alphabets behind the average angle
indicated statistical difference of the groups. n(Control)=540, n(Latrunculin A)=630,
n(CK-666)=206, n(Blebbistatin)=457.
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5. Discussion

Embryogenesis is a complex process starting from the zygote through rapid cell cycles,

cleavages, producing a cluster of cells, blastomeres, and finally grow into a functional

individual with differentiated cells forming various tissue, organs, and biological systems.

These processes require not only molecular and cellular signals, but also biophysical

mechanisms to achieve proper cell position and cell fate determination (see Introduction

1.5). In spiralians, the molecular signature of cells is well studied especially regarding

transcription factors and cell specific factors during later developmental stages. For

example, it’s been shown in P. dumerilii that the typical brain specification gene, otx,

is expressed anterior to the first segment defined by engrailed -expressing cell. And the

four segments of the embryo show the expression boundary of gbx, hox1, hox4, and

hox5, respectively (Steinmetz et al., 2011). The expression of these molecules controls

the differentiation of cells into different cell types and give the cell their function, e.g.,

neurotransmitters or cell membrane receptors such as GPCRs. However, less is known

regarding to the cellular and biophysical processes during the spiralian development.

During my PhD thesis I thus wanted to gain insight into the cellular and biophysical

mechanisms during the development of the spiralian P. dumerilii. I wanted to focus

on the early development, the spiral cleavage, which is crucial for the initial setting up
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of the body plan. Here I will present the main results and discuss them with respect

to what is known in other spiralians and phyla.

5.1. Visualization of the protein dynamics at early

spiralian embryogenesis

Spiral cleavage starts from the third embryonic cleavage, which divides each of the four

macromeres into a micromere at the animal pole and a macromere at the vegetal pole.

The relative position of the micromeres and the macromeres determines the division

direction of the remaining spiral cleavages. In L. stagnalis, it has been shown that

with external mechanical force against the first spiral cleavage, the division as well as

the following division axes and the whole animal chirality can be reversed (Kuroda et

al., 2009). Therefore, the biophysical influences on cell division may play a critical

role on the chirality of spiral cleavage. Biophysical processes are dynamic, so to study

cell positioning and the biophysical mechanisms behind, I wanted to perform mainly

live-imaging recordings and follow externally introduced fluorescent cellular markers.

To image the protein dynamics as early as at 4-cell stage, the best approach would be

to create transgenic animals with the target gene conjugated with a fluorophore. A

few transgenic spiralian lines are available, but they were generated using transposable

elements (Backfisch et al., 2013, 2014; Zantke et al., 2014). Considering the low output

of the gene editing with transposable element, the effort to generate the transgenic lines

and the generation time to obtain enough sexually maturing worms to be able to cross

two transgenic animals, and the various candidates of cytoskeletal elements targeted

for investigation, I focused on mRNA or fluorescent protein injection into the zygote
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and monitored embryogenesis. This strategy is easier and time-wise more efficient to

monitor multiple cytoskeletal components during embryogenesis. However, it requires

not only the embryos to develop normally after microinjection under live-imaging, but

also the experimental set-up to optimize the expression level of the injected mRNAs

or the stability of the injected proteins during early stages.

5.1.1. Different microscopy approaches for live-imaging of

spiral cleavage

A number of different microscope set-ups exist for live-imaging of the development.

Each set-up has its own advantages. I tested different set-ups, but finally chose to

use two approaches: light sheet fluorescence microscopy (LSFM) for whole-embryo

imaging or spinning disk confocal microscopy for fast-imaging (see Introduction 1.4).

In order to capture the isotropic images of the whole embryo throughout

development, the embryos were mounted in agarose/seawater and live-imaged by LSFM

in an incubation chamber filled with seawater and set to 18 ◦C. Previous studies have

shown that P. dumerilii embryos can be long-term live-imaged by light sheet laser

beam and hatch afterward (Handberg-Thorsager et al., unpublished). This indicates

that the early development is barely interfered, at least for the embryos chosen and

imaged, by injection into the embryos and live-imaging by LSFM. However, due to

the fast development of P. dumerilii embryos and the fact that imaging from five

illumination directions is required to reassemble an isotropic image, the highest possible

temporal resolution of this imaging technique is 90 sec, which is enough for tracking

the early cell lineage and record the overall cellular processes taking place during cell
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division, but too slow to quantify the dynamics of the cytoskeletal elements. Therefore,

spinning disk confocal microscopy was applied to examine actomyosin dynamics.

The spinning disk confocal microscopy is able to examine the embryos from

one chosen direction. Each frame can cover a 20-30 µm depth with 0.5 µm optical

sectioning. The frame rate is about 5-8 sec depending on the total depth of the

image stack. With these settings, actomyosin dynamics can be recorded and analyzed

by partial image velocimetry. However, due to the high scanning rate and the high

laser power, the fluorescent signal usually decreases within a short time. This makes

it difficult to live-image the actomyosin dynamics during the entire spiral cleavage.

Therefore, in order to increase the imaging durability and the signal intensity, I have

designed some strategies to optimize actomyosin expression in early P. dumerilii

embryos, which I will discuss below.

5.1.2. Optimization of transient fluorescent labeling during

spiral cleavage

It has been reported that injection of the mRNA encoding for a fusion protein with a

fluorescent protein is successfully translated in the P. dumerilii embryo (Özpolat et al.,

2017). However, most of the studies focused on the later stages such as segmentation

or organ specification (Özpolat et al., 2017), giving the mRNA enough time to get

translated and the protein to mature to obtain a strong fluorescent signal. When the

scientific interest, as mine, comes to earlier stages such as spiral cleavage, the studies

are mostly done by imaging the fluorescently labeled fixed embryos (S. Q. Schneider &

Bowerman, 2007; Lambert, 2010; Pfeifer et al., 2014; Nakama et al., 2017). Therefore,
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in order to live-image the spiral cleavage and monitor its molecular dynamics during my

thesis, I had to first develop a technique to optimize the fluorescent protein expression

for early visualization. In this study, I have tested three ways for early visualization of

the target genes, with special interest in the actomyosin, by chemical dye staining, by

mRNA injection or by fluorescent protein injection into the zygote.

The effects of the UTRs for protein expression in P. dumerilii

The mRNA injection method was mainly used for cell lineage studies of P. dumerilii

(Özpolat et al., 2017; Vopalensky et al., 2019). The target genes were cloned into

pCS2+ plasmid, which contains a SP6 promoter in front of its multiple cloning site.

The fluorophore gene can be conjugated either at the 5’ or the 3’ terminus of the

cloned open reading frames. The linearized plasmid is in vitro transcribed with SP6

transcriptase into mRNA and then injected into the embryos. Translation takes place

within the embryos, meaning that the earlier the injection is done, the earlier the

fluorescent signal is seen. The injection settings are already optimized so that the

embryos cannot be injected even earlier with the current protocol. Injection with

higher concentration of the mRNAs was also tested, however, large amount of exotic

mRNA is toxic and lethal to the embryos. Therefore, boosting the translation efficiency

becomes one of the potential methods to obtain a stronger fluorescent signal in a short

developmental time.

In Drosophila, it was reported that specific 5’ enhancers as well as the 3’

termination signals increase the transgene expression (Pfeiffer et al., 2012). In my work,

I tested syn21 and L21 5’UTRs, and p10 and SV40 termination signals in P. dumerilii.

syn21 is a synthetic enhancer and L21 is the enhancer of the lobster tropomyosin gene.
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Both of them are reported to act in cis to increase translational efficiency (Pfeiffer et

al., 2012). In this study, either of the two sequences (syn21 and L21) were designed

to be conjugated right before the start codon of the Pdupar6 open reading frame to

test the translational acceleration ability. Comparing to absence of any 5’UTR, or

with the Pdupar6 5’UTR, both syn21 and L21 enhancers increased the fluorescent

signal intensity by at least 1.5 times. This suggests that the translation efficiency

is increased by the presence of either syn21 or L21 5’UTR. It is not surprising that

the p10 3’ terminator did not increase the fluorescent signal. First, the exchange of

SV40 terminator by p10 didn’t increase the fluorescent intensity, indicating that p10

doesn’t increase the mRNA stability. Second, it’s reported that the 3’ terminator

increases transcription efficiency (Bönisch et al., 2007). The injected mRNAs were in

vitro transcribed, therefore, only its stability and the translation efficiency play roles

on the protein expression level. I thus chose syn21 as 5’UTR and SV40 as 3’UTR to

construct the optimized mRNAs for increased protein translation.

Multiple approaches for labeling actomyosin in early P. dumerilii embryos

One of my scientific interests in this thesis is to investigate the cytoskeletal dynamics

and its contribution to spiral cleavage. I have tested three methods, which are commonly

used to label actomyosin for live-imaging: chemical dye staining, mRNA injection, and

fluorescent protein injection. SiR-actin was reported to label F-actin in various cell

lines (Lukinavičius et al., 2014; Melak et al., 2017; Hu et al., 2019). However, neither

by soaking nor by injection of the chemical dye into the embryos labeled F-actin in P.

dumerilii. The labeling of SiR-actin was also not seen with presence of verapamil, an

L-type calcium channel blocker which acts as a broad-spectrum efflux-pump inhibitor
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5.1. Visualization of the protein dynamics at early spiralian embryogenesis

to avoid the expulsion of the dye from the cell. However, the labeling was detected

when the fixed embryos were soaked in SiR-actin, indicating that the chemical does

bind to F-actin, but was actively removed by the embryos. This could be resulted

from novel pumps of the embryos, which couldn’t be inhibited by verapamil, actively

remove SiR-dye from the cytosol. Or the calcium channel is so strong that verapamil

is insufficient to block its activity.

Various genes for actomyosin labeling were cloned and in vitro transcribed to

mRNA followed by injection into the zygote. However, most of the myosin components,

such as the essential light chains and the regulatory light chains, did not show a

high resolution labeling of actomyosin even in the later stages of embryogenesis. The

myosin heavy chain (Pdunmm) does label actomyosin nicely. However, due to its 6kb

open reading frame, it is hard to detect PduNmm expression until 64-cell stage. It is

therefore not practical to use it as an actomyosin indicator to study spiral cleavage

in P. dumerilii. An alternative approach to increase the stability of the fluorescent

Nmm signal and to insure expression as early as in the zygote, is to develop the

transgenic line which contains the open reading frame of the fluorophore at the 3’ end

of the endogenous gene. I have identified an ∼3kb genomic fragment including the last

exon of Nmm heavy chain and designed five guide RNAs for CRISPR-Cas9 knock-in

strategy (see Appendix A.6). These guide RNAs perform specifically cleaving activity

by in vitro cutting essay. Moreover, the transgenic Lsdia line by CRISPR-Cas9 is

successfully developed in L. stagnalis (Abe & Kuroda, 2019), indicating that this tool

may also be applicable in P. dumerilii. However, this is work in progress and thus not

an option for my initial work. Consequently, F-actin labeling using Lifeact became

the only and the best choice for the experimental purposes.
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Although Lifeact is a 17 amino acid peptide, its expression is seen but

not strong enough for quantitative analysis during spiral cleavage. To increase the

expression level, syn21 was conjugated in front of the open reading frame of lifeact.

The whole insert including syn21 and lifeact is small enough to be designed in a primer

and easily cloned into pCS2+, making the cloning of the 5’UTR conjugated lifeact

much more straight forward and precise. It is also shown in this study that different

linker sequences and sizes between the fluorophore, mKate2, and Lifeact result in

dramatic labeling differences. The optimal linker has been used in C. elegans lifeact

construct showing better actomyosin labeling. I could show that with the optimal

linker, both the cortical and cytosolic actomyosin network can be visualized. The

labeling is weak, but detectable from two-cell stage and the signal intensity increases

throughout development. Therefore, this mRNA construct and injection method is

recommended for investigating actomyosin dynamics during spiral cleavage, especially

the third and the fourth spiral cleavage.

To achieve the fastest actomyosin labeling after injection, the best way is to

reduce the time for translation or skip translation. This is possible by injecting the

protein directly. Before constructing Lifeact-mkate2, several other fluorophores were

expressed by bacteria and purified for injection. However, most of them precipitated

at higher concentration during purification, and did not show fluorescent signal when

injected at lower concentration, probably because of misfolding of the protein (data not

shown). However, Lifeact-mKate2 with the optimal linker was successfully expressed

and purified without any precipitation. The concentrated protein solution can be kept

under −80 ◦C for long-term usage. This opens the door to label actomyosin as early

as from the zygote.
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5.1. Visualization of the protein dynamics at early spiralian embryogenesis

The advantages of protein injection are, first, the fluorescent signal is detected

right after the injection. Second, the signal intensity can be tuned by the amount of

injection. Therefore, it’s much stronger than mRNA injection during the first two

spiral cleavages. However, there are limitations for using solely Lifeact fluorescent

protein in this study. The input protein amount is fixed, therefore, the fluorescent

signal decreases during the time of imaging. I showed that when the embryos were

imaged at high temporal resolution (5-8 sec), the injected protein got diminished

within 30 min, making it difficult to observe actomyosin dynamics throughout the four

spiral cleavages. Moreover, due to the fast decay of the fluorescent signal, the imaging

needs to be more precisely targeted to the beginning of the desired cell cycle, making

it more challenging for the experimental design.

In summary, both the syn21 containing lifeact-mKate2 mRNA with the

optimal linker and the purified Lifeact-mKate2 protein label actomyosin in P. dumerilii

embryos from the early stages. The mRNA is more applicable for the third spiral

cleavage or later, or for long-term imaging. The fluorescent protein is useful for

targeting specific cell cycles or for higher signal intensity in the first or second spiral

cleavage. A combinatorial approach, which I started to investigate, is to combine the

Lifeact protein injection with mRNA injection, which translates the same end product,

so that I would first image the fluorescent protein and subsequently the increasing

signal of the translated mRNA.
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5.2. The cellular processes before and during spiral

cleavage

P. dumerilii, as the model organism in this study, has many advantages for the

investigation of the early stages. The well-controlled maturation, mating, and embryo

collection procedures make it possible to precisely monitor embryogenesis from the

zygote. The development of the individuals is highly synchronous. This feature

makes the examination of embryogenesis from a given developmental stage practical.

Although the development is highly synchronous, the developmental speed is relative

to the environmental temperature (A. H. Fischer et al., 2010). Therefore, the

cleavage time at 18 ◦C is characterized in Table 2.1 to set up a standard timeline

for specific divisions. This timeline is also a guideline to capture a certain phase of

the cell cycle. By standardizing the incubation temperature and the cleavage timing,

different phases during each cell cycle is then captured and examined by fixation and

immunofluorescence. The transparency and the moderate size of the embryos are

perfect for imaging with various microscopies. The injection procedures are relatively

simple and can be done during the zygote stage. various molecules (e.g., mRNAs,

proteins, dyes, or chemical inhibitors) can be injected for different experimental

purposes. Therefore, the investigation and manipulation of its development can be

started from the first two unequal cleavages, providing the first clues of the molecular

and cellular dynamics during spiral cleavage of P. dumerilii.
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5.2.1. The first two unequal embryonic cleavages result in four

macromeres with different cell sizes and cell fates

Among the spiralians, the first two divisions create eventually four macromeres (A,

B, C, and D) which are the source for the four quadrants during spiral cleavage.

Different organisms have different ways of achieving the four blastomeres. In general,

the cleavages are either equal or unequal generating four cells with similar size or

various sizes (Henry & Martindale, 1987; Lambert, 2010). D lineage specification

occurs as early as within the first two asymmetric cleavages in the unequal cleaving

spiralians, but later at the fifth embryonic cleavage in the equal cleaving spiralians

(see Introduction 1.2.3).

Earlier literature (Nakama et al., 2017; A. H. Fischer et al., 2010) and my

DIC live-imaging recordings of the developing P. dumerilii embryo have shown that

the zygote undergoes two unequal cleavages resulting in the largest D cell, the second

largest C cell and two smaller A and B macromeres. I’ve shown that the asymmetric

cleavages were done by asymmetric positioning of the mitotic spindles as well as the

chromosomes. The asymmetric cleavages make it easier to track the four quadrants

and trace their destination. Through monitoring of the development of the dissociated

macromeres, I could also confirm that each of the four macromeres gives rise to a part

of the embryo, suggesting that the cell fates are determined as early as in the first

two cleavages. Costello has shown similar results with Nereis embryos that each of

the two blastomere during the two-cell stage develops into partial embryo after cell

dissociation (Costello, 1945). These conservative observations indicate that the early

cell specification occurs through asymmetric cell division and may facilitate the speed
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of development.

Immunofluorescence on fixed embryos showed that both of the two asymmetric

cleavages not only showed the off-centered mitotic spindles, but also contained

asymmetric cytokinetic ring formation procedure. The cytokinetic ring forms according

to the position of the mitotic spindles and where the DNA locates. The spindle position

sets the cell equator which guides the formation of the cytokinetic ring. However, the

accumulation of actomyosin to form the rings was not evenly distributed across the

equator, but first detected at the animal pole during early anaphase. The closure

of rings was also asymmetric, from the animal pole toward the vegetal pole. This

indicates that the cellular component and cytoskeletal elements distribute differently

along the animal-vegetal axis as early as in the zygote. This was also confirmed by

lifeact mRNA or protein injection and live-imaging, where Lifeact localizes at higher

concentration at the animal pole forming a gradient from animal to vegetal pole from

zygote to 8-cell stage during early P. dumerilii development. Later this gradient

is still detected, which is higher in the micromeres and the micromere side of the

dividing macromeres throughout the four spiral cleavages. All of the observations have

suggested that the animal-vegetal axis, the dorsal-ventral axis, and the cell fate of the

four macromeres have been determined as early as in the 4-cell stage. Therefore, the

mechanism to determine the left-right axis during spiral cleavage becomes one of the

most important remaining puzzles to solve in spiralian development.
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5.2.2. Early lineage tracking reveals symmetry breaking events

Previous studies of the development in P. dumerilii has shown that developmental

speed is affected by temperature (A. H. Fischer et al., 2010). I therefore chose to culture

the embryos at 18 ◦C as done by other P. dumerilii studies and this way facilitated

the comparison of my experiments. Cell tracking is a reliable way to determine the

destination of blastomeres in organisms with determinate development. I wanted to

follow the early cell lineages in P. dumerilii to dissect in details the exact division

time and angles of the blastomeres during spiral cleavage and at the same time verify

the existing cell lineages based on still pictures and observations through a bright-field

microscopy (Ackermann et al., 2005). P. dumerilii develops relatively faster than other

spiralians (e.g., snails and flatworm Maritigrella crozieri ). This makes the tracking of

the cell lineage harder. High temporal resolved, isotropic and fluorescent images are

required for tracking. In Chapter 2 I described that the cell tracking is possible, because

the cleavages are conserved between embryos under a given incubation temperature.

Therefore, through a combination of bright-field DIC live-imaging, live-imaging of the

fluorescently labeled embryos, and using the advantage of easy cell recognition because

of different cell sizes, the early developmental cell lineages can be precisely analyzed.

It is reported that spiral cleavage is highly synchronous between the four quadrant

lineages A, B, C and D during the first three spiral cleavages (until 32-cell stage)

(Ackermann et al., 2005). My bright-field live-imaging recordings showed that the

micromeres divide synchronous until the fourth spiral cleavage, which gives rise to four

small cells responsible for the future apical tuft. The synchrony was also seen in each

sub-lineage of micromeres. But the overall synchrony started breaking apart at 16-cell

stage. When a more precise cell tracking was done with the Fiji plugin MaMuT based
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on fluorescently labeled nuclei, I could describe a detailed timing of each cell cycle

event for each lineage. Starting as early as from the first spiral cleavage, it showed

that the cell cycle of C and D lineages are slightly shorter than A and B meaning that

C and D divide earlier than A and B. At the beginning the difference was little. C and

D macromeres enter anaphase prior to A and B during cytokinesis. The difference

increases through the spiral cleavage period. However, the actual cytokinesis between

the cells is relatively synchronous until 8-cell stage. From 16-cell stage that is during

the third spiral cleavage, the cell cycle of each lineage changes dramatically. The fates

of the lineages have been examined and reported (Ackermann et al., 2005). Therefore,

it explains that the cell cycle changes during the third and the fourth spiral cleavage.

For example, the epidermal lineages 1q11 divide earlier than most of the other lineages.

And the prototroch lineages 1q21 and 1q22 divide synchronously and are among the

first cells to differentiate into the ciliated cells of the ciliary band (Özpolat et al., 2017;

Vopalensky et al., 2019). It’s also observed that the correlated blastomeres of each

lineage (e.g., 1a21, 1b21, 1c21, and 1d21, or 1q21 in short) have relative closer cell cycle

duration. This indicates that the cell differentiation may start as early as in early

spiral cleavage.

In my lineage tracking data, it showed that the macromeres also contain

shorter cell cycles than the other lineages. D macromere has the shortest cell cycle

among the four macromeres, followed by C. This may indicate the leading and organiser

role of the D macromere. Although it’s very little known if a specific macromere could

lead spiral cleavage, there are many clues of this possibility. First, the division axes

change actively with nuclei migration, suggesting that the macromeres may contribute

in active cell positioning during spiral cleavage comparing to the micromeres. Second,

D macromere shows greatest spindle inclination angle at the first spiral cleavage, and
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also divides prior to other macromeres. Third, this leading role continues throughout

the four spiral cleavages. I plan to do the following experiments in the future to

test this hypothesis. One, to dissociate only the D macromere and investigate if the

inclination angles of the other macromeres decrease. Two, to inject the chemical which

inhibit cell deformation (e.g., latrunculin A) into D macromere and monitor how cells

are orientated without the division of the D macromere. If the disruption of spiral

orientation of the D macromere does result in the interference of spiral pattern of

the other lineages, D macromere is then the guide lineage for spiral cleavage in P.

dumerilii.

Although C/D lineage always start cell division earlier than A/B lineage, the

division timing between C and D lineages (as well as between A and B lineages) are

highly synchronous, shown by my lineage tracking and imaging of the living/fixed

embryos. The later cell fate mapping revealed by Ackermann showed that the 1a11

and 1b11 lineages develop into left and right epidermal, ventral-brain, and gland cells,

respectively. The 1c11 and 1d11 lineages have similar bilateral symmetric cell fates

(Ackermann et al., 2005). Therefore, the synchrony of the pairs of lineages, e.g., C

and D lineage, may indicate that the first hint of bilateral symmetry establishment

in spiralians could occur at the first spiral cleavage. However, it’s been shown in

snails that the left-right asymmetry factor Nodal/pitx pathway is not activated until

32-49 cell stage (Grande & Patel, 2009; Kuroda, 2015; Martín-Durán et al., 2016;

Vellutini et al., 2017). To investigate if these factors are segregated earlier than the

first spiral cleavage, I plan to further analyze the single cell RNAseq data of early P.

dumerilii embryogenesis (Vellutini et al., unpublished). This may help to understand

the maternal influence of symmetry breaking in spiralians.

167



5. Discussion

In summary, in P. dumerilii the first two embryonic cleavages (until four

macromeres) and the first two spiral cleavages (4-8 and 8-16 cells) are relatively

synchronous. The breaking of synchrony is largely observed from the third spiral

cleavage. And the synchrony is preserved according to left-right body axis, serving as

a sign of left-right symmetry. These observations also suggest that, if the cytoskeletal

element controlled dextral orientation of the micromeres plays a critical role in spiral

cleavage, it should contribute during the first two spiral cleavages. Due to the synchrony

of the first two spiral cleavages, the coordination of actomyosin or other cytoskeletal

elements may affect much more efficiently to the whole micro-/macromere orientation,

resulting in the dextral orientation of P. dumerilii embryos.

5.2.3. Cellular mechanisms contributing to spiral cleavage

From snails it is known that spiral cleavage can initiate in a dextral or sinistral

division orientation and that the different handedness results from different cellular

mechanisms (Shibazaki et al., 2004; Kuroda et al., 2009; Kuroda, 2015). An initial

dextral orientation of the micromeres is dominant in some snail species, e.g., L. stagnalis

(Kuroda, 2015). Here, the mitotic spindles incline during the metaphase of the first

spiral cleavage. Further, the cells deform to create space for cell positioning. With these

settings, the division plane is determined before cytokinetic ring formation, suggesting

that the cell orientation changes during the interface of the 4-cell stage. Therefore,

the micromere layer is already dextral oriented once cytokinesis occurs. However,

about 20% of the individuals contain sinistrally oriented micromeres. Interestingly,

the cellular mechanism is different from the dextral. First, there is no cell deformation

detected during metaphase and second, at first the mitotic spindles are oriented
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toward the animal pole, along the animal-vegetal axis. When cytokinesis occurs,

the cytokinetic ring orients perpendicular to the animal-vegetal axis, leading to a

neutral division at the beginning. However, at the end of cytokinesis, a rotation of the

micromere layer occurs together with the inclination of the mitotic spindles, leading to

the sinistral chirality. Therefore, in this model, the key influence to chirality happens

at the end of cytokinesis. In my thesis work, I wanted to understand which mechanism

is used in other spiralians and if there is a consensus depending on the handedness.

Sinistral division orientation have only been described within molluscs, so I focused on

describing the cellular mechanism behind the dextrally dividing annelid P. dumerilii.

Further, I added the dynamic aspect to the study to be able to quantify and thus

understand the biophysical mechanisms during cleavage.

Through imaging of the fixed embryos and measurement of the mitotic spindle

inclination at each phase during the first spiral cleavage, I showed that the spindles

are assembled almost parallel to animal-vegetal axis. Only little cell deformation

was detected at metaphase and anaphase. The plane of the cytokinetic rings is

perpendicular to the animal-vegetal axis upon their formation at the beginning of

anaphase. These features follow the sinistral model of L. stagnalis. However, starting

from the formation of the cytokinetic ring and during the closure of the ring, the

inclination angle of the mitotic spindle increases dramatically. The plane of the

cytokinetic ring also inclines while closing for the dextral orientation of the micromeres.

These observations follow the dextral model in snails, where the division plane is

orientated toward dextral. The inclination happens later in P. dumerilii. Instead of

at metaphase as in the dextral strain of L. stagnalis, the major spindle inclination

takes place during telophase in P. dumerilii. Considering when the spindle inclination

is maximized for the first spiral cleavage, the major biophysical influence from the
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cellular structures should play a role during cytokinesis.

Spiral cleavage is described to have alternating division axes between each cell

cycle (Brun-Usan et al., 2017; Girstmair & Telford, 2019). When the first spiral cleavage

performs a dextral, clockwise rotation of the micromeres, such as in P. dumerilii, the

following cleavage performs a sinistral, counterclockwise rotation of the cell layer with

respect to the animal pole. There are two possible cellular mechanisms specifying

the direction of cell division resulting in the alternating division axes. Hertwig’s rule

describes that a cell should divide perpendicularly to its longest axis (Brun-Usan et

al., 2017). It explains part of the spiral cleavage pattern by connecting the shape

changes of the cells and the specific direction of the division plane (Brun-Usan et al.,

2017). By observing the spiral cleavages of P. dumerilii, especially the micromeres, it

showed that the longest axis changes between each cleavage. The cleavage divides a

cell into two, splitting at the longest axis. Consequently, this makes the shorter axis

longer in the daughter cell and change the cleavage plane in the next spiral cleavage.

The long axis of the macromere is not obvious, and the nuclei migrate during the

interface. Therefore, Hertwig’s rule couldn’t be easily observed in the division of the

macromeres. Secondly, Sachs’ rule describes that cells divide at certain angles to the

previous cell division. The rule has been proposed to be a result of duplication and

migration of the centrioles along the nuclear envelope between cell divisions. This

migration forms a 90 ◦ angle between each division and thus, affects the position of

the mitotic spindle toward perpendicularity (Brun-Usan et al., 2017). Both in the

micromeres and the macromeres it’s been observed that the centrioles duplicated

and migrated to form a perpendicular division comparing to the previous division.

Interestingly, the duplication and migration of the centrioles was not affected by the

actomyosin inhibitor latrunculin A. The nucleus showed the potential of perpendicular
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division axis alternation without obvious cell shape/axis change (see Appendix A.5).

This indicated that Sachs’ rule may be dominant over Hertwig’s rule in P. dumerilii

cleavages. But in general, the combination of these two rules can explain the cellular

mechanisms of the alternating division angles between spiral cleavages. And this is

the key feature in spiral cleavage to form the clonal domain of the four quadrants.

Spiralians are not the only animal clade with the alternating division axes

and clonal domain formation. Also in echinoderms, which relies on radial cleavage, it

was shown that the alternating divisions and clonal domain formation occur (Hahn,

1998). The echinoderms have their third embryonic division along the plane parallel

to the animal-vegetal axis. Then, the next cleavage plane is perpendicular to the

previous one. Therefore, the embryo shapes in a cylinder form as a consequence of

radial cleavages. If we compare the two division strategies, spiral cleavage and radial

cleavage, the key difference to diverge the early embryonic pattern lies in the division

plane during the third cleavage. Mitotic spindle inclination is observed in the first

spiral cleavage (that is the third embryonic division), but not during the later spiral

cleavage. However, this inclination is enough to set up the initial plane and guide the

next cleavages. With this initial inclination, every spiral cleavage gives rise to a layer

of cells localized between the two cells of the previous layer, rather than a layer of cells

located on top of the other layer as during radial cleavage. In summary, the spindle

inclination during the third embryonic division in spiralians (spiral cleavage model)

does not happen during the third division in echinoderms (radial cleavage model)

and thus leads to a different embryo geometry. Figure 1.1 shows the illustrations of

embryonic patterning and this comparison is indicated with green color code. I will

therefore put more focus on discussing the first spiral cleavage, which seems to play a

critical role in creating the specific cell orientation.
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5.2.4. Body handedness formation and potential physical force

triggering spiral cleavage

The left-right symmetry breaking is one of the key events to determine embryonic

axes. In spiralians, this is described to happen at the third embryonic cleavage, also

known as the first spiral cleavage. Taking snails as models, L. stagnalis has both

dextral (dominant) and sinistral (recessive) micromere orientation during the first

spiral cleavage, leading to right- or left- handed chirality of the animal as well as the

shell (Shibazaki et al., 2004). P. acuta, on the other hand, is a sinistral dominant

species, using the same cellular mechanism as in the dextral L. stagnalis (Kuroda,

2015). It is claimed that the spiral cleavage leaded left-right symmetry breaking event

in snails plays a critical role in the body plan determination. Although it is a critical

step in development, different organisms do not have conserved mechanisms to achieve

their chirality. For example, spindle inclination and cell deformation are seen in the

dextral stain of L. stagnalis, but not in the sinistral strain. However, the sinitral

dominant P. acuta, these cellular mechanisms are detected during the first spiral

cleavage. This indicates that the upstream molecular mechanisms controlling spiral

cleavage can be more complicated. Although the upstream signals may come from

different levels, it was reported in L. stagnalis that the chirality can be changed by

applying physical constraint to the blastomeres into the opposite direction, but the

effect is not heritable (Kuroda et al., 2009; Kuroda, 2014, 2015). Therefore, it suggests

that the last key component driving the first spiral cleavage is a mechanical force, and

the other spiral cleavages follow the coordination set at the first one, resulting in the

total reversed body plan. The mechanical force can be generated either intrinsically

by the motor proteins and cytoskeletons of the cell, or extrinsically by the eggshell
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attached to the blastomeres (Münster et al., 2019).

In my thesis work, I wanted to examine both how the intracellular biophysical

force is generated and contribute to the first spiral cleavage, and whether the blastomeres

interact with the eggshell and the potential of the extracellular substances influence

it. P. dumerilii embryo develops in a relatively small space inside of the egg (Figure

2.1). In embryos injected with fluorescent lyn or lifeact mRNA, or when F-actin was

labeled with SiR-actin, it can be seen that the blastomeres interact with the eggshell

by filopodia (Figure 3.7, 3.6, 3.1). Therefore, the mechanical force may not only be

generated by the cytoskeletal elements which orientated the cell axis in its destined

order, but also from the interaction between the blastomeres and the external barrier

which positions the cells for specific chirality. My results do not support this however.

Here I show that the embryos successfully complete the first spiral cleavage in a dextral

manner with all the eight blastomeres located normally after the eggshell is removed.

This indicates that spiral cleavage does not require the outside physical constraint.

Moreover, the extrinsic force can instead be generated by the neighbor blastomeres as

physical cell contact and cell movement during division (Galli & van den Heuvel, 2008;

Brun-Usan et al., 2017). My cell dissociation experiments showed that the division

plane and potential to undergo spiral cleavage does not require the physical contact of

the whole four blastomeres. This suggests that the first spiral cleavage, which serves

as a compass for the chirality, is triggered by intrinsic, cell autonomous physical forces.

Above I mentioned how the external force is enough to change the chirality

in snails, and shown in my work that the eggshell is not essential in the first spiral

cleavage. This indicates that the extracellular mechanical force is sufficient to introduce

the chirality, but is not required since the intracellular organization of the cytoskeletal
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elements has already decided the natural division orientation. However, it was reported

in C. elegans that different shapes of the eggshell create different constraint to the

blastomeres, resulting in different cell orientation, both by prediction and experiments

(Yamamoto & Kimura, 2017). Moreover, it was also modeled and proved by experiments

that the eggshell plays a critical role in the body plan formation in early C. elegans

development. ABa and ABp blastomeres become indecisive when the cleavages are

done in absence of the eggshell, and since their cell arrangement does not allow for

determining their cell identity, they are both called ABd blastomeres (Yamamoto &

Kimura, 2017). This indicates that the blastomere orientation, axis formation, and

early embryonic morphology are also influenced by the mechanical force from the

extrinsic space constraint in some cases or in other organisms.

Although the eggshell is not required for P. dumerilii left-right symmetry

breaking event, the first spiral cleavage, it is however required for the later development.

It’s been shown with in silico modeling that the cell-cell contact is important to make

the blastomeres correctly positioned in spiralian development. When the cell-cell

interaction factor and the adhesion factor are changed, the overall embryo shape

becomes abnormal later in development (Brun-Usan et al., 2017). In my eggshell

removal experiments, if the embryos developed without the presence of the eggshell,

some of them form cone shape instead of normal spherical embryos. The micromeres

keep dividing but don’t migrate toward the vegetal pole because the space is not

restricted by the eggshell. Therefore, epiboly couldn’t take place and the macromeres

remain exposed at the vegetal pole. The same result was also modeled by Brun-Usan

et al. (2017). In some cases, the macromeres detach from each other resulted by the

intense cell connection of the micromeres, as predicted in the computer-based modelling

(Brun-Usan et al., 2017). In summary, the eggshell is important for cell migration and
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positioning during later stages in P. dumerilii embryogenesis. These preliminary data

match the prediction and explains the function of the filipodia attached to the eggshell.

To further test this hypothesis, I plan to change the extracellular substance, e.g., to

embed the eggshell-free embryos in low melting temperature agarose, and monitor the

overall embryo shape and cell positions in the later stages.

5.3. Molecular basis and mechanical force

generation of spiralian development

It’s been shown in this thesis that actomyosin contributed to spiralian development

in various scales. Here in this section I wanted to discuss the molecular linkage of

this mechanical force generator to the cell fate determinants, leading to early cell

fate specification, and how the mechanical force affected blastomere orientations and

behaviors, resulting in specific embryo patterning across evolution.

5.3.1. Cell fate determination and mechanogenetics of

spiralians

P. dumerilii as an unequal-developer, the first two cleavages result in the four

macromeres with various sizes. Each macromere has its own cell fate, both in the

intact embryo or after cell dissociation at 4-cell stage. The asymmetric formation of

the cytokinetic ring is observed in both cleavages. Through optimization of Lifeact

construct expression, I showed that F-actin is asymmetrically localized at the cortex
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of the smaller daughter cell. It indicates not only that the cytokinetic ring can be

generated off-centered, but also that the molecules, e.g., actomyosin, may segregate

asymmetrically toward one of the two blastomeres and may contribute to early cell

identity determination (Munro et al., 2004; Cowan & Hyman, 2007). Moreover, the

Pdupar genes were also monitored to be localized to the animal pole throughout spiral

cleavages. The animal pole enriched Par localization indicates that the blastomeres

contain different molecular features and the Par genes may play a role segregating the

polarity molecules to the micromeres later in the development (Nance & Zallen, 2011;

Hoege & Hyman, 2013; Rose & Gönczy, 2014; Lang & Munro, 2017; Rodriguez et al.,

2017). Together with Dr. Bruno C. vellutini and Dr. Mette Handberg-Thorsager we

are currently performing single-cell RNA-seq experiments on dissociated blastomeres

from 1-cell to 32-cell stage. This will provide us with candidate genes for cytoskeletal

proteins involved in cell division and cell polarity and with genes for cell determination.

From my work and from previous work in Nereis sp. (Costello, 1945) it is

known that, when the cells are dissociated, each blastomere can only develop into

partial embryo, which follows the original lineage of the very blastomere (Ackermann et

al., 2005). This indicates that the cell fates are determined in the early embryogenesis

and may be independent to the localization of the cells in the embryo. It has also

been shown that the bryozoan M. membranacea, a spiralian, which lacks of spiral

cleavage, has very similar cell fates within each lineage compared to other prototypic

spiralians (Vellutini et al., 2017). Although the cleavage pattern of bryozoans is closer

to bilateral cleavage and absence of spiral orientation of the blastomeres, it is shown

signs of molecular basis of early cell identity. For example, MAPK pathway, a putative

underlying signaling in spiralians such as molluscs, (Lambert & Nagy, 2001, 2003;

Henry et al., 2007; Koop et al., 2007) is detected solely in the 3D blastomere during
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28-cell stage in M. membranacea, which is similar to the pattern found in equal-cleaving

molluscs (Koop et al., 2007; Lambert & Nagy, 2003). Therefore, it was concluded

that despite the modified spindle orientation and cleavage pattern, bryozoans keep

a quadrant-based embryo with mostly similar blastomere fates compared to other

spiralians (Martín-Durán et al., 2016; Vellutini et al., 2017). It is also shown that the

3D macromere acquires its identity before the 24-cell stage in both the equal- (e.g.,

Lymnaea) and unequal- (e.g., Ilyanassa) cleaving gastropods, indicating that the cell

fate may be determined before or during cleavages even if the A-D macromeres have

same cell size and similar behavior in the embryo (Lambert & Nagy, 2003; Lambert,

2008; Goulding, 2009; Goulding & Lambert, 2016). Moreover, it has been reported that

Wnt signaling pathway is activated asymmetrically in only one of the two daughter

cells from 8-cell stage in P. dumerilii, indicating that the molecules triggering cell

fate determination are activated in specific lineages as early as during the first spiral

cleavage (S. Q. Schneider & Bowerman, 2007). All of the above observations suggest

that neither the localization nor the relative size of the blastomeres play a critical role

in cell fate determination, despite the molecular machinery for cell differentiation may

be activated already during the first embryonic cleavages.

Spiral cleavage acts as the first left-right axis determinant during spiral

cleavage. It was previously demonstrated that the chirality can be reversed by applying

external force to the blastomeres during the first spiral cleavage (Kuroda et al., 2009;

Kuroda, 2014, 2015). However, the reserved body plane is not inheritable. The

manipulated individuals with mirrored left-right axis do not reproduce the offspring

with the same feature (Kuroda et al., 2009; Kuroda, 2014, 2015). Therefore, it was

proposed that the chirality of spiral cleavage is a genetical, but not epigenetical,

heritable trait triggered by mechanical force within the embryo (Kuroda et al., 2009;
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Kuroda, 2014, 2015). Once the chirality is decided, the molecules with left-right

spatial difference are localized/expressed based on the body plane. The nodal and

pitx genes for example act downstream of the chirality determining marker and are

expressed in 2c blastomere, with ectoderm fate, at 33-49, or 49-64 cell stage in snails

(Grande & Patel, 2009). When chirality is reversed by micromanipulation at 8-cell

stage, the nodal and pitx expression pattern are also reversed, indicating that the

blastomere arrangement at the 8-cell stage determines the zygotic Nodal signaling

pathway (Kuroda et al., 2009).

Despite the downstream signals controlled by handedness-determination are

easily monitored, the upstream signals giving rise to this “mechanogenetics” remain

unclear (Kuroda et al., 2016). With forward genetics using pure dextral or sinistral

strain of L. stagnalis, diaphanous-related Formins are identified as candidates for

chirality in snail spiral cleavage (Kuroda et al., 2016). There are two subtypes of

diaphanous in L. stagnalis, LsDia1 and LsDia2. These genes contain the conserved

domains of diaphanous Formin, participating in actin nucleation and polymerization,

microtubule stabilization, and can bind to Rho GTPases and Formins (Kuroda et

al., 2016). It’s been shown that the LsDia1 is expressed in the dextral snail strain,

but hardly expressed throughout the development in the sinistral strain. LsDia2

is expressed both in the dextral and sinistral strains from the zygote but the level

decreases dramatically during the early stages. Neither LsDia1 nor LsDia2 show any

spatial expression patterns in Kuroda’s study. However, LDia2, which is LsDia1 in

Kuroda’s study, identified by Davison et al. (2016), showed a localization pattern

as early as from the zygote to a 4-cell embryo by asymmetrical segregation of the

transcripts. They claimed that LDia2 is exclusively expressed in one of the four

macromeres during 4-cell stage, which is contradicted to the conclusion of the other
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article. Therefore, the upstream signals controlling the chiral force generation is still

unclear. Unfortunately SMIFH2, the Formin inhibitor, has low solubility in seawater

so that I couldn’t conclude its effect on P. dumerilii spiral cleavage. But this could be

a future target to for investigation.

5.3.2. Evolutionary conserved mechanism during left-right

symmetry breaking by active cortical actomyosin

counter rotation

In P. dumerilii, I’ve observed the animal-vegetal orientation of the mitotic spindles

during the metaphase of the first spiral cleavage. Then the spindles skewed in the

dextral manner to have the correct micromere positioning. And later during cytokinesis,

the micromeres rotated to their final positions. The biophysical mechanisms driving

this series of cellular processes were illustrated in nematodes. Cortical actomyosin

dynamics and its role during development have been extensively studied in C. elegans

(Munro et al., 2004; Cowan & Hyman, 2007; Rose & Gönczy, 2014; Naganathan

et al., 2014; Lang & Munro, 2017; Pimpale et al., 2019). Actomyosin labeling by

either Non-muscle-myosin II (NMY-2::GFP) or F-actin (Lifeact::tagRFP-T) transgenic

lines and tracking of their dynamics represent the cortical actomyosin movement and

was done at various stages during cell cycle. When they quantified the actomyosin

movement in the axis perpendicular to A-P axis before or during cytokinesis, a flow

in the cell cortex toward one direction in the anterior part was measured, while a

flow in the opposite direction in the posterior part during the interface of the zygote

was observed. This created a chiral flow in the cell cortex. The difference of the
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flow speed vector is defined as counter rotational velocity (Vc) (Naganathan et al.,

2014). Moreover, myosin activity was shown to be crucial to chiral flow. Vc is

decreased when myosin regulatory light chain is knocked-down (mlc-4 KD). Since

myosin activity is affected by Rho/ROCK pathway, they also tuned Rho-GEF (ect-2 )

or Rho-GAP (rga-3 ) activity by RNAi and concluded that Vc is dependent on Rho

activity (Naganathan et al., 2014).

Cortical actomyosin counter rotation was not only detected in the zygote,

but also from 4 to 6-cell stage in C. elegans, which is when the handedness of the

embryo is determined (Naganathan et al., 2014). The mitotic spindles of ABa and

ABp blastomeres incline ∼20 ◦ during cytokinesis, resulting in the bilateral symmetry

breaking of C. elegans. Counter rotation is detected with similar Vc as in the zygote,

and Rho GEF/GAP affects Vc as well. Interestingly, when Vc is decreased by ect-2

RNAi, spindle inclination also decreases. Likewise, inclination angle is increased when

Vc is increased by rga-3 RNAi. Therefore, the authors concluded that actomyosin

plays a critical role for spindle inclination, division angle determination, and left-right

symmetry breaking in C. elegans (Naganathan et al., 2014).

The cellular behavior of what I observed during the first spiral cleavage in

P. dumerilii is similar as the rotational cleavage in C. elegans 4-cell embryos. First,

the mitotic spindles were organized along the animal-vegetal axis, like the initial

spindle status of ABa and ABp cell. According to the polarization rule, cells should

divide perpendicularly to the direction of the molecular gradient (Brun-Usan et al.,

2017). In P. dumerilii, there is an actomyosin gradient along the animal-vegetal

axis at the 4-cell stage. When the gradient is interfered by soaking the embryos

in the actin depolymerizing agent, latrunculin A, at the 4-cell stage, the mitotic
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spindles orientate perpendicularly to animal-vegetal axis. Therefore, it indicates that

actomyosin gradient may serve as a guide for initial animal-vegetal orientation of the

mitotic spindles. Second, spindle inclination is observed during cytokinesis, which

is similar to the skew of the mitotic spindles during C. elegans 4-cell stage. Third,

cortical actomyosin counter rotation is detected during the anaphase to telophase

of the first spiral cleavage in P. dumerilii, as during the division of the C. elegans

ABa and ABp cells. Most of the decisive cellular and actomyosin events and their

order are highly similar between P. dumerilii first spiral cleavage and C. elegans

bilateral symmetric breaking cleavage at 4-cell stage. Although the two species are

distant in evolution and the cleavage types are much different from each other, the

mechanisms contribute to left-right symmetry breaking are very similar, indicating

that the physical mechanisms to tune cell division angle and cell orientation may be

conserved throughout evolution. Interestingly, cortical actomyosin counter rotation is

also detected in the micromeres at 8-cell stage, which does not show obvious spindle

inclination during cleavage. This suggests that counter rotation may have other roles

in this division.

The cascade of cell deformation, spindle inclination, and micromere rotation

during the furrow ingression in the first spiral cleavage was studied in the snail

L. stagnalis by chemical inhibitor treatments. The dextral strain, which contains

cell deformation as well as spindle inclination prior to cytokinesis, shows that cell

deformation is not affected by nocodazole (inhibits microtubule polymerization),

however, spindle inclination is neutralized when the embryos are treated with latrunculin

A (inhibits actin polymerization) (Shibazaki et al., 2004). The sinistral strain neither

shows cell deformation nor spindle inclination, but perform micromere rotation during

the furrow ingression at 4-cell stage. When these embryos are treated with low dose of
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latrunculin A, micromere rotation is diminished, but the cytokinetic ring does form.

These data indicate that actin-related cellular events such as, spindle orientation, cell

shape changing, and cell movement are crucial for spiral cleavage (Shibazaki et al.,

2004).

As mentioned in the previous sections, cell deformation of P. dumerilii is

not as prominent as in L. stagnalis, and the spindle inclination occurs later during

the anaphase to telophase transition and the micromere rotation is detected during

cytokinesis. The mechanism of the first spiral cleavage of P. dumerilii may be a

mixture of the dextral and sinistral L. stagnalis strains, but closer to the sinistral model.

Although P. dumerilii embryos show only little cell deformation, it is still clear that the

cells do not deform under latrunculin A treatment, but deform in the same direction

and even more dramatically under nocodazole or colchicine treatment. Moreover,

spindle positioning is randomized by latrunculin A treatment. The functional data

seems to suggest that spindle positioning depends on cortical actomyosin. However,

further investigation needs to be done to deduce whether it’s an active mechanism

where the spindles bind to the cortex and are moved along the cortex (Howard &

Garzon-Coral, 2017) or a passive mechanism where a cytoplasmic flow, generated

by the flow in the cortical actomyosin, moves the spindles through the cytoplasm

(Niwayama et al., 2011).

The role of the cortical actomyosin counter-rotations on the lack of cell

deformation during cytokinesis and micromere positioning upon latrunculin A treatment

is difficult to be measured since the fluorescent labeled Lifeact normally used for the

quantifications will not be visible and fluorescently labeled non-muscle-myosin mRNA

is not visible during spiral cleavage by mRNA injection method. Alternative drugs to
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target the actomyosin cortex are the myosin inhibitors Y-27632 or blebbistatin. These

treatments showed that spiral cleavage also requires myosin activity. Combining these

functional data with the measurements on cortical actomyosin counter rotation during

the first spiral cleavage indicate that the cortical actomyosin plays a role both in cell

deformation and in micromere rotation during furrow ingression. And these processes

seem to be crucial for P. dumerilii first spiral cleavage.

In P. dumerilii, B and D macromere have greater spindle inclination angles

comparing to A and C macromere. This may indicate that, first, different macromeres

have different contributions to spiral cleavage. Second, B and D macromeres may

contain greater Vc leading to greater spindle skew. Third, Different cell identities and

cellular compartments involved in this process lead to the variability in Vc between

the macromeres at 4-cell stage. Since Formin (LsDia1 and LsDia2) is essential for

handedness determination in the snail L. stagnalis, I wanted to test the role of the

Formins in P. dumerilii. Unfortunately, because of experimental limitations, it was

hard to conclude whether Formin participates in P. dumerilii spiral cleavage; the

Formin inhibitor SMIFH2 has low solubility in seawater, but could be maybe improved

by directly injection into the embryo in the future. Likewise for CK-666, which inhibits

Arp2/3. Therefore, although embryos under CK-666 treatment show less spindle

inclination, the importance of the Arp2/3 complex of the F-actin network during spiral

cleavage in each macromere needs further investigation.
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5.3.3. Cellular and molecular differences between micromeres

and macromeres

The spiral looking embryo is generated not only by the first two embryonic cleavages

and the first spiral cleavage, but also as a result of at least a few more cleavages (also

spiral) with proper cell positioning. In this study, I have investigated the cell lineage

and their orientation for up to 64-cell stage, covering six embryonic cleavages with

four spiral cleavages. Regarding the first two asymmetric embryonic cleavages, the

cellular and molecular mechanisms have been discussed in the previous sections. The

asymmetric distribution of the cortical actomyosin may contribute in the asymmetric

divisions. An animal-vegetal gradient of actomyosin guides initial spindle orientation.

Cortical actomyosin counter rotation results in cell deformation, spindle inclination,

and micromere rotation during cytokinesis of the first spiral cleavage.

As discussed in Section 5.2.3, the blastomeres might follow Sachs’ rule between

each cleavage. To determine this, it is important to know if the division axes are set

based on the first spiral cleavage and all the remaining spiral cleavages use it as a

compass, or whether there are other molecular mechanisms included in the second

to fourth spiral cleavage. Therefore, latrunculin A was used to disturb actomyosin

from 4-cell stage for a few cell cycles. Interestingly, although the mitotic spindles

localized ectopically, perpendicular to the animal-vegetal axis, in the macromeres,

and the nuclei divided without cytosol separation, the blastomeres seemed to follow

Sachs’ rule (the perpendicular organization of the spindles between each cleavage)

even when cytokinesis was interfered by latrunculin A (Appendix A.5). The chaos of

initial mitotic spindle organization indicates that actomyosin gradient and function

184



5.3. Molecular basis and mechanical force generation of spiralian development

play a critical role in setting up a general orientation, animal-vegetal orientation, for

the spindles. And the later divisions use this coordinate and Sachs’ rule to perform

rotational division plane, eventually resulting in the spiral looking embryo.

Macromeres and micromeres differ not only in cell size and fate, but also in

the way of division. Starting from the first spiral cleavage (4-cell stage), macromeres

include most of the vegetal pole into their larger daughter cell. Therefore, the nuclei of

these blastomeres are always located closer to the animal pole. The nutritional vesicles

and oil droplets are then located at the vegetal side of the macromeres. This creates

a major difference between the macromeres and micromeres, the macromeres have

animal-vegetal polarity by their cellular component distribution while the micromeres

do not have obvious cell asymmetry and the nucleus localize to the center of the cell.

Also, the cortical actomyosin is asymmetrically localized to the future micromere side

and the cytosolic non-muscle-myosin is largely segregated into the daughter micromeres

during every division of the macromeres. These asymmetries are not observed during

the division of the micromeres. Moreover, spindle orientation and dynamics as well

as nuclei positioning are also distinct between macromeres and micromeres. My

live-imaging recordings showed that the micromere nuclei locate to the center of the

cells and follow Sachs’ rule during spiral cleavage. Little nuclear movement is seen in

the interface and no division angle changing is observed during cleavage. However, the

macromere nuclei migrate with the cytosolic non-muscle-myosin and actin during the

interface, and the division angle is determined both by Sach’s rule and the final position

of the nuclei. Since cortical actomyosin is asymmetrically distributed in the macromeres

and migrate with the nuclei, it may suggest that both cortical actomyosin and the

cytosolic proportion of non-muscle-myosin and actin contribute to the determination

of the final position of the nuclei and the division angle.
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The measurement of actomyosin chiral flow (VC) between micromeres and

macromeres showed that counter rotation is mainly detected in the first two spiral

cleavages, especially in the macromeres. Interestingly, under long-term chochicine

treatment and live-imaging, the cells deform first dextral, then sinistral, without actual

cytosknesis (see Appendix A.5). It’s not clear if these abnormal blastomeres can be

considered as macromeres processing two cell cycles. But this might be an indication

that actomyosin counter rotation actively change the division plane in macromeres

during the first two spiral cleavages. Moreover, It has been reported that the separation

of cytoplasm and oil droplets are controlled by respectively actin and microtubules

in Medaka, Oryzias latipes, eggs (Webb et al., 1995). considering that macromeres

inherit most of the oil droplets and the nutritional vesicles at the vegetal pole, perform

active chiral flow, and guide spiral cleavage plane, it indicates that the microtubules at

the vegetal side between the oil droplets may serve as anchors and help to determine

the division angle and result in the dynamic cellular behaviors of the macromeres in

P. dumerilii.

Interesting, I observed an accumulation of F-actin on the nuclear envelope

before cell division both in micromeres and macromeres. This is one of the most

unexpected, but interesting findings in this study. What is the role of this F-actin during

cell division? A similar observation is known from other marine organisms Nematostella

vectensis, sand dollar (echinoderm) and other polychaetes (Jacobsohn, 1999; DuBuc et

al., 2014; Chun et al., 2018). It has been suggested that the accumulation may help

nuclear envelop breakdown and guide asters of the mitotic spindles at prometaphase

(Jacobsohn, 1999). However, the detailed mechanisms resulting in F-actin accumulation

and its function remain unclear. P. dumerilii embryos and the optimized lifeact

constructs make this system one of the best to answer this question. Moreover, the
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phenomenon does not occur in all types of cell division across species. It is only

observed in the above model systems, during embryogenesis, specifically. Therefore, it

can be assumed that the accumulation does not play a general role in cell division, but

is essential in certain processes and is crucial for early cleavages in these species. The

fast recruitment, assembly, and collapse of F-actin on the nuclear envelope may be

achieved by novel cytoskeleton homeostatic mechanisms. Consequently, investigation

the mechanisms of F-actin accumulation may identify unknown cytoskeletal functions

in cell biology and embryology.

In summary, the differences between micromeres and macromeres may result

from the variation in cell size, cell composition, the distribution of the organelles and

molecules, and cell asymmetry. Furthermore, it results in the proper positioning of the

micromeres divided from the macromeres during the second to fourth spiral cleavage,

which is as equal important as setting up the coordinates of the division angle in the

first spiral cleavage.

5.3.4. Evolutionary speculations on the effects of cytoskeletal

machineries to embryonic patterning

In this thesis, I’ve shown the embryonic pattern formation of P. dumerilii in different

levels, including blastomere orientation, intracellular molecular distribution, organelle

migration, cytoskeleton dynamics, and cortical actomyosin dynamics, resulting in

the animal-vegetal, dorsal-ventral, and left-right axis determination, and leading

to the spiral cleavages, which eventually determine the embryonic pattern. By

comparing different snail strains, as discussed previously, different actin nucleator
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Formin homologues, LsDia1 or LsDia2 of L. stagnalis, result in dextral or sinistral

chirality (Kuroda et al., 2016; Abe & Kuroda, 2019). Therefore, we could speculate

that the biophysical force is generated by actin contractility, with various upstream

Rho-mediated pathways, e.g., Formins or Myosins.

Some spiralian phyla lack of clear trace of spiral cleavage, such as bryozoans,

show very distinct embryonic patterns with conserved cell fates (Vellutini et al., 2017).

Although the detailed mechanisms driving these cleavage patterns remain unclear,

the lineage studies of bryozoans indicate that the cleavage patterns, at least in some

species, affects the embryonic and/or adult morphology, without changing the cell fates.

We can therefore speculate that, the change of division patterns may be caused by

upstream molecule distribution, resulting in different cell orientation and actomyosin

contractility. Further investigation of actomyosin dynamics are required to confirm it

(see Section 6.2).

I’ve shown the conservation of actomyosin counter rotational flow mediated

left-right symmetry breaking between the ecdysozoan C. elegans and lophotrochozoan

P. dumerilii. It’s also been shown that the spindle orientation in some cells depends

on actomyosin activity during ascidian embryogenesis (Negishi & Yasuo, 2015). The

mechanistic conservation found in these determinate developers indicate that these

cellular and cytoskeletal mechanism I’ve concluded in P. dumerilii may be generally

used to determine the final plane of cell division, or at least in some divisions which

the division axis plays a crucial role, in the broader animal groups.

Lastly, does Rho-mediated actomyosin-based contractility also contributes

in embryonic cleavage plane determination in the indeterminate developer, such as

echinoderms, insects, or vertebrates? It’s been shown that a wave of Rho activity
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and F-actin polymerization were observed both in frogs and echinoderms embryos

(Bement et al., 2015), which is similar to C. elegans zygote (Naganathan et al., 2014).

And actomyosin-based cell chirality, mediated by Myosin ID, determines left-right

asymmetry in Drosophila embryos (Inaki et al., 2016, 2018). These suggest that the

actomyosin mediated division axis determination, which I showed in this thesis, may

be a conserved machinery across phyla and developmental types. But as a butterfly

effect, a small difference of upstream signals, interacting proteins, or dominant motor

proteins, tunes slightly the cleavage plane, eventually resulting in a dramatic variation

in embryonic patterning across metazoans.
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and future directions

6.1. Summary and conclusions

Here, I will summarize and conclude on the main findings of my PhD thesis. The

cellular, cytoskeletal, and biophysical mechanisms are illustrated in Figure 6.1. To

visualize the protein dynamics during early spiralian development, I established

transient fluorescent labeling strategies by optimized mRNA constructs (Section 3.3)

or protein injections (Section 3.4) and I determined the optimal imaging strategies for

each of the individual biological questions in my thesis. This way, I used light sheet

microscopy (SPIM) for whole-embryo imaging and spinning disk confocal microscopy

for high-speed live-imaging and quantitative measurements.

Once the technical aspect was overcome, I live-imaged and described the

spiralian development including the initial two asymmetric cell divisions leading up to

spiral cleavage (Section 4.1.2). This also allowed me to track the cell lineage of the

spiralian development (Section 2.3.2). I showed that the division of the blastomeres
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are simultaneous during the first four embryonic cleavages, then the cell cycle became

diverse between each blastomere with D lineage dividing first, then C, B and A. But in

general, the correlated blastomeres of each quadrant had similar cell cycle length, which

was corresponding to the symmetry of the four quadrants. This was both examined

with fixed embryos and live-imaging. These features of each lineage or blastomere was

determined as least at 4-cell stage in development so that each blastomere had its only

fate and cell cycle (Section 2.4).

One of the biggest technical achievement in this study was to live-image

molecular dynamics with fluorescent microscopies of the early P. dumerilii embryos.

Various genetic strategies including mRNA injection, optimization of the translation

efficiency of the mRNA construct, and fluorescent protein injection, have set a variety

of live-imaging tools for studying early embryogenesis (Chapter 3). In summary, syn21

can boost translation efficiency so that less mRNA was needed to achieve a visible

fluorescent intensity and gave less abnormal effect to the embryos after injection.

Although fluorescent Lifeact protein has relative short durability for live-imaging, it

opened a window for instant imaging right after injection. The Combination of the

two approaches, mRNA and protein injections, will be the way to live-image the entire

spiral cleavage.

Observation and imaging of non-muscle-myosin at early developmental stages

is challenging because all the injected mRNAs targeting non-muscle-myosin (Nmm)

essential and regulatory light chains do not show clear localization, and the heavy

chain gene is too large to give a strong fluorescent signal during spiral cleavage (Section

3.2.3). However, one approach to increase the stability of the fluorescent PduNmm

signal and to insure expression as early as in the zygote, is to develop the transgenic
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line which contains the open reading frame of the fluorophore at the 3’ end of the

endogenous gene. With the fluorescent Pdunmm transgenic line, it would be much

more efficient to further investigate and manipulate actomyosin activity before and

during spiral cleavage in the future.

By lifeact mRNA or protein injection into the zygote, actomyosin distribution

was seen from 1-cell stage (Section 3.3). It was shown that actomyosin distribution

before 4-cell stage was largely located toward the animal pole forming a cortical

actomyosin gradient along the animal-vegetal axis. The asymmetric distribution

of actomyosin was not only seen along the animal-vegetal axis, but also at the

dividing macromere cortex which destined to be daughter micromeres (Section 4.2.1).

Interestingly, actomyosin accumulated shortly around the nuclear envelope right before

its breakdown during cell division. This phenomenon occurred in every cell division

of every blastomere and was confirmed by phalloidin staining in the fixed embryos

(Section 4.2.2). It’s function in P. dumerilii needs further investigation (see Section

6.2).

Starting from 4-cell stage, actomyosin was always asymmetrically localized

to the micromere side of the dividing macromere, giving rise to daughter blastomeres

with smaller cell size throughout spiral cleavage (the micromeres). Therefore, the

asymmetric actomyosin distribution may serve as a sign for, first, the division

orientation determination, second, asymmetric cytokinetic ring formation and, third,

asymmetric cell division, where the smaller blastomere inherits more cortical actomyosin.

When focusing on the first spiral cleavage, the mitotic spindles were organized

originally in the direction of the animal-vegetal axis, guided by asymmetric distribution

of actomyosin along this axis. Very little cell deformation was observed at the cell
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periphery at the beginning of anaphase. At the same time, the formation of the

cytokinetic ring was observed, and massive spindle inclination occurred (Section 2.2.2).

My drug treatment experiments targeting actin and tubulin polymerization have shown

that cell deformation, the final orientation of the mitotic spindles, and the micromere

rotation during telophase required actomyosin activity. However, cell deformation did

not require the presence of the mitotic spindles (Section 4.5). Furthermore, the dextral

orientation of the micromeres was likely generated by intrinsic forces because neither

removal of the eggshell nor partial dissociation of the embryo disturbed the division axis

determination (Section 2.4). At the molecular dynamics level, quantitative analyses

showed that cortical actomyosin counter rotated during the cytokinetic ring closure,

together with the inclination of the mitotic spindles (Section 4.3). Further, actomyosin

was necessary for spindle orientation and development of the final cell division axis.

In summary, actomyosin may play as a critical mechanical force generator to control

the cell orientation, division axis and to bring the mitotic spindles to their destined

positions.

Through a comparison of the blastomere behavior by live-imaging and cell

lineage tracking, it became clear that the macromeres had different cellular properties

and behaviors to the micromeres (Section 4.2). First, the macromeres inherited most of

the vegetal pole including the nutritional vesicles and the oil droplets, resulting in the

off-centered nuclei positioning toward the animal pole, while the micromeres had their

nuclei located at the center of the cell. Second, nuclei migration and repositioning in

the macromeres was observed between two spiral cleavages, whereas the nuclei of the

micromeres remained at the center of the cell throughout spiral cleavage. Third, the

spindle orientation in the micromeres between each spiral cleavage followed Sachs’ rule,

but in the macromeres it was more complicated. The position and orientation of the
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spindles were controlled by the migration of the nuclei, the anchor point of the spindles

to the vegetal pole and to the actomyosin-rich cell cortex closer to the animal pole, and

Sachs’ rule. Fourth, all of the four spiral cleavages of the macromeres were asymmetric

cell divisions, both by the cell volume and by the molecular distribution. The daughter

micromeres originating from a division of the macromeres were always smaller, but with

larger proportions (relative to the cell size) of the cytoskeletal molecules segregated

(e.g., cortical and cytosolic actomyosin). However, the two daughter cells originating

from a parent micromere had similar levels of cytoskeletal molecules segregated during

division. The cell size difference of the micromere divisions was not as significant as the

macromeres. It’s most like a combination of symmetric and asymmetric divisions, but

none of them was as obvious as the asymmetric divisions of the macromeres. Therefore,

the asymmetry of the micromere size requires further measurement if needed. In

summary, macromeres had distinct cellular and molecular behaviors to micromeres in

the second to the fourth spiral cleavage. These actions most likely contributed to a

proper cell positioning resulting in the spiral looking embryo.
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Figure 6.1.: Cellular and cytoskeletal mechanisms of the early embryonic
cleavages in P. dumerilii.
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Figure 6.1.: Cellular and cytoskeletal mechanisms of the early embryonic
cleavages in P. dumerilii. The cellular and molecular/physical mechanisms of
the first two asymmetric embryonic cleavages and the first four spiral cleacages are
summarized with illustrations. The first two embryonic cleavages showed asymmetric
cytokinetic ring formation as well as asymmetric actomyosin distribution, resulting in
the asymmetric cleavages. The first spiral cleavage started with parallel orientation of
the mitotic spindle to the animal-vegetal axis. Little cell deformation was observed
during early anaphase, but mainly seen during telophase, together with micromere
rotation. Cortical actomyosin chiral counter rotation played a role during cytokinesis,
resulting in spindle inclination and micromere positioning to achieve the left-right
symmetry breaking. The macromeres of the second, third, and fourth spiral cleavage
were highlighted in the illustration. The nutritional vesicles and oil droplets were
located at the vegetal pole of the micromeres, so as in 4-cell stage. Cytosolic actomyosin,
cortical actomyosin, and the niclei were located toward the animal pole, resulting in the
asymmetric divisions with smaller micromeres. The superimposition showed nuclear
migration and rotational division axis of these macromeres during these spiral cleavages.

6.2. Open questions and future directions

With my thesis work, I have initiated a description of the mechanisms underlying

spiral cleavage to a large extend based on live-imaging fluorescent recordings of the

development of the annelid P. dumerilii to include the dynamic aspect of this division

pattern. One of the biggest and novel findings has been the description of a physical

mechanism, counter-rotation in the actomyosin cortex, which drives the early spiral

cleavages. This discovery has naturally raised many new questions.

One question is, which is the relationship between the left-right symmetry

breaking morphogens and the actomyosin-related spiral orientation of the blastomeres?

In C. elegans embryos, the expression of Wnt pathway genes, which affect left-right body

axis establishment (Pohl, 2011; Sawa & Korswagen, 2013; Naganathan et al., 2014),
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also has an influence on the chiral flow rate VC . Five Wnt components were investigated

and four (dsh-2, gsk-3, mig-5, mom-2 ) showed reduced VC under RNAi conditions. It’s

suggested that the link between the genes, which affect left-right symmetry breaking

and counter rotating cortical flows, may be propagated through Rho signaling, since

Wnt-induced signals, in many other systems, transduce through Rho GTPase to

promote actomyosin contractility (Naganathan et al., 2014). This supports that chiral

counter-rotating flows participate in left-right body axis establishment. Therefore, the

investigation of this type of Wnt components may help understand the roles of the

cortical actomyosin counter rotations in spiralians.

The second question is, what are the unique or differential molecular features

between each blastomere during spiral cleavage? Previous work in the early P.

dumerilii embryos has shown that β-catenin localizes to nucleus in only one of the

two daughter cells following a cell division, indicating that Wnt signaling pathway

participates in early spiralian development possibly in the regulation of expression

or segregation of genes (e.g., transcription factors), which gives the cell its identity

(S. Q. Schneider & Bowerman, 2007). We have started to look into the differential

and conserved expression profiles of individual blastomeres during spiral cleavage to

understand which genes are involved in the spiral cleavage and in cell fate specification

taking place during spiral cleavage. In particular, we would like to investigate if the

differentially expressed genes have an impact on spiral cleavage (the division pattern

itself or the cell fate) or if they are a result of spiral cleavage. To this purpose, I, Dr.

Bruno C. Vellutini and Dr. Mette Handberg-Thorsager (Tomancak lab, MPI-CBG,

Dresden, Germany) are performing single cell RNAseq of various stages during spiral

cleavage and earlier: the oocyte, the zygote, at 2-, 4-, 8-, 16- and 32-cell stages. The

genes with following temporal (1-3) or spatial (4,5) expression features are of special
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interest: 1) genes with increasing expression level from zygote to 32-cell stage, 2)

genes with decreasing expression level from zygote to 32-cell stage, 3) genes fluctuating

in transcript levels between each cleavage, 4) genes largely segregated/expressed

only in micromeres during spiral cleavage, 5) genes largely segregated/expressed only

in macromeres during spiral cleavage. Whole-mount in situ hybridization will be

used to validate the gene expression patterns of the selected candidates by RNAseq.

Further, mRNA injections of the full-length candidate genes for cytoskeletal genes

fused to a fluorescent marker, will show, where these proteins are localized within

the blastomere and give a hint to whether these could be important for the spiral

cleavage, e.g., if they are asymmetrically distributed within a blastomere or segregate

differently between blastomeres. Functional studies by knocking-down of the gene

of interest or by exogenous drug treatment against the protein can then validate its

role during spiral cleavage. The result of this project should be able to target the

upstream/downstream signaling pathways and molecular segregation related to spiral

cleavage, therefore identify the cell fate determinants of each blastomere, and opens a

window to investigate the molecular difference between macromeres and micromeres.

A third question concerns which is the cause and consequence of the behavioral

differences between micromeres and macromeres? Here, the follow-up plan is to image

and calculate VC of each macromere during cell division of the first spiral cleavage and

of the later cleavages if possible. The Actomyosin VC differences between blastomeres

have been shown in C. elegans embryos and suggested to participate in cellular

rearrangment (Pimpale et al., 2019). From my thesis work, we know that B and D

blastomeres have greater division angles than A and C blastomeres at 4-cell stage.

It may result from the difference of active chiral counter rotation, making the final

division angle distinct. VC difference between micromeres and macromeres during the
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same cell cycle may also help deducing the mechanism of cell behavior and molecular

distribution within these blastomeres. Moreover, through comparing VC of the same

macromere at different cleavages, it is possible to decipher the mechanisms driving

nuclei migration, asymmetric actomyosin distribution, and division angle determination

of these macromeres during the second to the fourth spiral cleavage. Finally, VC is

detected not only previous to cell division in the macromeres at 4- and 8- cell stage,

but also in the micromeres of the 8-cell stage. However, spindle inclination during

cytokinesis is not observed in these micromeres. Global monitoring of each blastomere

may discover more roles of actomyosin chiral flow to the cells and embryo.

mRNA injection is one the most efficient ways to large-scale investigate

the candidate genes contributing to spiral cleavage. In my study, I’ve targeted

actomyosin as the critical component during this process. Therefore, to perform a

high-throughput cortical actomyosin dynamics observation and to compare the VC

between each blastomere, a stable transgenic line may be required in the future. I

showed that although syn21-lifeact-mKate2 mRNA injection had clear actomyosin

labeling, Pdunmm-sgfp mRNA couldn’t give enough fluorescent signal for analysis

during spiral cleavages. Moreover, because the large size of Pdunmm, the injected

mRNA was usually unevenly distributed. Each blastomere had different fluorescent

level of PduNmm-sGFP. This makes VC quantification more difficult. As the motor

protein of actomyosin, monitoring PduNmm dynamics could give more details of

counter rotational flow during spiral cleavage. My preliminary tests on the guide

RNAs indicated that it’s possible to generate a stable Pdunmm-gfp transgenic line by

CRISPR-Cas9 technique and continue the VC measurements based on this line (see

Section 6.1). The transgenic line may create a window to investigate the chiral flow

and asymmetric actomyosin distribution in details, and to achieve high-throughput
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live-imaging of the chemical treated or gene expression manipulated (e.g., through

dsRNA or morpholino injection) embryos. The Pdunmm-gfp transgenic embryos

can further be used to examine which are the physical properties of the blastomeres

including cell tension and cortical actomyosin turnover by laser ablation manipulation

to the cell cortex.

In this project, I discovered the cellular and biophysical mechanisms driving

spiral cleavage resulting in the specific embryonic pattern in P. dumerilii. The cellular

events and the sequence of cytoskeletal events were compared with the spiral cleavage

of other spiralians, e.g., gastropods, showing both conservation and divergence with

different models. Then by discovering actomyosin as an essential component for

cell orientation during this process and further investigation, I’ve shown the counter

rotational actomyosin flow may be the biophysical force generator during the first

and the second spiral cleavages, leading to proper cellular axis determination. At the

end of my thesis, I want to address this model to broader evolutionary perspectives.

To which extend are the described mechanisms, especially the physical mechanism,

conserved?

First, within the organism, I would perform all the quantitative actomyosin VC

measurements with symmetric and asymmetric cleavages in P. dumerilii to understand

the extend of cellular mechanistic conservation. Second, among spirlaians, VC was

detected in the unequal cleaver, P. dumerilii, and similar cellular mechanisms were

observed in the equal cleaver, L. stagnalis. Therefore, to measure VC and monitor

actomyosin dynamics with other spiralians may help to understand the extend of usage

and conservation of this physical mechanism during embryogenesis of lophotrochozoans.

Third, to look into other phyla with determinate development, such as the ascidians
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(bilateral cleavage), or phyla following indeterminate development such as echinoderms

(radial cleavage) would allow for evolutionary comparison of developmental mechanisms

across phylogeny and between deuterostomes and protostomes, eventually generate a

global picture of how a biophysical machinery may contribute to embryo patterning

among metazoans.
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7. Materials and Methods

7.1. Culture

7.1.1. P. dumerilii animal culturing

P. dumerilii is a seawater living annelid spiralian following typical dextral spiral

cleavage during embryogenesis. The animal life cycle is enclosed under the laboratory

conditions, the sexual maturation process is well studied and can be controlled with

artificial light supporting the natural circadian and lunar rhythm (Appendix A.1). Due

to the establishment of the system, the fertilization of the eggs as well as the quality

control of the embryos also follow standard protocols, making it easier and more stable

for early embryogenesis researches and allows for comparisons with other laboratories

working with P. dumerilii. The embryos are highly transparent and the size is moderate

(160-200 µm), which are suitable for microscopy. Moreover, the fast-developmental

processes make live-imaging feasible and data processing much faster. After short-term

protease treatment, the eggshell of P. dumerilii can be penetrated with the glass

needle and the embryos microinjected with a foreign substance and this manipulation

does not interfere with its development. With these experimental advantages and
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techniques, P. dumerilii becomes one of the best-known model organism to examine

early spiral cleavage with live-imaging.

P. dumerilii was kindly provided by Dr. Arendt’s laboratory, EMBL,

Heidelberg, Germany, which has an established inland culture. We cultured P. dumerilii

at MPI-CBG, Germany, following the protocol by Dorresteijn et al. (1993) with a few

modifications to facilitate the maintenance of the worms by few users. The culturing

seawater is changed every 14 days. The larvae younger than seven days old were fed

with living green algae (Tetraselmis sp., provided by University of Göttingen). Instead

of growing the algae in flasks, we grew them on agar plates (see Tetraselmis sp. algae

culturing). The adult individuals were fed with ground fish food (TetraMin Flake Food

for all tropical fish, Tetra, Germany) or ground Spirulina flakes (Tropical, Germany)

three times per week. A 12-hour light period was included in the day-night cycle in the

worm facility to facilitate the circadian rhythm of the worms. The sexual maturation

of the worms depends on the moon. Therefore, a moon, in form of a light bulb, was

installed in the worm facility. Two days prior to the natural full moon, our artificial

moon was turned on for six consecutive days. Sexual maturation happens when the

moon was turned off that was right after new moon. For an overview of the laboratory

culturing condition of P. dumerilii, see Appendix A.2.

The gender of the sexually matured worms can be distinguished and males

and females were collected into separate small cups with seawater and kept at 18 ◦C

incubator until mating. For fertilization to occur, a male and a female were transferred

into a cup half-filled with seawater. On the notice of the proximity of the opposite

sex, they would spread sperm and eggs into the water and fertilization would take

place in the water column thus outside the adult. The seawater was exchanged to
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remove excess sperm and the fertilized eggs were incubated at 18 ◦C. During the initial

approximately 40 min of development, a protective mucus layer was excreted from the

zygote. To use the embryos for experiments, this jelly layer was removed mechanically

by filter the seawater through a 40 µm filter at 50-60 mpf. The zygotes are 160-200 µm

in diameter and were retained in the filter. The embryos were washed with 1L of

seawater to remove the remaining jelly and collected into petri dishes for further

experiments. At all times, the embryos were kept covered with seawater.

7.1.2. Tetraselmis sp. algae culturing

Tetraselmis sp. was provided by the University of Göttingen in the test tubes with

agar/seawater. The algae can be cultured in flasks in seawater, or on the agar plates

made from seawater. The latter option was chosen for the reason of easy maintenance,

harvest for feeding, and passage. To make the agar plates, 3% agar in 250mL ddH2O

was autoclaved and kept in a 50 ◦C water bath. At the same time, a 250mL, 2x

concentrated seawater (prepared from seawater powder, Tropic Marin Sea Salt, to

68‰) was warmed up to 50 ◦C in the same bath. 10mL of fertilizer (Guillard’s (F/2)

Marine Water Enrichment Solution 50x, G9903, Sigma-Aldrich) was added to it, and

the solution was mixed with the agar solution to reach a final volume of 500mL,

resulting in a 1.5% agar solution in 34‰ seawater. The fertilizer-containing agar

solution was poured into 6-cm petri dishes and 500mL volume was enough for making

40 plates and stored at 4 ◦C.

Before passage the algae, the plates were placed at room temperature for 1 hr

followed by a 15 min UV-light exposure for sterilization because the 2x concentrated
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seawater was not (and not able to be) autoclaved. The algae was picked with the

sterilized inoculation ring and homogenized in the filtered seawater and plated on the

agar plates. The plates were incubated at room temperature with light for two weeks

until the algae were visible and ready to be used as food for P. dumerilii.

7.1.3. Moon cycle and feeding

An example moon cycle (August 2015) and routine culture maintenance protocol

was given in Appendix A.1. Briefly, feeding was done every Monday, Wednesday,

and Friday. Every second Wednesday the seawater was changed entirely to keep the

environment clean. The moon, a light bulb in the laboratory condition, was turned on

two days prior to the actual full moon and turned off four days after it. Therefore,

the worms received a 24-hour light exposure instead of 12-hour light-dark cycle for

6 nights. The maturation processes of the worms were synchronized after sensing

this light signal and started to mature after the artificial moon was turned off and

the 12-hour light-dark cycle was applied again. Therefore, the harvest period was

the three weeks between the two moon cycles. The artificial moon doesn’t need to

follow the actual moon cycle. It can also be shifted by weeks to the actual moon cycle.

A summary of the moon cycle, feeding, cleaning, and matured worm collection was

shown in Appendix A.2. The recording started six months after this culture protocol

was applied. And an 8-month recording (October 2015 - June 2016) is plotted showing

that there were enough matured worms (around 8 pairs per day) for daily experimental

purposes.
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7.2. Equipment

The equipment used in this thesis is listed below with the brands and applications.

Method Equipment Brand Application

Gene cloning PCR machine Eppendorf
MasterCycler EP
Gradient S

DNA amplification

Electroporator Bio-Rad Gene Pulser
Xcell

Transformation

Microinjection Needle puller Flaming/Brown
Micropipette
Puller, P-97, Sutter
Instrument

Transform capillary
into microinjection
needle

Microinjector FemtoJet Eppendorf Generate pressure for
microinjection

Cooling stage MPI-CBG workshop Keep the embryos at
13 ◦C

Light microscope Leica IL LED, 4x and
10x objectives with
S80/30 condenser

Microinjection

Micromanipulator FemtoJet Eppendorf Microinjection

Imaging Point scanning
confocal
microscope

Zeiss 780,
C-APOCHROMAT
40x/1.2W objective

fixed stained
specimen

Spinning
disk confocal
microscope

Andor Revolution
WD Borealis Mosaic,
Olympus UPLSAPO
60x 1.3S objective

Live-imaging of
actomyosin dynamics

Light sheet
fluorescence
microscope

Light sheet Z.1, Zeiss
Plan Apochrmat 20x
1.0W DIC objective

Live-imaging of
embryo development
and cell tracking

Protein
purification

Spectrophotometer Ultrospec 2100
pro, Amersham
Biosciences

Measure bacteria
culture concentration

Homogenizer Avestin Emulsiflex
C-5, ATA Scientific
Instruments

Homogenize bacteria
culture
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Affinity column HisTrap column, Cat.
No. 17524801, GE
Healthcare

Purify
6xHis-lifeact-mKate2
protein

Gel filtration
column

HiLoad superdex
200 16/60, Cat.
No. 28989335, GE
Healthcare

Size selective
chromatography

7.3. Reagents and solutions

Reagents, solutions, and culture medium were either pre-prepared as stock solution

and stored at low temperature, or freshly prepared for their optimal activities. The

formula and procedures of making the reagents are listed in this section.

7.3.1. Seawater for P. dumerilii culture

The culturing seawater was composed of 25% of artificial seawater (Tropic Marin Sea

Salt, dissolved in water to 34‰), 25% of Caribbean natural seawater (NutriSeaWater),

and 50% of Atlantic natural seawater (Original Meerwasser). In details, 195g of the

artificial seawater powder was mixed with 5L of reverse osmosis water and dissolved

for 30 min with stirring. Then the 5L of artificial seawater was mixed with 5L of

Caribbean natural seawater and 10L of Atlantic natural seawater. The salinity of the

mixed seawater was 34-35‰.
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7.3.2. Calcium magnesium free seawater (CMFSW)

The calcium magnesium free seawater used in this project was modified from TCMFSW

by Schneider and Bowerman (2007). The composition of CMFSW was 50mM Tris,

495.1mM NaCl, 9.7mM KCl, , 27.6mM NaHCO3, 5.0mM EDTA, pH8.0. After all the

components were dissolved, the solution was filtered with 0.22 µm filter to sterile and

kept at room temperature.

7.3.3. Low melting temperature agarose

The low melting temperature agarose (Cat. No. 50101, SeaPlaque Agarose, Lonza)

was used to embed the embryos for live-imaging. Therefore, the salinity was adjusted

to 34-35‰. Either 0.4% (for mounting on the glass-bottomed petri dishes for spinning

disk microscopy) or 0.6% (For mounting in the glass capillary for SPIM) of low melting

temperature agarose was mixed with filtered seawater and heated with a lid to prevent

water evaporation. If water evaporates during heating, fill the ddH2O to reach original

volume. The solution was aliquoted and kept at 4 ◦C for maximum 2 weeks. Before use,

the aliquot was placed at 80 ◦C for 10 min to melt, then incubated at 34 ◦C for at least

30 min. Both 0.4% and 0.6% low melting temperature agarose didn’t solidify at 34 ◦C.

The melting efficiency drops dramatically when the solution is re-used. Therefore, a

fresh aliquot was melted every time before the experiments.
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7.3.4. Rhodamine-phalloidin

300 units Rhodamine-phalloidin (Cat. No. R415, Life Technologies) was dissolved

in 1.5mL methanol, aliquoted, and stored at −20 ◦C. The solution was kept on ice

without exposure to light before use.

7.3.5. DAPI

DAPI (Cat. No. D1306, Thermo Fisher Scientific) was dissolved in ddH2O to 20mg/mL,

aliquoted, and stored at −20 ◦C. The solution was kept on ice without exposure to

light before use.

7.3.6. Thioglycolate

Thioglycolate (Cat. No. T0632, Sigma-Aldrich) was dissolved in CMFSW to 1% by

vigorously vortex right before use. The solution was freshly prepared each time and

was mixed with CMFSW to reach the working concentration of 0.5%.

7.3.7. Pronase

Pronase (Cat. No. 10165921001, Roche) was dissolved in CMFSW at 0.5% by

vigorously vortex right before use. The solution was freshly prepared each time and

was mixed with CMFSW to reach the working concentration of 0.25%.
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7.3.8. anti-α-tubulin antibody

anti-α-tubulin antibody, DM1α, mouse monoclonal, (Cat. No. T9026, Sigma-Aldrich)

was aliquoted in the volume of 5 µL and stored at −20 ◦C. A fresh aliquot was used

each time. The primary antibody solution contained 1:5000 of DM1α in 2.5% Sheep

serum/PTw and was pre-absorbed for 1 hr at room temperature before mixing with

the sample.

7.3.9. Goat anti-mouse IgG secondary antibody

Goat anti-mouse IgG secondary antibody, Alexa Fluor 488 (Cat. No. A28175,

Thermo Fisher Scientific) was kept at 4 ◦C without exposure to light. The secondary

antibody solution contained 1:500 of the anibody in 2.5% Sheep serum/PTw and was

pre-absorbed for 1 hr at room temperature before mixing with the sample.

7.3.10. Preparation of the chemical inhibitors

The solvent and stock concentration for each chemical are listed below. Each chemical

was dissolved in the fume chemical hood in the bottle which was shipped with it

to achieve optimal efficiency. After adding the solvent to the chemical, the solution

was incubated on ice on a shaker with gentle agitation for 10 min for the dissolving

process. The chemicals were aliquoted in the volume of 2 µL and stored at −20 ◦C.

Fresh aliquots were melted on ice for 10 min and the 2x concentrated soaking solution

was made (see Section 4.5) right before use. The rest of the chemical was discarded.
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Chemical Solvent Stock,
working
conc.

Function Source

Colchicine EtOH 5%, 0.005% Depolymerize
microtubules and
inhibit tubulin
polymerization

Sigma-Aldrich,
C9754

Nocodazole DMSO 1mg/mL,
0.01 µm

Inhibit tubulin
polymerization,
High conc.: induce
microtubule
depolymerization,
Low conc.: alter
microtubule
dynamics without
depolymerization

Sigma-Aldrich,
M1404

Latrunculin A DMSO 1mg/mL,
1.5 µm

Inhibit actin
polymerization

Sigma-Aldrich,
L5163

CK-666 DMSO 10mg/mL,
100 µm

Inhibit actin
assembly mediated by
actin-related protein
Arp2/3 complex

Sigma-Aldrich,
SML0006

Blebbistatin EtOH 20mM,
100 µm

Inhibit myosin II
ATPase activity

Sigma-Aldrich,
B0560

Y-27632 H2O 10mg/mL,
200 µm

Inhibit ROCK
activity

Sigma-Aldrich,
Y0503

SMIFH2 DMSO 10mg/mL,
100 µm

Inhibit
Formin-mediated
actin assembly by
inhibition of Formin
homology 2 domains

Sigma-Aldrich,
S4826
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7.3.11. Protease K

100mg Protease K (Cat. No. P2308, Sigma-Aldrich) was dissolved in 5mL ddH2O on

ice for 10 min, resulting in a 2% solution, aliquoted into 75 µL, and stored at −20 ◦C.

An aliquot was placed on ice for 5 min for melt without decreased enzyme activity.

The aliquot was then mixed with 30mL seawater to reach the final concentration of

0.005% at room temperature right before the treatment.

7.3.12. Zamboni’s fixative

Zamboni’s fixative was first published by Stefanini et al. (1967). In this thesis, the

working concentration of PFA is modified to 2.5%. The detailed recipe is as follow.

Picric acid was diluted in ddH2O to 1.3% (saturated solution) and stored at 4 ◦C.

All the stock solutions were sterile before preparation of Zamboni’s fixative. The

composition of Zamboni’s fixative: 12.74mL of 0.2M Na2HPO4, 3.59mL of 0.2M

NaH2PO4, 0.545mL of 1.3% picric acid, and 3.125mL of 16% PFA. Zamboni’s fixative

was stored at 4 ◦C for maximum 2 weeks. Discard the expired fixative or waste as

described below.

Picric acid in Zamboni’s fixative can volatile and slowly sublime at room

temperature. It’s metal picrate salts can constitute an explosion hazard. Therefore, a

glass or plastic container is required for Zamboni’s waste. Moreover, dry picric acid is

sensitive to friction and shock, the liquid in the container should always be filled with

a layer of water to prevent high concentration of picric acid.
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7.3.13. Phosphate buffered saline (PBS) for protein

purification

10x phosphate buffered saline: 80g of NaCl, 2.0g of KCl, 14.4g of Na2HPO4, and 2.4g

of KH2PO4 were Dissolved in 800mL of ddH2O. Then adjusted the pH to 7.4 and

added ddH2O to 1L. Sterile the solution by autoclave.

7.3.14. Phosphate buffered saline (PBS) for P. dumerilii

specimen

The 10x phosphate buffered saline was modified to match the cellular property of the

marine animals. 70g of NaCl, 62.4g of Na2HPO4·2H2O, and 3.4g of KH2PO4 were first

dissolved in 800mL of ddH2O (heating is required to dissolve the salts). The pH was

then adjusted to 7.4 and filled ddH2O to 1L. The 10x PBS was sterile by autoclave

and stored at room temperature. The recipes of the PBS containing solutions are

listed below.

• 1x PBS: dilute 10x PBS with ddH2O and sterile it with 0.22 µm filter.

• PTw: 1x PBS with 0.1% Tween-20

• 5% Sheep serum/PTw: 5% (v/v) sheep serum in PTw
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7.4. Software

The software used in this thesis is listed with the url link if it’s open source program.

The Fiji plugins and the scripts for spindle inclination angle measurement were written

by Dr. Benoit Lombardot and/or Dr. Robert Haase, Scientific Computing Facility,

MPI-CBG, Germany.

Software Version Application Source Note

Matlab R2018a Data analysis The MathWorks Proprietary
program

Modified PIVLab — Particle image
velocimetry

Grill lab,
MPI-CBG

Matlab
script

Zen Black
edition
2012

SPIM Z.1
manipulation,
image processing

Zeiss Proprietary
program

Fiji Fiji/Fiji2 Image processing,
analysis

https://

fiji.sc/

Open
source
program

Multiview
reconstruction

5.0.13 Register and
Fuse SPIM
images

https://imagej

.net/Multiview

-Reconstruction

Fiji plugin

MaMuT v0.27.0 Lineage tracking https://imagej

.net/MaMuT

Fiji plugin

BigDataViewer 3.0.1 Visualize SPIM
images

https://

imagej.net/

BigDataViewer

Fiji plugin

P. dumerilii
transcriptomic
databases

— Identify gDNA
fragments or
genes of P.
dumerilii

Dr. Arendt lab,
Dr. Jékely lab,
(Conzelmann et
al., 2013)

Online
database

spindleOrientation v0.7 Measure spindle
inclination angle

Scientific
Computing
Facility,
MPI-CBG

Python
script for
Fiji
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updateAnimalPole v1.1 Adjust polar
body position
recognized by
spindleOrientation

visualiseGeometry v0.2 Visualize angle
measurements by
spindleOrientation

7.5. SiR-dye preparation and treatment

SiR-actin (Cat. No. SC001, Spirochrome, Switzerland) or SiR-tubulin (Cat. No.

SC002, Spirochrome, Switzerland) was dissolved in DMSO to make 1mM stock solution

and was stored at −20 ◦C. The soaking solution was freshly prepared containing 1 µm

SiR-actin or SiR-tubulin and 10 µm verapamil in seawater. The embryos were soaked

for 4 hr and imaged. In the injection experiment, the injection solution contained 1 µm

SiR-actin or SiR-tubulin and 10 µm verapamil in ddH2O and was sterile by 0.22 µm

filter before use.

7.6. Microinjection and mounting

To visualize the fluorescent signal during early developmental stages, the mRNA or

protein needs to be injected as early as possible, best in the zygote. For many organisms,

the eggshells are too hard for microinjection, or not transparent for monitoring the

developmental processes. Therefore, it’s necessary to remove the eggshell or prevent its
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formation before injection and live-imaging (Girstmair & Telford, 2019). When using

P. dumerilii as the model organism, it’s not required to remove the eggshell. A mild

protease K treatment step is applied to soften the eggshell, followed by microinjection.

Prior to injections of the zygotes, A mild 34 sec of 0.005% protease K treatment step

is applied to soften the eggshell, followed by washes with 1L of seawater to remove the

enzyme and stop the digestion. With this experimental set-up, the embryos remain

more natural in the egg, the injection can still be done during zygote stage to maximize

the fluorescent signal development, and it gives a possibility to compare the mechanical

influence of the eggshell to spiral cleavage (see Section 2.4).

The microinjection protocol was modified from Özpolat et al. (2017). The

set-up consisted of an inverted microscope, a home-build cooling stage to keep

the embryos at 13 ◦C during microinjections, a micromanipulator and a FemtoJet

Eppendorf microinjector with the injection settings (pi 300 hPa, pc 30 hPa, ti 0.1 sec)

(see Section 7.2). Home-pulled needles (Borosilicate thin wall with filament, 1.0mm

OD, 0.78mm ID, 150mm L, Cat. No. 300039, Harvard Apparatus) with the pulling

settings (Pressure 200, Heat 465 (Ramp + 15), Pull 55, Velocity 70, Time 220) were

used for the microinjections. The embryos were aligned on the 2% agar/seawater stage

containing a 1mm-thick groove. The mRNAs (200ng/µL) or proteins (500ng/µL) were

injected into the zygotes under a 10x objective. Subsequently, the injected embryos

were cultured at 16 ◦C to recover until imaging. At 2-cell stage, the embryos were

embedded in the low melting temperature agarose dissolved in seawater for imaging.

The low melting temperature agarose was kept in liquid form at 34 ◦C and allowed

to cool down 4 ◦C before adding to the embryos to not to harm their development.

Different mounting protocols were used for different imaging techniques. The detailed

mounting and imaging procedures are described below.
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7.6.1. Mounting for live-imaging with light sheet fluorescence

microscopy

The embryos were fluorescently labeled by mRNA injection into the zygotes and

recovered at 16 ◦C in natural seawater. The embryos were mixed with the melted

0.6% low melting temperature agarose/seawater on a glass slide and sucked into the

SPIM glass capillary (Cat. No. 701902, Brand) by pulling the metal plunger (Cat.

No. 701930, Brand) in the capillary. The mounting agarose contained 3-5% of Merck

Millipore Y type Estapor Fluorescent Microspheres beads for the registration purpose

in image processing. The capillary was placed horizontally at room temperature for 10

min for the agarose to solidify. The horizontal orientation of the capillary also allowed

the animal pole of the embryos facing the side of the capillary, making the angle

setting during SPIM live-imaging easier. The capillary can be placed in seawater until

the desired developmental stage. The whole-embryo live-imaging was done with the

Light sheet Z.1 microscope with Zeiss Plan Apochrmat 20x 1.0W DIC objective from

5 angles with a 72 ◦ rotation. The images of the two illuminative sources were fused

with Zen Imaging Software. Registration and fusion of the 5 angles were done with

the Fiji plugin Multiview reconstruction by using the external fluorescent beads as

reference points with the cluster computing system in MPI-CBG, Dresden, Germany.

7.6.2. Mounting for live-imaging with spinning disk confocal

microscopy

The injection and recovery processes are described in the previous sections. Instead of

mounting in the capillary, the melted 0.4% low melting temperature agarose/seawater
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was placed at the glass-bottom petri dishes. And the embryos were mixed with the

agarose/seawater and pushed to the bottom of the liquid with the desired imaging

orientation facing the glass bottom before solidification of the agarose. The petri dish

was then incubated on the cooling stage at 13 ◦C for 5 min for solidification, then filled

with seawater for live-imaging. The Andor system (see Section 7.2) was an inverted

spinning disk confocal microscopy system which allows imaging from the animal pole

because the animal pole faces the bottom naturally. The image stack was taken every

5 sec covered 30 µm with 0.5 µm optical sectioning.

7.6.3. Markers for live-labeling of the cytosolic components

The P. dumerilii gene cloned in this study are listed in Appendix A.6. Here showed the

summary of the mRNA from other species used for labeling the cytosolic components.

Gene Species Discription Target

lyn H. sapiens N-terminal chain of non-receptor
tyrosine kinase

Plasma membrane

emtb H. sapiens Microtubule binding-domain of
ensconsin

Microtubule

h2b M. musculus Histone 2b Nuclear DNA
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7.7. Immunofluorescence

The embryos were fixed with Zamboni’s fixative at room temperature for 20 min

and washed 5 times with PTw. The fixed embryos were soaked in Milli-Q water

for 15 min at room temperature to permeabilize the sample, followed by a 20 min

post-fixation with Zamboni’s fixative. After a further 5 times of PTw washes, the

samples were blocked with 5% sheep serum/PTw at room temperature for 1 hr. The

primary antibody (1:5000 dilution) was pre-absorbed in 2.5% sheep serum/PTw and

applied to the samples. The samples were incubated in the primary antibody solution

at 4 ◦C for more than 8 hr (overnight) and washed with PTw for 5 times. Then the

samples were incubated in the pre-absorbed secondary antibody (1:500 dilution in

2.5% sheep serum) at 4 ◦C for another overnight. Rhodamin-phalloidin (1:250 dilution)

and DAPI (1:200 dilution) were present in the secondary antibody solution if needed.

With a further 5 times washes with PTw, the samples were imaged with Zeiss confocal

microscope with 40x objective (see Section 7.2). For detailed step-by-step protocol,

please see Appendix A.7.

7.8. Functional studies by exogenous application of

the chemical inhibitors

The chemicals targeting different cytoskeletal elements or motor proteins are commonly

used in many species for the study of cell division and other cellular behaviors. The

chemical preparation was described in Section 7.3.10. In brief, each chemical was

dissolved in the recommended solvent and the stock solutions were stored at −20 ◦C.
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They were melted prior to the treatment and kept on ice. The chemicals were diluted in

seawater to 2x of the working concentration before the treatment to keep the maximum

activity.

The embryos were incubated in the 12-well plate with 500 µL of seawater

and 50 embryos in each well at 16 ◦C. Same volume of the 2x concentrated chemical

solution was mixed gently with the embryos at the desired stage. The embryos were

treated from the beginning of the 4-cell stage, when 80% of the embryos completed

the second embryonic cleavage, for 20 min, and fixed with Zamboni’s fixative for

immunofluorescence. For live-imaging, the embryos were fluorescently labeled by

injection at 1-cell stage and the chemicals were treated at 4-cell stage (as described

above) and live-imaged by spinning disk confocal microscopy.

7.9. Measurement of the spindle inclination angle

during spiral cleavage

The embryos were fixed during the first spiral cleavage and the plasma membrane,

mitotic spindle, and DNA were fluorescently labeled with Rhodamine-phalloidin, (Cat.

No. R415, Thermo Fisher Scientific), DM1α, and DAPI, respectively. The embryo and

cell segmentation, detection of the mitotic spindle, and division angle measurement

were done with the Fiji-based script created for P. dumerilii four-cell embryos (see

Section 7.4). The embryo axis was the axis of the center of the embryo to the polar

body. And the mitotic spindle vector (Vs) was the direction of the MTOC at the vegetal

pole to the one at the animal pole. The inclination angle theta, θ, was illustrated in
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Figure 2.5 and measured with spindleOrientation plugin.

7.10. Dechorionation and cell dissociation

The embryos were incubated at 16 ◦C until 60 mpf, followed by removal of the jelly

layer. Dechorionation was applied at 1-cell stage by soaking with 0.5% thioglycolate

and 0.25% pronase in CMFSW for 10 min at room temperature on a 450 rpm shaker.

The dechorionated zygotes were washed two times with CMFSW and placed in a

new petri dish with natural seawater at 18 ◦C for imaging. For cell dissociation, the

dechorionated embryos were collected at 4-cell stage and the cells were dissociated by

gently pipetting in seawater.

7.11. gDNA extraction

The source for gDNA extraction was from the tissue of 10 different P. dumerilii

adults to overcome the cloning difficulties by the polymorphism of the genomic DNA.

AllPrep DNA/RNA/Protein Mini Kit (Cat. No. 80004, Qiagen) was used with its user

instructions. The extracted gDNA was stored at −80 ◦C for cloning of the untranslated

region or investigation of the certain genomic regions.
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7.12. RNA extraction and cDNA synthesis

300 embryos were lyzed in 1mL TRIzol reagent (Cat. No. 15596018, Thermo Fisher

Scientific) at room temperature for 10 min. The lysate was mixed with 0.2mL of

chloroform (Cat. No. 32211, Sigma-Aldrich), homogenized, and placed on ice for 10

min. The samples were then centrifuged at 14000 rpm at 4 ◦C for 15 min and the

upper layer was collected. Same amount of isopropanol (Cat. No. 67-63-0, Merck) was

added to the solution and the samples were incubated at −20 ◦C for 30 min. After

centrifugation at 14000 rpm at 4 ◦C for 30 min and removal of the supernatant, the

RNA pellets were washed with 70% EtOH (Cat. No. 64-17-5, VWR Chemicals) and

air dried for 20 min. The RNAs were re-suspended with nuclease-free water and stored

at −80 ◦C. The reverse transcriptase SuperScriptIII First-Strand Synthesis SuperMix

(Cat. No. 18080-400, Invitrogen) was used to produce the cDNA according to the

user manual. 1 µg of total RNA was used as template in each 20 µL reaction mix. The

cDNA was stored at −20 ◦C for gene cloning.

7.13. Gene cloning and mRNA synthesis

To clone the genes of interest from P. dumerilii, the candidate genes were retrieved

from the P. dumerilii transcriptomic databases (see Section 7.4) by reciprocal basic

local alignment search tool (BLAST) searches. In brief, the desired genes were

found by searching with the gene annotations in the databases and further confirmed

by BLAST in NCBI and alignment of the open reading frames with the reference

homologous genes. The primer sets were designed based on the open reading frames,
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the melting temperature, and the secondary structures. For cloning of the open reading

frames, the primers had to start from the start codon or ended at the stop codon

(see Appendix A.6). Therefore, the sequences and melting temperature (Tm) of the

primers can only be tuned by the length of them. Tm was measured with the Basic Tm

calculation by University of the Basque Country (http://insilico.ehu.es/tm.php).

The range of Tm was set between 50− 55 ◦C and for each primer sets, the difference

of Tm was usually within 1 ◦C. The other primer quality controls, such as secondary

structures and primer dimers, are checked with the OligoAnalizer by Integrated DNA

Technologies (https://eu.idtdna.com/calc/analyzer). The primers were ordered

from Sigma-Aldrich, dissolved in ddH2O to 100 µm and stored at −20 ◦C. For the

constructs with syn21 translational regulator conjugated at 5’UTR, it was included in

the primer in front of the start codon of the gene and the relative primer parameters

were modified accordingly.

The cDNA was used as template with the primer pairs and Phusion DNA

polymerase (Cat. No. M0530L, NEB) were used for polymerase chain reaction

amplification of the DNA fragments. The PCR products underwent de-phosphorylation

and ligated with the linearized pCS2+ plasmids. The ligation products were transformed

into the homemade TOP10 competent cells (see Appendix A.8 for preparation of the

competent cells) by electroporation. Mini-preparation was done with the QIAGEN

mini-prep kit and the plasmids were stored at −20 ◦C. For detailed step-by-step

protocol, please see Appendix A.9.

The mRNAs were in vitro synthesized with mMESSAGE mMACHINE SP6

Transcription Kit (Cat. No. AM1340, Thermo Fisher Scientific) following the user

manual with the modifications. 1 µg linearized plasmid DNA was used as templates
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and 37 ◦C incubation time was extended to 4 hr for optimal mRNA synthesis. If

the synthetic mRNA was larger than 5kb, 1 µL GTP was added in the 20 µL in vitro

transcription mix. The mRNAs were dissolved in ddH2O and the concentration was

measured and adjusted to 600ng/µL and stored at −80 ◦C.

7.14. Protein purification

6xHis-Lifeact-mKate2 was cloned in pET30a expression vector (cloning protocol shown

in Appendix A.9) and transformed into DH5α competent cells which contained pRARE

plasmid (New England Biolabs). 0.2mM IPTG (Cat. No. 97063-282, VWR) was

added when the bacteria culture reached O.D.600=0.5 and the culture was shifted to

18 ◦C with agitation for an overnight. Bacteria were harvested by centrifugation at

5000 rpm for 5 min and re-suspended with lysis buffer (2x PBS, 20mM Imidazole) with

1mM DTT (Cat. No. 97061-338, VWR), 0.1% protease inhibitors cocktail (Bimek),

and 0.1% benzonase (MPI-CBG, Germany). The cells were lyzed and homogenized

by Emulsiflex C-5, Avestin homogenizer. The lysate was centrifuged at 16000 rpm

for 30 min to remove the debris. The supernatant was filtered with 0.45 µm filter

(Cat. No. SLHAM33SS, Sigma-Aldrich) and loaded to HisTrap column (Cat. No.

17524801, GE Healthcare). The column was washed with 10 column volumes (CV)

of lysis buffer with 1mM DTT; 5 CV of high salt buffer (6x PBS) with 1mM DTT;

and 5 CV of lysis buffer with 1mM DTT. The sample was eluted with elution buffer

(2x PBS, 250mM Imidazole) and dialyzed with the dialysis membrane (spectra/por

Dialysis membrane 3500MWCO, Spectrum Laboratories) overnight against protein

buffer (20mM Hepes pH7.4, 150mM KCl). The dialyzed protein was gel filtrated and
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the desired protein size was collected. The detailed protocol is attached as Appendix

A.10. The protein can be used after dialysis or further purified by size-exclusion

chromatography (Cat. No. 28989335, HiLoad superdex 200 16/60, GE Healthcare),

which was used in 6xHis-Lifeact-mKate2 protein purification. The final concentration

of the purified protein was adjusted to 3 µg/µL and stored at −80 ◦C.

7.15. Particle velocimetry analysis, PIV

Particle image velocimetry (PIV) was measured with the modified PIVlab by the

Grill lab in MPI-CBG, Germany. The scheme was shown in Figure 4.5. For each

biological replicate, selected time frames were analyzed starting from the formation

of the cytokinetic ring during anaphase of the cell cycle until telophase, when the

ingression of the cleavage furrow was clearly seen. The analyzed area (ROI1 and

ROI2) were defined based on the size of the cell and the position were relative to the

cytokinetic ring. In details, the ROIs were 7.5 µm in width and the length covered

the visible actomyosin signal of the target cell. The position of each ROI located

3 µm from the cytokinetic ring. Three (or more) biological replication were analyzed

for each group. The counter rotational vector,
−→
V1y and

−→
V2y, which were parallel to

the cytokinetic ring, were measured and the flow rate (Vc) was calculated with the

Equation 4.1 and 4.2.
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7.16. Statistics

All the numerical data were representative of at least three biological replications. The

results were showed as means ± standard deviation. One-way ANOVA was performed

by Matlab software to determine the statistical significant levels.
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A.1. P. dumerilii maintenance under laboratory

conditions

Figure A.1.: P. dumerilii maintenance under laboratory conditions. The
example was taken from August 2015. The 1st and 29th of the month were full moon.
The artificial moon was turned on two days prior to the full moon and turned off
four days after it. The total moon-on time was six nights. The matured worms were
collected during the moon-off state pair by pair and the fertilized eggs were kept
for further experimental purposes. The feeding was done three times per week, on
Mondays, Wednesdays, and Fridays. And the seawater was changed (for cleaning)
every two weeks on Wednesday. With these settings, P. dumerilii enclosed the life
cycle and can be entirely kept under laboratory conditions. See Appendix A.2 for
practical data of maturation.
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A.2. P. dumerilii culturing and maturation

Figure A.2.: P. dumerilii culturing and maturation. An 8-month record of
P. dumerilii culture with the matured worms and the moon cycle is plotted. The
moon-on state is marked with grey blocks. The matured worms were collected during
the harvest period (see Appendix A.1). Although the number of daily matured male
and female were not exactly the same, there were on average 8 males and 8 females
matured and ready to mate everyday (Culturing size, 50 boxes with 30-70 worms in
each box). Therefore, this culturing technique is optimal for spiralian embryological
experimental purposes.
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A.3. Cytosolic components distribution in the

zygote

Figure A.3.: Distribution of the cytosolic components in P. dumerilii

zygote. The embryos were incubated at 18 ◦C and fixed at 90-100 mpf. Microtubules
were labeled with anti-α-tubulin antibody (green). The DNA was labeled with DAPI
(blue). (A) The Z-projection was done from the animal view covering the animal half
of the zygote. The mitotic spindles and chromosomes were seen at the animal half.
(B) The Z-projection was done from the vegetal view covering the vegetal half of the
zygote. The microtubules were thicker and seperated by the oil droplets (od) and
nutritional vesicles (asterisk, not all of them were labeled). Scale bar: 20 µm.
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A.4. Phylogenetic analysis of P. dumerilii Par

proteins

Figure A.4.: Phylogenetic analysis of the Par proteins. The full-length protein
sequences of Par1, Par3, and Par6 of various animal groups were analyzed. The P.
dumerilii Par proteins were labeled as P. dumerilii Par and marked with bottom lines.
Each PduPar identified was grouped with its homologous genes.
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A.5. The effects of cytoskeletal inhibitors on

cellular behaviors

Figure A.5.: The effects of cytoskeletal inhibitors on cellular behaviors.

Figure A.5.: The effects of cytoskeletal inhibitors on cellular behaviors.
In (A), embryo was injected with lyn-gfp, emtb-3xgfp, syn21-lifeact-mKate2, and
h2b-mCherry mRNA, and in (B), with syn21-lifeact-mKate2, and emtb-3xgfp, into
the zygote. Then the embryos were incubated in natural seawater at 18 ◦C until the
end of the second embryonic division. When they’re observed to be at 4-cell stage,
the embryos were transferred to 0.75 µm latrunculin A (A), or 0.005% colchicine (B)
and the treatment started (0 min). They’re live-imaged by spinning disk confocal
microscope from the beginning of the treatments. Both embryos were imaged from
the animal view. For the whole time of live-imaging, the embryos were under chemical
treatment and therefore, no cell division was observed in terms of splitting a cell
into two. However, the dynamics of the sub-cellular structures were monitored. The
timestamps indicated the time of chemical treatment and 20 min (left panels) were
the beginning of the third embryonic cleavage, also known as the first spiral cleavage
in mock control. Half of the embryos were projected with the maximum intensity.
(A) Lifeact-mKate2 was first confirmed not localized to the cell cortex by imaging of
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the mKate2 signal. Therefore, it indicated that latrunculin A functionally inhibited
actomyosin. The double-headed arrows at 20 min indicated the direction of the second
embryonic cleavage resulting in the four macromeres. Through the time of around
two cell cycles (43 min and 66 min), two times of DNA duplication and separation
were observed. The direction of DNA separation at 43 min was perpendicular to the
previous one (20 min) and also perpendicular to the animal-vegetal axis, indicated by
the double-headed arrows. The direction of DNA separation at 66 min was roughly
perpendicular to the one at 23 min in A and B cells due to the space restriction of the
egg (yellow double-headed arrows). But it showed nicely perpendicular alignment in
the C cell, indicated by the blue double-headed arrows. The DNA separation direction
was hard to be observed in the D cell because not all the chromatin was seen (due
to its large size). By observing the shape of the cell contact, it’s concluded that no
obvious membrane deformation occurred between cell cycles. (B) It’s first confirmed
that no mitotic spindle was detected under the treatment by imaging of the GFP signal.
Therefore, it indicated that colchicine functionally inhibited microtubules. Although
no cytokinesis was observed, the cell deformed in the dextral manner at 20 min as in
the mock control (curved arrows). The accumulation of actomyosin at the periphery
of the cells were also observed (asterisks). These indicated that the potential of the
first spiral cleavage was not affected by interference of microtubule. Moreover, the cell
deformation decreased at 39 min of treatment. Strikingly, the division plane switched
from dextral to sinistral at 85 min, indicated by the curved arrow. it’s also confirmed
by the orientation of actomyosin accumulation at 85 min (asterisks). Therefore, these
indicated that the cell shape dynamics is irrelevant to microtubule. Scale bar: 20 µm.
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A.6. Identified gene sequences and the cloning

information

The DNA and protein sequences of the identified genes are listed below. The primer

sequences are bold. The start and stop codons are italic. The exon sequence of the

Pdunmm gDNA is red. Therefore, the coding region of this exon is from the beginning

of the red text until the stop codon, which is the italic "TGA".

A.6.1. Optimization of the lifeact construct

Lifeact

• DNA sequence

5’-ATGGGCGTGGCCGATCTGATCAAGAAGTTCGAGAGCATCAGCAAGGA

GGAG-3’

• Protein sequence

MGVADLIKKFESISKEE

5’UTR

• syn21: 5’-AACTTAAAAAAAAAAATCAAA-3’

• L21: 5’-AACTCCTAAAAAACCGCCACC-3’

• Pdupar6 5’UTR: 5’-TGAAAAGAGACAGTTTATCGGCTCCAATGTGGA

ATTTACCTGGATTTAACCGGTGACCAAGCCCTGGAGGAGGGCACAA

AGTCATCCACG-3’

A.6.2. Partitioning detective homologs

PduPar1

• DNA sequence
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5’-ATGTCTACCACGAGAGGCCCGCTGCAAACTGTTCACGAATCTCTC

ACTTCAGACCATGTCGTTAAAACGACTGATGACAATGCCAACCCTCGCAT

TTCGTCTAGGAGCCGAAGTACTGATGAGCCTCACATAGGAAAATACCGA

TTGATCAAAACCATTGGGAAAGGTAACTTCGCTAAGGTGAAGTTGGCCA

AACATGTCCCTACAGCTAGAGAGGTTGCCATTAAAATAATTGACAAGGC

TCAGTTGAATCCATCCAGTCTTCAAAAGTTATACAGAGAAGTGAAAATA

ATGAAGGTGCTCAATCATCCAAATATAGTTAGGTTGTTCGAAGTCATAG

AAACGGAAAAGACACTTTATTTAGTAATGGAGTATGCAAGTGGAGGGGA

AGTATTTGATTATTTAGTTGCACATGGGAGAATGAAGGAGAAAGAAGCT

AGGGCCAAATTCAGACAAATTGTGTCTGCTGTTCAGTATTGTCATCAGA

AGCACATTGTACATAGAGACTTGAAGGCTGAAAACTTGTTACTAGATGG

TGATATGAACATCAAAATTGCAGACTTTGGGTTTAGCAATGAGTTCACG

CCGGGAAACAAATTGGACACGTTTTGTGGTAGTCCTCCTTACGCTGCTC

CTGAGCTGTTTCAAGGAAAAAAATATGACGGTCCTGAAGTAGATGTATG

GAGTTTAGGAGTCATTTTGTATACTCTAGTCAGTGGTTCCTTGCCCTTT

GATGGCCAAAACTTAAAAGAATTAAGAGAAAGAGTCCTCAGAGGAAAAT

ACCGAATCCCATTTTACATGTCAACAGACTGCGAAAATCTTCTTAAGAAA

TTTTTGGTTCTCAATCCTCAAAAAAGAGCCAGTTTAGAGACCATTATGAA

AGACCGCTGGATGAATGTAGGTTATGAAGATAATGAATTAAAGCCTTAC

AAAGAGCCTCCATTGGAGACTGACCCCCGACGTATAGGGGAAATCATGA

TCAACATGGGATACTCAAGAAAAGACATCGAAGATTCATTAGTGCAAAA

TAAATACGATGACATCACGGCGACATATCTATTGTTGGGGAGAAGAAGT

AATGAGTTGGAAAGTAGTGAGTCAAGATCAGGGAGTAGTCTCTCATTAC

GCCAACTGCAGATGACCCATCGGCAGAACAGCGAGATGAATGCCAACAG

TTCGCAGTCACCCTCGCACGGAGGCAGCAAGGTCCAGAGAAGCGTATCG

GGGTCCAATTCCAAAACCAGACGATCGTCGTTCGGTGACAACAAAACGC

CCTCTTCAAAGAACAGTGGTGTGCCTTCCAGTGCCTCATACACTAAGCG

GTCTTCACAAGGAGTAGACAGTGCTTCCAAAGACAATGCTATCTCGGGT

GGGTCACGGTCGAAGGGACCATCGTCAGGCGGGTCAACGCCCACCTCAT

CCACTTCAGCCGCCTCTTCCATGCCCCAAGGAGAGTCTCCCAAGATTCCT

GCTGCAAGCAGTCCTGGCAAAGCGGCCATTCCCAAAAAGCCCCAGTCAA

AATCGGGAACGGTGGGAGTAACGCGCAGGAACACTTTTGGTTACGGTGA

TAATAAGGGTCCTGCCATCGAGCGAACAAACAAAACACAAACACCGACC
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CCGTCTTCTAACAATTCAGACTTTCGAAGTAACATCCCATCCACACCTGC

CAGCCAGGCCTCTGACGACCGCCCTGCAGCCCGACCTAAGGGTCACCAG

AAATCTGCCAGCACCTCCCATGCTGTTAGAGACTTGGGCCTTCCGCATG

CTGAACCTGCTAGTGGGGCTGACCCCCTGCGTCAGACGACGACCAGCTC

CTCGCAGAAGTCGTCGGCGATCCCCGCGTCTCCCATGGCAACCAGACAG

TTCCCCCGTAGCACCCCAGCACGCAGCACATTCCATGCTGGGCAGGTGC

GTGACCGACGGGCCACGACCAATGCCTACAATGGGCCTGGGGGTCTGCC

AACACACACGCAGGACACGTCGGCCATGGCGGCTCACAATCGTTTGTCT

TTCTTCAACAAAATCACCTCCAAGTTCAGCAGGAGGTACGTACCTGGCCA

AGAACTGGAGCCCAACAGGTCCATGAATGAGAAGGATGTCGGAGGAGGA

GGAGGTGGCATGGGGGGAGTTGGCCTCGGGGGAGGGGCCAGCGACCAG

GTCAAACCGCGATCTCTGCGCTTCACATGGAGCATGAAGACGACCAGCT

CGATGGACCCTAACGAGATGATGCGGGAGATCCGAAAAGTCCTTGACGC

TAACAATTGTGACTACGAACAACGGGAAAAGTTCTTACTCCTGTGTGTG

CACGGGGACCCTAACACGGATAGTTTAGTTCAATGGGAGATGGAGGTCT

GTAAGCTACCCAGACTGTCTCTAAACGGAGTACGATTCAAGAGAATATC

TGGCACTTCCATTGGCTTCAAGAACATAGCCTCTAAAATTGCCAATGA

GTTGAAGTTGTGA-3’

• Protein sequence

MSTTRGPLQTVHESLTSDHVVKTTDDNANPRISSRSRSTDEPHIGKYRLIKTIG

KGNFAKVKLAKHVPTAREVAIKIIDKAQLNPSSLQKLYREVKIMKVLNHPNIV

RLFEVIETEKTLYLVMEYASGGEVFDYLVAHGRMKEKEARAKFRQIVSAVQY

CHQKHIVHRDLKAENLLLDGDMNIKIADFGFSNEFTPGNKLDTFCGSPPYAA

PELFQGKKYDGPEVDVWSLGVILYTLVSGSLPFDGQNLKELRERVLRGKYRI

PFYMSTDCENLLKKFLVLNPQKRASLETIMKDRWMNVGYEDNELKPYKEPP

LETDPRRIGEIMINMGYSRKDIEDSLVQNKYDDITATYLLLGRRSNELESSESR

SGSSLSLRQLQMTHRQNSEMNANSSQSPSHGGSKVQRSVSGSNSKTRRSSFGD

NKTPSSKNSGVPSSASYTKRSSQGVDSASKDNAISGGSRSKGPSSGGSTPTSST

SAASSMPQGESPKIPAASSPGKAAIPKKPQSKSGTVGVTRRNTFGYGDNKGP

AIERTNKTQTPTPSSNNSDFRSNIPSTPASQASDDRPAARPKGHQKSASTSHA

VRDLGLPHAEPASGADPLRQTTTSSSQKSSAIPASPMATRQFPRSTPARSTFH

AGQVRDRRATTNAYNGPGGLPTHTQDTSAMAAHNRLSFFNKITSKFSRRYV
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PGQELEPNRSMNEKDVGGGGGGMGGVGLGGGASDQVKPRSLRFTWSMKT

TSSMDPNEMMREIRKVLDANNCDYEQREKFLLLCVHGDPNTDSLVQWEMEV

CKLPRLSLNGVRFKRISGTSIGFKNIASKIANELKL*

PduPar3

• DNA sequence

5’-GGGGAAGTTCCGACATTATTCATTTGGACTTGTTGTGATGCTCACCTG

AGGATAGCTGGCGGTCGTTTATGAGGCTGCAGGAGCCGTAATTTCGCAA

AATGAAGTCTTCGGAAGATAAGGAAGACACGTAGATGAATTTAGCGTAA

TTTGGTGAGCCAATAACTATCTGGAAGTGATTTTACCAAGGAACAATGC

ACCTGAAGAAAGTTACAAACTTGGCCACCTGCCTTCTCACAACTGTGGC

GTTTGCAGCTCGTCTCAAATAAAAGTGGGTCGCTGATAAACGTTGACTG

GTGGATTAATGTCGCTTTACCTGTTGTGGTTATGATCATGTGGATCAAT

GTTTACTATATACGGACTTATTTTGGCGTTTCGTGAAGAAATCTGTC

AGATAGTCGTCATGAAAGTGACAGTTTGTTTCGGGGCCACTCGCGTTGT

TGTGCCTTGTGGAAATGGGGATTTACCAATCAGCGAACTCATTGACATG

GCCATCACTCGGTACAAGAAGGCTTCTGGAAAGGCCTTGGATTACTGGG

TGACTGTGCATACTTTGAAGTCTCAGTCAGATGGAGGAATTCTTGACCC

TGATGACCTGCTCACTGATGTTGCTGATGACAGAGAACAGTTAATCGCA

GAATATGAAGAACAAGATGCCCCCCTGGTGCCACACAACGGAGGGGACG

GGACAAGCGCCAGTTCTGTGGGGACGGCGAGTCCTGATATGTTCCACGC

TCCAGAAATCAACAACCAACAACACAACCTCAACAACAACAACAAGCCCT

ACGCTCCGTCCAGCTACGATGTTGTCATCACCCAGAATGACTTGAACAAT

GTTTCCTCTCGGTTAATTGTTAGAAGAGGAAGCGAACCTGCTTTGATCA

ACATTGGAATTGAAAAAGAAAACGAAAATCCTCAGTTATCTTTGAAAAA

CAGCAACAAACGATGGTCAGCTATTTCTTTGGTGGACAATGGGAGGATA

CCAAAGCAAGAGGATGCCGATGATGAGGAAAGTGATGAGGAAGGAGGA

TTGTACCCGCCTCAGCAGCGGACGGGAGGCAATGGTCAGGAGAAGGACA

AAGAGGTGCGGAGTGCCTTTACGAGGTTTGCAAGAGACTCTGCTCGCCA

GTCATTGGCCAGCACCAACTCAGCCATGTACAGGTGGCTGGAGGCACAG

GAGAGGACCGAGGAGAGAGCCATTGAGATGCAGGTGAGCAGAAAAGAG

CCATTAGGAGGATCGGGAAAAGCGGAGGATGAAAGTGAGGAGGAAGAT

GAACAAAGCAAAGAGAACAATGTCGACTTTAGAGACAAAGCTGAAATTA
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TAACCCTGAAAAATACTGGTGGGGCACTAGGAATTCATGTAGTGCCTGA

ATATGATGAGAAAGGAAGGGAGTTAGGCTTAGTAGTTCAAGGGGTAGAA

GCTGGCGGACGTATTTCGAGAGACGGCAGACTCAAAGTCAAGGATCAAA

TTATTGAGATCAATGGAACAAGCTTAGTTGGAGTGGATTTCCTGAAGGC

ACAAGAAATTTTCAAACAAGCTCTTCAAACGGAAGAGATTCGTATGAGG

GTGGTGAAAGCCGACCCTGAAGACTCTGACAATTCAGCTCCCGAAAAAC

TGCCGTCTCCTGCCAAAAATAAACCTGATGATTTGGACTTATCACAAATA

CCTGGTTCTCCCGGTTTGAATTCTCCCCAAAGGCCGGAGGGGGCTGAAT

CTCCTGGTAAGAGAGCCCCTCCCGTCCCTGTGAGAAATCCCAGCACGGC

ATTATCCAGTGGTGCTTCATCTCCTACCAGGTCTGCCCTAATCCAACCCA

CCAACACTCGCAGTATAGGCGAGATCATCACCATTGAACTTCATAAAGG

CAATGAGGGTCTTGGCTTCAGTGTTACCACAAGAGACAACATGCCAGGC

TCAGAAATCCCAGTCTACGTCAAGACGATACAGAACCGTGGCCCTGCTA

TCAAGGATGGTCGCCTCAAGTCTTGGGACAGATTGCTAGAGGTGAATGG

CATTCAAATGACTGGCAAGACCCAAACGGAGGCTGTAAGGGTGCTGAGG

GAGATCCCAATTGGAACTGATGCCGTCCTGAAAATTTCTCGGCAAACGA

CAGTCACTAAACCGAAATTCACAATGCCGAGAGAATTGCCTCCTGGCTC

TTCTTCTCCTTCATCCACAACAACTGTCTCACTACAGCCAACAGACAAAG

CTGCCGAGGAGCTGACCACCCTCGCCCCTAACGCCACCAAGGAGGTCCA

CTGCTTCAACATTCTCCTCAACGACTCAGGCTCGGCCGGATTGGGAGTC

AGCGTCAAGGGCAAGACAACCACCAACCCAGAAGGAATCACAGACCTCG

GAATTTTCATTAAGTCAGTCATAAGCGGTGGAGCTGCTCATCGGGATGA

GCGCTTGCGAGTGAACGACCAGCTTGTGGAGGTCAACAACCAGCTTCTC

GTTGGCAAGTCCAACACGGAGGCCATGGAGACCTTGAGGAACGCCATGC

AGAGGGAGAGTCCCGTTCCAGGTCACATCAAATTGGTTGTCGCTCGGAG

AAAGGCCTTACCCGCTCCTGACGAGGCAGACCAACCTTATGTAGACTCT

AACGAGGTGCGGATAAGTGCCACTGACAATGTGGACGGTGGGGATAAGT

GGGATGAGGAGGGTTTCAACAACCTCCACTCCACTTTCAAGAGTGATGA

CAATACCCAATCTAACACTGCTCTTACTACCGCTCCTAAGCCCTTGCTTG

ACAGAATCACAAACGTCACCACAACGCCCTCCCCACGCAGTAACAAAGCC

AGCAACATGCAGTCCCCCACCATTCACGCTAACCGAGCTGAAACTGTACT

AATAGAGGGAGAGAACTACCAGGTCCAGATGCGTCAGACAGACAAACAC

AAGCCGCGACCAGCTTCGACTCTAGGGTTCCTGCAGAAGGCTCCAGATG
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GCAGCACTAAGCTCTCAAGGAGTTCTGAGAATCTTGCCCAAGAAATCGA

GTGGGATGCTGAGTCTAATATGTCCACAGACGTTGATCCCCAAATAATA

TTTTCAAGGGAAGGATTTGGGCGACAGAGTATGTCTGAAAAACGCAAGG

GTCACCTCGATCCAAAGTCTACGGAACTCTACCAAAAAATCAAACTGAA

CAAAGCTCATGGAAATCAGTACTTATCAGCCACTTGGGAACGCAGGCGT

TCAGCATCTTATAAAGAGCCAGCAGAGAAGAAGGATGAAGTTGTGGGAC

CTGCCCTGGGACTGACTAAATCGAGCTCCTTAGAAAGTCTTCAGACTGC

AATTCAGATTGCAGAGGAGGAAGACGGTGAAGTCACTTCCGCCTTTAAG

TCTCCAACCCGGTCGATGGTCAGAGGACGCGGATGTAACGAGAGTTTCC

GAGCTGCAGTTGATAGATCTTACGAAGGCGCAAATGACGCCGAGGCTAT

GGAGACCTTGGAGGAGGAGAGCAGCGAGACTGGATCCTTTGGCCGCGGC

CCTGGGGGTGGGTCAGTGCGGTCCTCACACTCTGGCAGTGAGCTGGACG

ACAAGCGAAAGAAGGCTGGCTCCAAGTCAAAGAAAGACAAAGGATTGTT

CAAATTTTTCAAGTTTGGGAAGCAGAACAAAAGGGACGGATCTGAAACT

GGTCCTTCCGAGATCAAAGCTGCTGATGTTGACTTTGCCAAACTCAAAC

AAGAAGATATTCCTAAATACACGCCTAAGACTGAAGAGACTGATAGCAA

AATCCAGGAACAATTTCGAGAGCTCCAAGCACAAGTCCTGGAGCAGCAG

AAACTGCACGACATGCAGGTGGCGGAGATACAACGACAGAACGAGAAGC

AACGCTACCTGGAGGCGCAGATGAGAGCGAGGTCTCCTTATGGGGCTGC

CCCTCCCGTGCCCCAGGAACCTCCTCCCAGTTACCAAGCAACCTCTCCCT

CTCGGACACGTCAATCAACTCAAGCGGAGAGACTGCAGAATCTAAGAGC

GCATCATCAACGTATCCATCAGGAAAGGCAAGGACGCTACCCTAATGAA

GATGTGGAGGAGCAGTACGAACGGCATCTGTTGCAACTGGAGAGACAGC

GGCAGATGGCAGCACAGAGAGCTTCAGCATCGACTGTTCCCCCTGGTGG

AGAGTTTCAACTTCCTCCTCGTCGGCCTCAAGATCGCAATTACAGCGGG

CCTCAGAGCAGACAAGGATACGCTGACCCCGAACGATACAGTCATTACC

AGAATCTGGGAGAAATCCAGGCTCAGCTACAGAAACATGCTCACTACCA

GCAAATGTACAAGCAGCAAGCGGGACAACCCCCCTCTAGGTCGATGGTC

GATCAGCAACGACAGCTGGTTGACTCCTCTCGGCACCTGGTTGATCAGC

AGCAGCAAAGAGCTCTGGCTGAACAAAGACGTTTACTGGCCGAGCACCA

GCAGAGGCAAATAAATGACCATCCACCACAAAGGGAGCTATCCTCGCAG

AGGGAATTACACCCTCAAAGGGAAGTGCCCCCTCAACGAGAACTGCCCT

CTCAACGAGAACTGCCCCCGCAAAGAGAACTGCCCCCACAAAGAAACCC
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TCAGTATATGCACCCGCAACAGATGCACGCCCAGCAGATCAGGCAGGGA

GGTTACATGGTCCCTCAGCATCACCAACGCCCCCTCCACCACCCTCCCCA

CTCGGGGGTCTTCCACGGCCACTCTGGGTCAGACCCGGCCAGGCATTAC

GGACTAACAGAGACTAGAAGTGGGGGATTGCCCCATTATTACTCTCAGC

CTGACACAAGATACCTCCACCCCAGCCTCCAACCTCGCAGTATCACACCG

GGTGCCTCATCGTCCACCAGGGGGAGATCGCCTTCCCCTGGCACCACCA

GAGCACGCTCTCATACCCCCATCAACCAGGTGGCGTACCTGTCCCAACAC

ACCGCTGCCAAGTCTCATTCTAGTGCCTTACTGCCCCCTTCCACTAACGG

TGGTCACCAGAAACGCTCTTACTCCACAGACTATGCCGAGTATGATGAC

CCTCATTCCGGCTACCGGGACCCAGGGTTCAATTCCTTGCCCCGGAGAC

CCAGGGAGAGAGCGTCCAGTGAGATCATATCCGGTCCTGCCCAAGTA

TGAAGTTTTCCATTGTTAATATATCACCACGTCCAAAAATGAAGTTAAT

ATATTTTGTTAGCTGTTGTCTTTCTGTTTATGTTAGGTAAACATGAATTT

TACGAGTTGTAGTAATAGATACTACTAATGTTTTTAGAAAACTGCTGTT

AAATTCTATTCCATCCATATATATTCTTCACTATTTCACTCTCTTCATGA

AGTTTGCTCCAGCTTTAAATTTTAACCATGTTAAATCTTTGTACTAGTTA

GTACTTGATTTTAAGTGGGACATAATTTTTACTCTGTTAACATTGTACGT

TTAATGGAAACTTATCTTTTATTGTTAAATGTTGAGTGAAAAAGACTGT

ACAGTAATTGTAGATCATGTCACAAGTTACTCAGAATCAATGAATCTGT

ATTTACACGAACAAATGTTCAAATTTTATGACAAATTTGGTGCTTTTAGC

GAGTAGGGTGAGAAATTGAGAACAAGGTAACTGTTAGTATTAGCACAAA

CTAAGTTTTGGTATTCTTCCAGTATTCATCATGAATTGAACAATAAGTGT

TTAGAAGAATTTTTTTGAAGAAATTCAGACAATCTATTCTCATTGATTTG

AAAAAGTTAAGTGAAAAACTATTGAATTATCTAAATTAAGGAAATCTTG

ATGCCTTTCTGAAACTCAATTTACTTGGTCACAGTAATATTACAGAATAA

TCATTCATGTAAAATCATACTAAAATGATAGAAACACTTGATCACGACGA

GATGTTTTATTTGTGATTCTAGTCCCAATGATTCTGTTTTAATCGTTCAT

AATTAACATGTATTAACATGTAATATGTTAGATAATTAAGAGTAGTAAT

ATAGTTACTAAACTATCGTAGCGGAAACCAACAAAATGCTCACATCATTC

ATTCTGCATGTATTAAAGGAGTTAATTGTACATTGTCTTTGTAGCATGA

AGTACAGAAAGACACACTGTGATGTCCTCTGATGCCCTCCACAACAAAT

GTACTTATTTTGTAATAAAGGCTTTAC-3’

• Protein sequence
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MFTIYGLILAFREEICQIVVMKVTVCFGATRVVVPCGNGDLPISELIDMAITRY

KKASGKALDYWVTVHTLKSQSDGGILDPDDLLTDVADDREQLIAEYEEQDA

PLVPHNGGDGTSASSVGTASPDMFHAPEINNQQHNLNNNNKPYAPSSYDVVI

TQNDLNNVSSRLIVRRGSEPALINIGIEKENENPQLSLKNSNKRWSAISLVDNG

RIPKQEDADDEESDEEGGLYPPQQRTGGNGQEKDKEVRSAFTRFARDSARQ

SLASTNSAMYRWLEAQERTEERAIEMQVSRKEPLGGSGKAEDESEEEDEQSK

ENNVDFRDKAEIITLKNTGGALGIHVVPEYDEKGRELGLVVQGVEAGGRISR

DGRLKVKDQIIEINGTSLVGVDFLKAQEIFKQALQTEEIRMRVVKADPEDSDN

SAPEKLPSPAKNKPDDLDLSQIPGSPGLNSPQRPEGAESPGKRAPPVPVRNPS

TALSSGASSPTRSALIQPTNTRSIGEIITIELHKGNEGLGFSVTTRDNMPGSEIP

VYVKTIQNRGPAIKDGRLKSWDRLLEVNGIQMTGKTQTEAVRVLREIPIGTD

AVLKISRQTTVTKPKFTMPRELPPGSSSPSSTTTVSLQPTDKAAEELTTLAPN

ATKEVHCFNILLNDSGSAGLGVSVKGKTTTNPEGITDLGIFIKSVISGGAAHRD

ERLRVNDQLVEVNNQLLVGKSNTEAMETLRNAMQRESPVPGHIKLVVARRK

ALPAPDEADQPYVDSNEVRISATDNVDGGDKWDEEGFNNLHSTFKSDDNTQ

SNTALTTAPKPLLDRITNVTTTPSPRSNKASNMQSPTIHANRAETVLIEGENY

QVQMRQTDKHKPRPASTLGFLQKAPDGSTKLSRSSENLAQEIEWDAESNMST

DVDPQIIFSREGFGRQSMSEKRKGHLDPKSTELYQKIKLNKAHGNQYLSATW

ERRRSASYKEPAEKKDEVVGPALGLTKSSSLESLQTAIQIAEEEDGEVTSAFKS

PTRSMVRGRGCNESFRAAVDRSYEGANDAEAMETLEEESSETGSFGRGPGG

GSVRSSHSGSELDDKRKKAGSKSKKDKGLFKFFKFGKQNKRDGSETGPSEIK

AADVDFAKLKQEDIPKYTPKTEETDSKIQEQFRELQAQVLEQQKLHDMQVA

EIQRQNEKQRYLEAQMRARSPYGAAPPVPQEPPPSYQATSPSRTRQSTQAER

LQNLRAHHQRIHQERQGRYPNEDVEEQYERHLLQLERQRQMAAQRASASTV

PPGGEFQLPPRRPQDRNYSGPQSRQGYADPERYSHYQNLGEIQAQLQKHAH

YQQMYKQQAGQPPSRSMVDQQRQLVDSSRHLVDQQQQRALAEQRRLLAEH

QQRQINDHPPQRELSSQRELHPQREVPPQRELPSQRELPPQRELPPQRNPQY

MHPQQMHAQQIRQGGYMVPQHHQRPLHHPPHSGVFHGHSGSDPARHYGLT

ETRSGGLPHYYSQPDTRYLHPSLQPRSITPGASSSTRGRSPSPGTTRARSHTPI

NQVAYLSQHTAAKSHSSALLPPSTNGGHQKRSYSTDYAEYDDPHSGYRDPGF

NSLPRRPRERASSEIISGPAQV*
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PduPar4

• DNA sequence

5’-AATAACAATGGGTTGACACCCTCGGCATTGGCACCTAGATGGCTGC

TGCAGTTGACATTACAATGGAAGTGGACACAGACTTCCTTGATGGAT

CTATTCCCTTCCCAAATTTCTCTGATGGTGCTGAGGCCATTGACTTTCTT

GGGGACCCATTTTTCCACCGAGTCGACTCTGACCAAATCGTTTATGCAC

CAAGAAGAAAAAGGGCAAAGCTCATTGGCAAGTATGTCATGGGTGATTG

CCTTGGAGAGGGATCATATGGAAAAGTCAAGGAGTGTCTTGACTCAGAG

ACACTGTGCAGAAAGGCTGTCAAGATACTTCAGAAGAAAAAACTGCGAA

AAATACCCAACGGTGAAGCGAATGTCAAAAGAGAGATTCGTCTGCTAAA

ACGACTGTGCCATAAAAATGTTATCCAGTTATTTGATGTGTTATACAAC

GATGAGAAACAGAAAATGTATTTGATTATGGAATATTGTATGATTGGTT

TGCATGAGATGTTGGAAAATGCCCCAGGAAAGAAATTGCCGATCTGGCA

AGCACACAACTACTTCTGCCAATTAATCGAAGGCCTGGAGTATCTTCATA

GCCAAAGTATCATTCACAAGGATATCAAGCCTGGGAATTTGTTACTTAC

CACTGGGAATACCCTCAAAATCACTGATTTGGGTGTCGCTGAGATGGTA

GATCCTTTCTCTATGGACGACTCCTGCCAGACTAGTCAAGGTACGCCCG

CCTTCCAGCCGCCGGAGATAGCAAACGGAGATGACGTCTTTCCAGGCTT

CAAAGTGGACATCTGGTCCTCTGGGGTCACTCTATATAATATCACCACA

GGACAGTATCCATTTGAGGGTGATAACATATACAAGCTTTTTGAAAAAA

TAGGAAGAGGCGGCTTTACCATTCCAGATGAACTAGATGACTCTTTGAA

AGATCTGATTCAAGGAATGATGGCTCATAATCCTGCAGATAGAATTGCA

ATTCAACAAATTAGAGATCATACATGGTTCAGGAAAAGACCAGGTCGAA

CGTTTGAACACGTAGTACCCCCACCGCTATTGGATGGCACCGATAAACT

CCGGAATATGTCAGTTTTGCCGTACTTAGAGTCACTGCACAGATGCACG

ACGCCCAGTCAGGAAGAGGAGGAGGATGAGTTGTCTTCAAGTTTGCAAC

CTGTCAATCCTTCTCAACCACCAGCTGCAGCCTCAGCGTCTGGTGGCACC

CCAGAAGTCCCTGCTGAAAGCGAGAAGCCAAAAAAGAAGCGAATCATTA

ACGTGCGTAAATTGACAATAAACGCGTGCAAGCAGTCCTGATCTCA

TCACGTTCAGCTCCCGGTCTGCATTATCTTTGTGTGCTGAACTGTTTTAC

GGAACGTCAAAAATCAAGTCGTGCGGAGTATGTGATATTGTGTAAATTT

GTTAGGGAATTATTTAATTTTAATAGTCAGCCAATGTTTTTATGAATAA

247



A. Appendix

ACTAAAGAGTGTGTTTTTATGACTAATGAA-3’

• Protein sequence

MAAAVDITMEVDTDFLDGSIPFPNFSDGAEAIDFLGDPFFHRVDSDQIVYAPR

RKRAKLIGKYVMGDCLGEGSYGKVKECLDSETLCRKAVKILQKKKLRKIPNG

EANVKREIRLLKRLCHKNVIQLFDVLYNDEKQKMYLIMEYCMIGLHEMLENA

PGKKLPIWQAHNYFCQLIEGLEYLHSQSIIHKDIKPGNLLLTTGNTLKITDLGV

AEMVDPFSMDDSCQTSQGTPAFQPPEIANGDDVFPGFKVDIWSSGVTLYNIT

TGQYPFEGDNIYKLFEKIGRGGFTIPDELDDSLKDLIQGMMAHNPADRIAIQQ

IRDHTWFRKRPGRTFEHVVPPPLLDGTDKLRNMSVLPYLESLHRCTTPSQEE

EEDELSSSLQPVNPSQPPAAASASGGTPEVPAESEKPKKKRIINVRKLTINACK

QS*

PduPar6

• DNA sequence

5’-TGAAAAGAGACAGTTTATCGGCTCCAATGTGGAATTTACCTGGATTTA

ACCGGTGACCAAGCCCTGGAGGAGGGCACAAAGTCATCCACGATGTCT

ATGAACGGGAAATCTGGCCAAGTACTGGCCAACAGAGTCATTGAAGT

CAAGAGCAAGTTTGATGCTGAATACAGAAGGTTTTCAATCAACAAGGCG

AAAATCCTTCGATATGAGGAGTTTTACCAACTCTTACAAGACCTGCACA

GATTAAAAGACATTCCATTTATTGTGTGTTACACGGACCCCAAAGATGG

GGATTTATTACCAATCAACAATGGGGACAACTACATGCTCGCAATCAAC

ACCACGCCAAGTATATTGCGGCTCACTGTGCAGAGAAAAGGCGAGAGTA

TATTCGAAGTCAACGGCTATGGAACGTTGGGGCGACCGAAGAAGAACCC

CATTACTAAATTTATGGCTAGCGAGCAACCGATTAAACCAAAAATACCA

ATTAGCATGCCAGAGGACTTTAGGCGAGTGTCGGCCATTATTGACGTGG

ATATTATTCCCGAGACACAACGGAGAGTTAAGCTGATGAAGAACGGTAG

TGATAAACCCCTCGGATTTTATATCAGGGATGGTACGAGCGTACGTGTG

ACCCCTCACGGATTGGAGAAGGTACCGGGGGTGTTCATATCGCGATTAG

TGCCGGGAGGACTGGCGGAGAGCACGGGGTTAGTAGCCGTCAACGACGA

GGTTTTGGAGGTAAACGGCATCGAGGTTGCTGGTAAGACTCTCGATCAA

GTGACTGACATGATGGTGGCTAACAGCTCCAATCTAATCATCACGGTGA
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AACCTGTGAACCAGCGGAACAACATCGCTCAAAAGAGCAGCAACGCCAG

CAGTACTAACTCGATGCGGCAGAGTGTGATTTCGGGGTCATCGCAACAG

AGTTCGACTCACTCGTACGACTCGGACGAGATCCATGACTACGAGGAAG

ACGAGGATGAAGTCAAAGACCATCTCCAGAAAGATCACTTGATGAAGAA

ATCGAGCTCCTCTTCCTCTAATCCTCATCACAAAGATACCACATCCCTCT

CTTCCATGAACAGCAATTCCCAAAAAGACTCGCCAAAATCTGAAGCGAA

CGATTCCGCATTATCCGCTTCCCCCTCAACGTCACAGTCGGCCCAAGATA

AAGACAGCCCCATGGCCATGTTATAGCTAGGCCTGACTGTGCTGCT

CGCTCTGGCTATAGCCTATATCAACGGATTCTAATGTCGAAAGATATGT

GCGAGATATCATCTCAGATATGGGATGCGAGATACGCGATAGTGTCTTA

AACATGTGATGTGTATTCT-3’

• Protein sequence

MSMNGKSGQVLANRVIEVKSKFDAEYRRFSINKAKILRYEEFYQLLQDLHRL

KDIPFIVCYTDPKDGDLLPINNGDNYMLAINTTPSILRLTVQRKGESIFEVNGY

GTLGRPKKNPITKFMASEQPIKPKIPISMPEDFRRVSAIIDVDIIPETQRRVKL

MKNGSDKPLGFYIRDGTSVRVTPHGLEKVPGVFISRLVPGGLAESTGLVAVN

DEVLEVNGIEVAGKTLDQVTDMMVANSSNLIITVKPVNQRNNIAQKSSNASST

NSMRQSVISGSSQQSSTHSYDSDEIHDYEEDEDEVKDHLQKDHLMKKSSSSSSN

PHHKDTTSLSSMNSNSQKDSPKSEANDSALSASPSTSQSAQDKDSPMAML*

A.6.3. Non-muscle-myosin related proteins

Non-muscle-myosin heavy chain, PduNmm

• DNA sequence

5’-ATGGCGGCCACGAGAGGAGGCAACGAGTTGCAAGCCCTTCGGCC

CAAAGTTAACCGGGAAATGATCAACGACCCGAGCCAACAAGCAGCATGG

GCAGCCAAAAGACTCGTCTGGGTTCCCCACGAGAACCAGGGATTCGTAG

CATCAAGTATTCGCGAAGAAAGAGGCGACGAAGTCTTGGTCGAATTGAT

AGATTCAGGAAAGCATGTGCTTATCAATAAAGACGATATCCAAAAAATG

AACCCTCCACGGTTCGACAAAGTTGAAGATATGGCAGAATTGACATGCT

TAAACGAAGCCTCCGTCTTGCATAACTTAAAGGAGAGATACTATTCTGG
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GTTGATATACACATACTCAGGATTGTTTTGTGTGGTAGTTAACCCTTAC

CAGAGGCTACCAATTTACACTGAGGAGGTGATTGAACAGTACAAAGGAA

AAAAGCGACATGATGTACCCCCTCATGTCTTTGCCATCGCCGACACTGCT

TACAGGAGCATGTTGCAAGATCGAGAAGACCAGACAATTCTATGCACAG

GAGAATCAGGAGCAGGAAAAACAGAAAATACAAAAAAGGTCATCCAGTA

CCTGGCCTACGTAGCAGCATCCCTCAGGTCCCAGAAACAGTCAACTTCCC

AGGTCCTCTCCAATCTGCAGCAAGATGAAGATAGAATTAGATGGGGAGA

ATTAGAACAACAGTTACTTCAGGCTAACCCAATTCTTGAAGCTTTCGGAA

ACGCCAAGACCGTCAAGAATGACAACTCCTCACGTTTTGGCAAATTCATC

AGGATCAATTTCGATTCATCTGGTTTCATCTCTGGGGCTAACATCGAGA

CATATCTATTGGAGAAATCGAGGTCAGTGCGTCAAGCGCCCAACGAGAG

GGCCTTCCACATATTTTACCAGATGCTTGGATCGTGTACGGACTCAGAA

AGAAAGGACTTTTTGCTGGAAGACATCAAGAACTACCGCTACTTGTCTC

ACGGGCAGGTGCCATGTGGGACGCAGGACGACAAGGAGCTGTACCGGCA

GCTGATCGAGGCTATGGAGATCATGAGCTTCAATACCGAGGAGGTTGCA

GCTGTTCACAAGATTGTTTCGGCCGTCTTGCTTTTGGGCAACATGCAAT

TCAGGCAAGAGAGAAACTCCGACCAGGCGACCCTCCCCGACAACACAGT

TGCCCAAAAGACATGCCATTTACTTGGCCTTCCTGTAACTGAAATGACCA

GAGCTTTCCTGAAACCAAGAATCAAAGTTGGCAGAGATTTCGTCACCAA

GGCACAAACTAAGGAACAGGTTGAGTTTGCAGTAGAAGCAATCAGCAAG

GCCGTCTACGAGCGCCTCTTCAAATGGCTGGTCGCTCGTATCAACAAGT

CTTTGGACCGCACCAAGCGCCAGGGGGCCTCCTTCATTGGCATCCTCGA

TATCGCTGGTTTCGAGATCTTCCTGATGAACTCGTTTGAGCAGCTCTGC

ATCAACTACACCAACGAGAAGTTGCAGCAGCTCTTCAACCACACCATGTT

CATCCTGGAGCAGGAGGAGTACCAGAGGGAGGGCATTGAATGGACCTTC

ATTGATTTCGGACTCGACCTCCAGCCCACCATCGACCTCCTCGAGAAGCC

TCTTGGTATCTTTGCCCTTGTGGACGAGGAGTGTTGGTTCCCCAAGGCG

ACCGACAAGACTTTGGTGGAGAAGTTGAACGCCCAACACAGCACCCACC

CCAAGTTCCAGAAACCTGCTTTCAGGGAGAAGGCCCATTTCAGTCTCAT

CCACTACGCCGGCAAGGTTGACTACTCGTGCGACCAGTGGCTCCTGAAG

AACATGGATCCCCTGAACGAGAACGTGGTCTCGCTGCTCCAGGCCTCTT

CTGACGAGTTTGTGCGAAACATCTGGAAGGATGCTGAGATAGTTGGAAT

GGGAGCTGCCACAGCCAACGAGACTTCATTTGGAGCTAGGACTCGCAAG
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GGAATGTTCCGGACGGTCGGCCAGTTGTACAAGGAGCAGCTGAGTCGCT

TGATGTCCACCCTCAACAACAGCAATCCCAACTTCGTCAGATGTATCATT

CCTAACCACGAGAAGAAGACTGGCAAGATTGACGCAGCCCTGGTGCTGG

ACCAGTTGAGGTGCAATGGTGTACTGGAAGGTATCAGGATCTGCCGACA

AGGTTTCCCCAACAGAATTCTCTTCCAAGAGTTCAGACAACGATACGAA

CTGCTCACTCCAAATGTCATCCCCCGCGGCTTCATGGACGGCAAGAAGG

CCTGCGAAAACATGATCAGAGCCCTGGAACTGGACCACAACCTGTACAG

GATTGGCCAGAGCAAGATCTTCTTCAGGGCGGGAGTGCTGGCCCATCTT

GAGGAGGAACGTGACTTGAAGCTCACCGACATCATCGTTAGGTTCCAGG

CGTTCGCTCGTGGTTCCCTGGCAAGAAGGAATTACCAGAAGAGGCAGCA

ACAGCTGAACGCCATCAGGATCATCCAGAGGAACTGCGCGGCCTACTTG

AAGCTGCGCAACTGGCAGTGGTGGCGCCTCTTCACCAAGGTCAAGCCGC

TGTTGCATTTCGTGGACAACGAGGAGAAGTTTAAAGCCAAGGAGGAGGA

GCTGAAGAAGATAGCCGACAAGTTTGACAAACAGGTCCAAGAAGTCCAG

GAACTGGAGAAACGACACACCGAGCTGCTAGATGAGAAAAACGTTTTAA

TGGAACAACTTCAGGCCGAGTCAGAATTGTGTGCCGAGGCTGAAGAGTC

GCGAGCGCGTTTGTCGGCTCGGAAGCAGGAGTTGGAGGAGGTTCTTGCT

GAGATGGAGACGAGGATGGCTGAGGAGGAGGAACGAGCCCAAGTATTC

GTGTCTGAGCGGAAGAAACTACAGACAAATATACAGGACTTAGAGGAAC

AGCTAGAGTCCGAAGAACAAGCCAGACAGAAACTGCAGTTAGAGAAAGT

ATCCACAGATGCCAAACTTAAAAAGCTGGAGGAGGACCTTGCTGTATTT

GAAGATACTAATGCTAAGTTGACGAAGGAGAAGAACCAGATGGAGGAGA

GATTGCAAGACATCCAATCAAACGTAGTCGACTCGGAGGAGAAAGTCAA

ACAGCTTAATAAACTGAGAAATAAACACGACGCTATTATCAAGGACTTG

GAAGAGAGGTTAAGACGTGAACAACAGCTCAGACAAGAATTAGAAAAAA

TAAAACGCCGGTTGGAGACGGAACTAGCAGATGTAAAAGAACAGCTGTC

AGAAAAGTGTGTGCAGTTAGAAGAGTTACAAGCACAGCTCAACAAGCGG

GAGGAGGAGGTGCAGGCTGCGCTCAACAGGGTGGAAGAAGAGGTTGCA

GTTAAGGTTACATTCCAGAAACAGATCCGAGAGATGGAAAGTCAGTTAC

AGGAGATCAACGAGGATTTGGACGCCGAGAAAGAAGCCAGAAATAAAGC

AGAGAAGCAAAAGAGAGACTTAGGGGAGGAGTTGGAGGCACTCAAGTCT

GAACTGGAGGATTCACAAGACACGACAGCGGCCGTCCAAGAGTTGCGGA

ACAAGAGAGAGCACGAGGTAGCCATCTTGAAAAAACAACTGGAGGAAGA

251



A. Appendix

TGTGCGCAACCACGAGGAACAAGTGCGGGAATTCCGATCCAAGCACACC

GTACAACTGGAAGAGATGAACGAACAGCTCGATCAAGCCAAGCGGTCTA

AAGCAGCTCTGGACAAGATGAAGCAGACGTTAGAATCTGAAAACGTTGA

CATGGCGAATGAAATCAAACAGCTGACGGCCTCCAAACAGGAATCAGAA

AGGAAGCGGAAGCAACTGGAAACGTCCGTGCAGGAAGCCAACATCAAAT

ACATCGAGGTGGAGAGGAATCGCAGCGACCTCATCGAGAAAGTGCAGAA

GTTGCAGACTGAAGTGGAAGCGTCCACGTCGTCGTTTGAGGATGCGGAT

GCCAAGGCGGCTGTGATGAACAAGCAGGTGACGTCACTAGAAGCCCAAT

TAGCAGACGCCCAGGAGTTGCTACAGGAGGAGACCAAACAGAAGTTGGC

TTGTCAGTCTAGATTGCGGCAGTTGGAAGAGCAGTGCGATGTCCTCCAG

GAGCAGATGGAAGACACGGAGGAAGCAAAGAAGACCTACGAGACGAAGC

TAGCTCATGCCCTTGCTCAGGTTGTGGAAGCAAAGAAGAAGCAAGAGGA

GGAGAAGGGACAGATAGAAGTGGTGGAGGAGACCAAGAAGAAGATGTC

ACGCGACATGGACGGCCTGCAGGCCAGAATACAGCAGATGGAAGCAGAC

AACGACCGACTGGGCAAGAGCAAGAAGAAGGTCCAGTCTGAACTGGACG

ACCTCAACGTGGAGCTGGACAACTACCGCTCTGGCCTCTCCGCCATGGA

GAAGAAGCAGAAGAAATTCGACCAGAACCTTGCCGAGGAGAAAGCCATT

TCAGAAAGACTTGCAATGGAGAGAGACAGCGCCGAGAGAGAGAGCAGAG

AGAAGGAGACCAAGATCCTGGGTTTGTCTCGGGAATTGGAAGAGTTGCA

AGACAGGTTGGAAGAAGTGGAGAGGACGAAAGTGACGCAGCAGAGAGA

ACTGGAAGACCTCATGTCCTCCAAGGATGACGTCGGCAAAAGTGTCCAC

GAACTTGAGAAGGCCAAGAGACAGTTGGAAGGACAAGTGGAGGAGCAG

AGAACGCAGATCGAGGAATTGGAGGACGAACTGCAGGCCACGGAGGATG

CCAAGTTGCGGCTGGAGGTGAACATGCAGGCCTTGAAGGCCCAGTTTGA

GCGGGAAGTGCAGGGCAGAGATGAAGCAAGTGAAGACAAGAAGAAGGC

GCTCGTCCGCCAACTGAGGGAGATAGAAGCAGAATTGGAGGAGGAGAG

GAAACAGCGTACGGCAGCTATTGGAGCCAGGAAGAAGTTGGAGGGAGAC

CTGAAAGACATGGAAGGACAGGTTGACACGGCTTCCAAACTGAAGGAAG

ACGCTGTGAGGCAGCTGAGAAAACTTCAGGGCACACTCAAGGAGTTCCA

GAGGGAGACTGAGGACGCCCTCAATGCCAAGGACGAGGCGTTCGCGGCA

GCCAAGGAGAACGAGAAGAAGGTGAAGAACCTGGAGGCGGACTTGGCTC

ACATGCAGGAGGACCTGGCCGCCTCGGAGAGAGCGAGGAAAGCCGTGGA

GTCAGAGAGAGACGAGTTGTCGGAGGAGGTGACGAGTGGTGCTAGTAA
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CAAGAACTCCCTGGTGGAGGAGAAGAGAAGGTTGGAGGGACGCATTGGC

CAGCTGGAGGAGGAGCTGGAGGAGGAGACGAGCAACTTGGAGATCATG

GCTGACAAGGCTCGCAAGAACGGTCTGCAGGTTGAACAGCTGACGACAG

AATTGGCAGCTGAGCGATCCAACACGCAGAAGCTTGAGAATGGTCGGTT

GTTGCTGGAAAGACAGAACAAGGACTTGAAGTCGAAGCTGGCCGAGTTG

GAGGCGCAGATGAAGACTCGCTCCAAGGCCACGATCCAGTCGCTGGAGA

GCAAGATCGGCAACCTGGAGGAGCAGCTGGACGTGGAGGGCAAGGAGA

GACAGAACCTGGCCAAGATGAACAGACGTCTGGAGAAGAAGATGAAGGA

CTTGGTCATGCAGGCCGAGGACGAACGCAGACATGCCGACCAGTACAAG

GATCAGGTTGAGAAGCAGAGCGGCCGCATGAAGGCCTTGAAGAGGCAGT

TGGACGAGGCGGAGGAGGAGTGCACGAGACTGAACGCTCAGAAACGCAA

GGTCCAACGAGATCTAGACGAACAGATTGAGCAGACGGAAGTCGTGCAG

AGAGAGAACGACCAGCTTAAGAACAAGCTCAGAGCAGGCGGAGACAAAT

TAAGTTCCAAGTCACGCACTGGTCGCACCAGTTACTTGCTGGGCCGTAG

CAGCATGATGCCTCCTTCGCCCGCAAGTGACGACGGCTCTAACGAAGAA

ACCCCCAATGACCATGACGACACCCAGTGA-3’

• Protein sequence

MAATRGGNELQALRPKVNREMINDPSQQAAWAAKRLVWVPHENQGFVASS

IREERGDEVLVELIDSGKHVLINKDDIQKMNPPRFDKVEDMAELTCLNEASVL

HNLKERYYSGLIYTYSGLFCVVVNPYQRLPIYTEEVIEQYKGKKRHDVPPHV

FAIADTAYRSMLQDREDQTILCTGESGAGKTENTKKVIQYLAYVAASLRSQK

QSTSQVLSNLQQDEDRIRWGELEQQLLQANPILEAFGNAKTVKNDNSSRFGK

FIRINFDSSGFISGANIETYLLEKSRSVRQAPNERAFHIFYQMLGSCTDSERKDF

LLEDIKNYRYLSHGQVPCGTQDDKELYRQLIEAMEIMSFNTEEVAAVHKIVSA

VLLLGNMQFRQERNSDQATLPDNTVAQKTCHLLGLPVTEMTRAFLKPRIKV

GRDFVTKAQTKEQVEFAVEAISKAVYERLFKWLVARINKSLDRTKRQGASFI

GILDIAGFEIFLMNSFEQLCINYTNEKLQQLFNHTMFILEQEEYQREGIEWTFI

DFGLDLQPTIDLLEKPLGIFALVDEECWFPKATDKTLVEKLNAQHSTHPKFQ

KPAFREKAHFSLIHYAGKVDYSCDQWLLKNMDPLNENVVSLLQASSDEFVRN

IWKDAEIVGMGAATANETSFGARTRKGMFRTVGQLYKEQLSRLMSTLNNSN

PNFVRCIIPNHEKKTGKIDAALVLDQLRCNGVLEGIRICRQGFPNRILFQEFRQ

RYELLTPNVIPRGFMDGKKACENMIRALELDHNLYRIGQSKIFFRAGVLAHLE
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EERDLKLTDIIVRFQAFARGSLARRNYQKRQQQLNAIRIIQRNCAAYLKLRNW

QWWRLFTKVKPLLHFVDNEEKFKAKEEELKKIADKFDKQVQEVQELEKRH

TELLDEKNVLMEQLQAESELCAEAEESRARLSARKQELEEVLAEMETRMAEE

EERAQVFVSERKKLQTNIQDLEEQLESEEQARQKLQLEKVSTDAKLKKLEED

LAVFEDTNAKLTKEKNQMEERLQDIQSNVVDSEEKVKQLNKLRNKHDAIIKD

LEERLRREQQLRQELEKIKRRLETELADVKEQLSEKCVQLEELQAQLNKREE

EVQAALNRVEEEVAVKVTFQKQIREMESQLQEINEDLDAEKEARNKAEKQK

RDLGEELEALKSELEDSQDTTAAVQELRNKREHEVAILKKQLEEDVRNHEEQ

VREFRSKHTVQLEEMNEQLDQAKRSKAALDKMKQTLESENVDMANEIKQLT

ASKQESERKRKQLETSVQEANIKYIEVERNRSDLIEKVQKLQTEVEASTSSFED

ADAKAAVMNKQVTSLEAQLADAQELLQEETKQKLACQSRLRQLEEQCDVLQ

EQMEDTEEAKKTYETKLAHALAQVVEAKKKQEEEKGQIEVVEETKKKMSR

DMDGLQARIQQMEADNDRLGKSKKKVQSELDDLNVELDNYRSGLSAMEKKQ

KKFDQNLAEEKAISERLAMERDSAERESREKETKILGLSRELEELQDRLEEVE

RTKVTQQRELEDLMSSKDDVGKSVHELEKAKRQLEGQVEEQRTQIEELEDEL

QATEDAKLRLEVNMQALKAQFEREVQGRDEASEDKKKALVRQLREIEAELE

EERKQRTAAIGARKKLEGDLKDMEGQVDTASKLKEDAVRQLRKLQGTLKEF

QRETEDALNAKDEAFAAAKENEKKVKNLEADLAHMQEDLAASERARKAVES

ERDELSEEVTSGASNKNSLVEEKRRLEGRIGQLEEELEEETSNLEIMADKARK

NGLQVEQLTTELAAERSNTQKLENGRLLLERQNKDLKSKLAELEAQMKTRSK

ATIQSLESKIGNLEEQLDVEGKERQNLAKMNRRLEKKMKDLVMQAEDERRH

ADQYKDQVEKQSGRMKALKRQLDEAEEECTRLNAQKRKVQRDLDEQIEQT

EVVQRENDQLKNKLRAGGDKLSSKSRTGRTSYLLGRSSMMPPSPASDDGSNE

ETPNDHDDTQ*

Non-muscle-myosin essential light chain 1, PduElc1

• DNA sequence

5’-ATGGCTGCCTTCAACGAAGATCAGATCGTGGAGTTCCAGGAAGCC

TTCACCATCTTTGATCAGAAAGGTGATGGCAAGATCCAAGTATCCCAGA

TCGGGGAGGTGCTGCGGGCACTCGGTCAGAACCCCACTGAGGCTGACGT

GAAGAAGCTGTCCCACCAGCACCGTCCAGATGAGAGAATTAGCTTTGAG

GTGTTCCTGCCAATCATGCAAACCATCTCCCGCCAACGTCCTGTTGATAC

TGCCGACGACTTTATTGAGGGACTCCGCCACTTTGACAAGGATGGCAAT
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GGCTACATCTCTTCTGCTGAACTCCGACATCTCATGACACATTTGGGAG

AGAAGCTGACTGATGAGGAGGTGGAGCAGCTGTTGGCCGGCCAAGAGG

ACTCCCAGGGCAACATCAACTATGAGGAGTTTGTTCGCCTGGTCCTCA

GTGCTTAG-3’

• Protein sequence

MAAFNEDQIVEFQEAFTIFDQKGDGKIQVSQIGEVLRALGQNPTEADVKKLS

HQHRPDERISFEVFLPIMQTISRQRPVDTADDFIEGLRHFDKDGNGYISSAELR

HLMTHLGEKLTDEEVEQLLAGQEDSQGNINYEEFVRLVLSA*

Non-muscle-myosin essential light chain 2, PduElc2

• DNA sequence

5’-ATGTCTAGCCTCTCAGAAGATCAAATTTCAGAATACCAGGAGACC

TTCTCCTTGTTCGACAACAAGGGCGATGGTAAGATCTTCGCTCACCAGTT

GGGAGAGGTCCTCCGGGCCATGGGTCAGAACCCCACCGAGGCAGAGGTC

AGGAAGTGCGGCTACCAGAACGATCTAGACACGAGAATCAGTTTTGAGA

TGTTCCTTCCCATTCTCCAGACGGTCAGCAAGAACAGAGACCACCCCACG

GCTGACGACTTCGTCGAGGGATTCCGAGTATTCGACAAAGATCAAAACG

GCACGATCAGCAGCGCCGAGTTGAGGCATCTGTTGACTAGTTTGGGTGA

ACGTTTGACGGACGAAGAAGTCGAACAACTCTTGCAAGGACAGGAGGAC

GCCCAGGGAAATATTAACTATGAAGACTTTGTCAAGAACGTGATGGT

TGGTTGA-3’

• Protein sequence

MSSLSEDQISEYQETFSLFDNKGDGKIFAHQLGEVLRAMGQNPTEAEVRKCG

YQNDLDTRISFEMFLPILQTVSKNRDHPTADDFVEGFRVFDKDQNGTISSAEL

RHLLTSLGERLTDEEVEQLLQGQEDAQGNINYEDFVKNVMVG*

Non-muscle-myosin regulatory light chain 1, PduRlc1

• DNA sequence
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5’-ATGTCGAGTCGAAAAGCCAAGAAGACAGTAAAGAAGAGGGCCCA

GAGGGCTACCTCAAATGTCTTTGCTATGTTCGACCAAGCACAAATCCAG

GAGTTCAAAGAAGCATTCAACATGATCGACCAGAACAGAGATGGCTTTA

TCGACAAGGAGGATTTGCATGACATGCTTGCTTCTTTAGGCAAAGACCC

CACAGACCAGTACTTGGAGGCCATGATGGCCGAGGCCCCTGGTCCCATC

AACTTCACAATGTTCCTTACCATGTTTGGAGAAAAACAAAACGGCACAG

ACCCCGAAGATGTCATCAAAAATGCCTTCGCTTGTTTTGATGAAGAAAA

CAAAGGTTACATCCACGAAGACAAGCTTCGAGAACTTCTGACAACAATG

GGGGATCGGTTTACTGATGAAGATGTTGATGAGATGTACAGAGAGGCTC

CTATCAGCAAAAATGGCTATTTCGATTATGTGGAATTCACCCGTATTCT

GAAGCATGGCAAGAAGGACAAGGATGACGACTAG-3’

• Protein sequence

MSSRKTAGRRATTKKRAQRATSNVFAMFDQAQIAEFKEAFNMIDQNRDGFV

EKEDLHDMLASLGKNPTDDYLDGMMNEAPGPINFTMFLTLFGERLQGTDPE

DVIKNAFGCFDEENMGVLPEDRLRELLTTMGDRFTDEDVDEMYREAPIKNG

LFDYLEFTRILKHGAKDKDEQ*

Non-muscle-myosin regulatory light chain 2, PduRlc2

• DNA sequence

5’-ATGTCTTCAAAATCGAAAAAGAAACATCGGCAAAGACTCCACAG

ACACACGTCAAATGTCTTCTCCATGTTCAACCAAGACCAGATTCAAGAGT

TCAAGGAGGCTTTCAACATGATAGATCAAAACAGAGACGGTTTTATCGA

CAGAGATGATTTGATTGAGATCTTCACTTCTCTCGGCAAGAACCCCACT

GACGATTTGATGATCCAGATGTTGAGGGAAGCCCCCGGCCCAATCAATT

TCACGATGTTCTTGACGTTATTCGGAGAGAAACTCAATGGCACCGATCC

AGAAGATGTGATAAGGAATGCGTTCGCGTGTTTTGATATGATCGGCGGA

GGTGAACTTGCAGAAGGCTACCTCCGTGAAATCATGACAACAATGGGAG

ACAGGTGGACGCACGACATGGTAGATGAGCTCTTGTATGGAGTGCCCAT

GAAAGAGGGAAAATTTGATTACATCGAATTCACCCGAGTTCTCAAACAC

GGGGCGAAGGAGAAAGATGAGAAGAACGAGGGAATGCCACAAGGTGCG

CCACAAGGTGCGCCTATGCTGCCACCTATGCCACCAATGCAGCGATA

G-3’
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• Protein sequence

MSSKSKKKHRQRLHRHTSNVFSMFNQDQIQEFKEAFNMIDQNRDGFIDRDDL

IEIFTSLGKNPTDDLMIQMLREAPGPINFTMFLTLFGEKLNGTDPEDVIRNAF

ACFDMIGGGELAEGYLREIMTTMGDRWTHDMVDELLYGVPMKEGKFDYIE

FTRVLKHGAKEKDEKNEGMPQGAPQGAPMLPPMPPMQR*

A.6.4. Actin binding protein

PduMeosin

• DNA sequence

5’-ATGCCTAAGCCTGTCAATGTCCGCGTCACCACCATGGACGCCGAG

CTGGAGTTTGCCATCCAGCCGAGCACAACTGGCAAACAGCTCTTCGATC

AGGTGGTTAAGACCATCGGTCTCCGAGAAATTTGGTTCTTCGGTTTACA

GTACACAGACAGCAAGGGACTGTCCACGTGGCTAAAGCTCAATAAAAAG

GTCTTGAATCAAGATGTCCGCAAAGAAACACCCCTCCAGTTCAAGTTCA

GAGCCAAGTTTTATCCAGAAGATGTCTCGGAGGAGCTCATCCAGGAGGT

CACGCAGCGCATGTTCTTCTTACAAGTGAAAGAGGGAATCTTGAATGAT

GAAATCTACTGCCCTCCGGAGACGTCCGTGCTCTTGGCGTCCTACGCTG

TCCAGGCCAAATACGGAGACTACAACCCAGACGTCCACCAATCAGGCGT

CCTCCACAACGACAAACTCCTACCTCAGAGAGTTCTTGATCAGCATAAGA

TGACCAAAGAACAATGGGAGGAGAGAATTGTCAACTGGTGGGCAGAACA

CAAAGGCATGCTCAGGGAAGATTCAATGATGGAGTATCTGAAAATTGCC

CAGGATTTAGAAATGTACGGAGTGAATTACTTTGAAATTAAGAACAAGA

AGGGAACAGACCTCTGGCTAGGAGTAGACGCTTTAGGTCTTAATATTTA

TGAAAAAGAAGACAGACTGACACCCAAAATAGGCTTCCCATGGAGTGAA

ATCCGAAATATTTCTTTCAATGACAAGAAATTCACAATCAAGCCAATTGA

CAAGAAAGCACCTGACTTTATCTTCTTCGCACCAAGATTGAGAATTAACA

AGAGAATCCTGGCTTTATGTATGGGCAATCACGAGCTTTACATGAGACG

GCGTAAGCCTGACACCATTGAGGTCCAACAAATGAAAGCTCAAGCCAGA

GAGGACAGGCTCGCCAAACAGGCAGAACGTGCACAACTGCAGAAGGAGA

AACAAATGAGGGAGGAGGCTGAACGGGCAAGAAAGGAATTGGAAGACA

GAATTAAGAAATACGAAAATGATATGGAATCCCACAAAAAAGAACTTGA
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AAAATCAAGAGAGATCACATTAGATTTAGAAAAGAAAATGAACGAAGCC

GAACGGGAAAGAATAGAATTGGAAGAAGCCCAAAGGAAAGCAAACGAAT

TGAGAGTAGCAGCCGAAGCCGCCCGCCAGATGGAGAGAGAAGAGAGGGA

ACGTATGGAGAGAGAGGCTGCGGAGGCCCAGGCTGAAGCCGAAGCTCGT

GCTCTTGCCGCTCGGGAGAGAGAAGAGGAGGCCCGACGATTGCAAGAAG

AGCTGGAAGCCACAAGAATGAAGATGGAGACGAAAGAAAAAGAATTGGA

GGAGGCTCTTGCCAAGCCCGCTCCCCCCGTCCAGAACAATGTTGTTGCT

CATCTGCGGGAGACCGAAGAAGACGAGGGCGAGGATAGGAACGAATAC

GAAAGCGTGGAAACCCAGCGTTCCATCTCTAACTACTCCGAGGATTACT

ACAACTCGACCACCCAAGATAACGGCACCGTCGGAAGTGATGACTATTT

TGAGAGAGCTGAGCTCTCAATAGCTGAGAACGAGAACCTGCCCAGACCT

GAGGAGGAACGTATCACCCAGGCCGAGAAGAATAAGAGAATGCAGGAAC

AGTTAAAGACGCTGGGAGCGGAACTTGCAGCTGCCAAGGATAAGACCCA

GTTGACCAAGAACGACCATCTTCACAGCCAGAACGTGGCTCAGGGCCGA

GACAAGTACAAGACCTTGAAACAGATCCGACAAGGAAACACCAAGCAGC

GAGTAGACATGTTCGAGGCCATGTAA-3’

• Protein sequence

MPKPVNVRVTTMDAELEFAIQPSTTGKQLFDQVVKTIGLREIWFFGLQYTDS

KGLSTWLKLNKKVLNQDVRKETPLQFKFRAKFYPEDVSEELIQEVTQRMFFL

QVKEGILNDEIYCPPETSVLLASYAVQAKYGDYNPDVHQSGVLHNDKLLPQR

VLDQHKMTKEQWEERIVNWWAEHKGMLREDSMMEYLKIAQDLEMYGVNY

FEIKNKKGTDLWLGVDALGLNIYEKEDRLTPKIGFPWSEIRNISFNDKKFTIK

PIDKKAPDFIFFAPRLRINKRILALCMGNHELYMRRRKPDTIEVQQMKAQAR

EDRLAKQAERAQLQKEKQMREEAERARKELEDRIKKYENDMESHKKELEKS

REITLDLEKKMNEAERERIELEEAQRKANELRVAAEAARQMEREERERMER

EAAEAQAEAEARALAAREREEEARRLQEELEATRMKMETKEKELEEALAKP

APPVQNNVVAHLRETEEDEGEDRNEYESVETQRSISNYSEDYYNSTTQDNGT

VGSDDYFERAELSIAENENLPRPEEERITQAEKNKRMQEQLKTLGAELAAAK

DKTQLTKNDHLHSQNVAQGRDKYKTLKQIRQGNTKQRVDMFEAM*
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A.6.5. gDNA fragment and guide RNA sequences for

CRISPR-Cas9 transgenesis

The 3kb gDNA fragment including the last exon of Pdunmm

5’-GAGCTGGTTGCTCTGCCTTGGAAATGCCGTTGCATGTGTTTGTCT

CTTGGAGTTTTAATCATCTTCTGCTAATTCAAATGTTGAAGTCCTTCCAG

AGCAGGATCTCGTATGAATCTAATCTCTGCCTTGCTACTAACGTTGTTTG

AACCTTCCGAATGGGCCTTGTTCTTCAATGTGATCATTGGAATGTGTAT

GTGTATGTTGGATTGTAAAACTGATTCACTGCCAAGTACTAATCCTGAT

GAATGTGTGAGATCATTGCGATGAAGGGGATTTGAAATGAATCTTGTTT

CTCCCTTGCGTTTGACGTGTGTTTTTGACTGATGTCTCTTATTCTTGTCC

TGTTCATGTATCTCGTCCTTGTGTTTTTCGTGATGTATTTAAATATCTTG

TTGCATTTCTGTTATTGATTGAGATAAGGCTGTAATTAGCAAAAACGTG

GCATGAGAGTATTCTACATTAAGGTGTTGTGTTGTAATCTTTCAGAAGC

AAACCAACTAGTAAAGACAGGTCGGTATCTGTTATGCATGCCGAATGAC

TGTTTGTTTTAAGTTTTGATCATTTTGTTTTTTATTCCTGTTTTCATTTT

TTTGCCCCATCAAATCCTGCCTAAATAGTTTCCTTGTCCCTCAATTTTTG

GTATTACTAAATTTCCTGATTCTTGATGATGCAGATTCAAATTTATGTAG

TTTGATATAATTCTGATTATTTTATTTTATTTCAAGCTAGACCTTGCGCT

ATGAAATATTTCTTAACACCAAATTCTGTATTATTTATATGAATTAGATT

ACAAGTACAACCGACAACAGTTGAACAGCATTTGAACATGAACTTCATT

GAACACGTTTATGTTCACTTCAATGAGATTCTTGTTTCTTTCACCATAAA

CCTATTCCTCCCCTCCCCTCAAATTGAAGCCTTCATTTGCATGAACTTGC

AACTAATTAAGCACTTGTTGTTCTACTAATGCACTCCCTGTTGACATCGG

TTGAACTGGAACTACCTGCAGGGTTCCCACAGATCCAGGAATACAGGAA

AAACCTGTGAAAATGGTATAGAAAATTCACCCATGAAAATTTGATGTTA

ACCCATGAAAAATCGATGAAAATCCCGTGAATTTTTCTTCTTGAAAATCT

GTGGGAACCCTGTACGTGAATAATTTTGCTGTAATTAAAGCAGCACTAC

CCACTTTGACACTGCAGCCACCTGTTCAACTATAAGAAACTAGTTCTGTC

ATCTCCAGTGACAATACGATGTAACAATAAGAAATATGAATCTCCCCATT

CCCCTGTCCACAGAGGTTGCTGCAGTCGCACCACAGAAGCCTGGTTCAC

TGATCTACGTCCTCGCATTTTGTGGATTGACCTGCAGCCATTGAACTCTG

TGGGCAGGGGTCTCTTTTGGTAGCCATCAATTTGAATTCATTGTAGAGA
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ATAACAATTATGGAATATTTTGTGAGCTGGCATTTGTTTTAAAGTTAAC

TTAATATGCAGACATATGTATGGTCGAATATACATAATAAGTATTTGTA

TTTAATGAAAATATCTTGTTATTCTCAGGTCACGCACTGGTCGCACC

AGTTACTTGCTGGGCCGTAGCAGCATGATGCCTCCTTCGCCCGCAAGTG

ACGACGGCTCTAACGAAGAAACCCCCAATGACCATGACGACACCCAGTG

AACAGCCCACAAGCGCCCCTAGTGGAATCGCTCGCCACCGACCAACCCGT

GCTGCTACCTGGTTGTAGACGGCCGCTTCAGTCTCCCAGGCTTACTGGA

GGGACTTGAGATTCAGTTCCCGACACCCGCTTAACTAGGAACTGATTCA

GAGACACTCTGCTTTCATTTATATATTGTAATTAGTTAACGGTTAAGGG

GAAAATTAACTGATTTGAGTATATTACATGGCATATAAAATATTATTTCA

GTTTTGTTTTGAAGAATGCCTTTATTTTCATGTGATATGAAAAAGCAAC

TTCCAAGAATGTACAAAGTATATAGCTGACTCCCTGGTCTCCTGCATCTA

ACATTATCGTTTTGCCTTTTGTATTCCTAACTGCATTTAGAACGATACGC

AATGTCAGTGAATGATTCACATAACTACAAAACTGCACCAGGGAGTAAA

ATGATTAAATATTTGCAAATTCTTGACCGCTGGCGAATGTTTGTTTCGCA

TGCAGCAGATATTTTCTTACATGCCAAATTTTTCTGCAAAAGCTGAGCCA

GATGCACTGCTAAATTGACTAATGCAGTGCACTCCTATAGCTCAAGTTG

TGCTACTATGTAGCAATGTATTAATATATAGCTATATATTATTTGAGAT

GTGTAACCCATTGTGAATGCCAAGAGAGTCTAACAAAGTCTTTTAACTT

ATAAGCAATTGAAAATGGAAAAAAGATAAGAAGGGTCTCTCTTTGACCT

GCTTTGTTGCGCTCAACTGCTAATCCTAGGTAGACAGCACTCTGACAGC

ACGCCACTGCGCACTCCTGCAGCATATTATTGCACGCTGACACCATAGTT

ATTATTTGTAGTTACAGCCAGCTGCTAACGATTAATAAGCTTGTGA

GCGTAGTCTTGTTAATTGATATCTATTGCTAGGAATTTACATTGATTTAT

ATTCTATTATGTATACACTTATGCATTAATTCAAATTACTTACTCTATAA

TGCTGTATCTGTACATGTATCTCATTTGTATGAAACAAATCTTAAAAATT

AGGGGAAGGAAATGGCAAGAGAATATTTTCCTATTTGACCCCAGATGTG

ATAACTTGAAGAGTAATCTTGTTGTTATGCTTTGTATTCTGATCCAAAGT

CTGAAATTGTGTGCACAACAAAACGATACATATTGCAAACACACAACAA

ATCCGAGTACTTATAACTTAATCTTCCAGGACAGTGGTCTTGAGGCTTG

CATCTACTCGCCACGCGCTTGGTACTTGCTTGCCTGAAGGCGCTGCCAC

CGCAATCGTTCAATCATGACCTTCATGAGGAGACCCTTCATGAGTATGG

CTTTAATTTAAGCGTGTTCTGTTCCCTGCAGCTCTACGCTGTTTCATTTG
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AGTGATTTCCCTGTTCAAAAATTGTGATGTTCATTCCAAAATGGCCTCCT

TTGGGGTGGCCATCTTACCCATTCTTTGAGCTGGTTTGCCAGATGACG

ATTGTTGAAGTCC-3’

Guide RNA for Pdunmm transgenesis with CRISPR-Cas9 knock-in system*

• Cr9: 5’-GGCGCTTGTGGGCTGTTCAC-3’ (rev)

• Cr15: 5’-ATTCCACTAGGGGCGCTTGT-3’ (rev)

• Cr19: 5’-GCGCTTGTGGGCTGTTCACT-3’ (rev)

• Cr26: 5’-CTGTTCACTGGGTGTCGTCA-3’ (rev)

• Cr28: 5’-GGTGTCGTCATGGTCATTGG-3’ (rev)

*All the guide RNAs are reverse complimentary sequences targeting the end codon of

Pdunmm
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A.7. P. dumerilii immunofluorescence protocol

• Day 1 – Sample preparation

1. Wash 2x the embryos in filtered natural seawater (F-NSW).

2. Permeabilization: Protease K treatment (0.005%) in F-NSW for 37 sec.

3. Fix in ice cold (4 ◦C) Zamboni’s fixative at room temperature.

Fixation duration Embryonic stage

20 min 0-24 hpf

25 min 24-48 hpf

30 min 48-72 hpf

50 min 3-5 dpf

1 hr 30 min 5-14 dpf

4. Wash 5 x 10 min in PTw and store at 4 ◦C for up to 2 weeks.

• Day 2 – Primary antibody incubation

5. Recover the specimen from 4 ◦C to room temperature for 30 min.

6. Permeabilization: Protease K treatment (0.005%) in PTw.

Treatment duration Embryonic stage

*** 0-24 hpf

30 sec 24-48 hpf

40 sec 48-72 hpf

55 sec 3-5 dpf

1 min 20 sec 5-14 dpf

*** for this stage: Milli-Q H2O treatment for 15 min at room temperature.

7. Post-fixation in Zamboni’s fixative at room temperature for 20 min (0-72 hfp) or

40 min (72 hpf-14 dpf).

8. Wash 5 x 10 min in PTw.

9. Blocking for 1 hr at room temperature in 5% sheep serum/PTw. Incubate the

primary antibody in 2.5% sheep serum/PTw for pre-absorption.
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10. Incubate the sample in the pre-absorbed primary antibody solution for 1 hr with

agitation at room temperature, then at 4 ◦C with agitation for an overnight.

• Day 3 – Secondary antibody incubation

11. Wash 5 x 15 min in PTw.

12. Pre-absorb the secondary antibody in 2.5% sheep serum/PTw for 1 hr. DAPI

1:200 and Phalloidin 1:250 can be added into the secondary antibody solution if

necessary.

13. Incubate the sample for 1 hr at room temperature then an overnight at 4 ◦C in

the pre-absorbed secondary antibody in 2.5% sheep serum/PTw.

• Day 4 – Mounting and imaging

14. Wash 5 x 15 min in PTw.

15. Mount the sample in PTw and imaging or,

16. Equilibrate the sample in glycerol/PTw with the following order for 10 min each,

• 20% glycerol/PTw

• 40% glycerol/PTw

• 50% glycerol/PTw

• 70% glycerol/PTw

• 80% glycerol with 6g/L DABCO (1,4-diazabicyclo[2.2.2]octane)

17. Store at 4 ◦C for imaging.

Reagents and solutions

Zamboni’s fixative (20mL)

Chemical Amount

Na2HPO4 0.2M 12.74mL

NaH2PO4 0.2M 3.59mL

Picric acid 1.3% 0.545mL

PFA 16% 3.125mL
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• Modified from the first published description by Stefanini et al. (1967).

10x Phosphate buffer saline (PBS, for P. dumerilii sample)

Chemical Amount

NaCl 70g

Na2HPO4·2H2O 62.4g

KH2PO4 3.4g

ddH2O till 1L

• Titrate the solution to pH7.4.

• Sterile by autoclave.

• PTw: 1x PBS with 0.1% Tween-20.
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A.8. Preparation of the TOP10 competent cell for

electroporation

• Day 1

1. Make the LB/streptomycin plate.

2. Take one vial of TOP10 competent cell and plate it.

3. Culture at 37 ◦C for an overnight.

• Day 2

4. Pick one colony and grow it in 5mL LB/streptomycin broth for an overnight at

37 ◦C with agitation.

5. Pre-cool the following instruments

5.1. Pipette boy and the 10mL plastic pipette.

5.2. Two 1L bottles for ultracentrifugation.

5.3. Tips and pipettes.

5.4. 1.5mL tubes (∼100x).

5.5. 2L 10% glycerol/ddH2O.

5.6. 2L ddH2O.

• Day 3

6. Pre-cool the centrifuge.

7. Add 500 µL of the overnight culture (from step 4) to 1L LB/streptomycin broth

(1:500).

8. Shake (160-180 rpm) for ∼4 hr to reach O.D.600=0.6-1.0

9. Work in the cold room on-ice.

10. Put the broth on-ice in the cold room for 30 min, mix every 10 min to cool down

the culture.

11. Collect them into the 1L bottle for ultracentrifugation.

11.1. 3000 rcf, 10 min, 2 ◦C.

11.2. Discard the supernatant. Add 1L ddH2O and resuspend the pellet gently.

11.3. 3000 rcf, 10 min, 2 ◦C.

265



A. Appendix

11.4. Discard the supernatant. Add 500mL of 10% glycerol/ddH2O and resuspend

the pellet gently.

11.5. 3000 rcf, 10 min, 2 ◦C.

11.6. Discard the supernatant. Add 500mL 10% glycerol/ddH2O and resuspend

the pellet gently.

11.7. 3000 rcf, 10 min, 2 ◦C.

11.8. Discard the supernatant. Add 1mL 10% glycerol/ddH2O and resuspend

the pellet gently.

12. Take 10 µL of the cell-containing solution and make a 100x dilution (add 990 µL

of ddH2O). Measure the O.D.600 (try to reach 3.75). Don’t forget the blank is

water.

13. Dilute the cell suspension to a concentration of 2 x 1010 to 3 x 1010 cell/mL (1.0

of O.D.600=approx. 2.5 x 108 cell/mL) with ice-cold 10% glycerol/ddH2O.

13.1. Note: The desired concentration is 2.5 x 1011 cell/mL, giving 1 x 1010 cells

per 40 µL (one vial). This corresponds to an O.D.600 (after 100x dilution)

of ∼3.75. It is difficult to reach this value, but it is still important to know

the concentration of cells to calculate the transformation efficiency.

14. Aliquot the competent cells into 1.5mL pre-cooled Eppendorf tudes, 40 µL each.

Liquid-nitrogen flash freeze right after aliquot.

15. Store at −80 ◦C.

• Day 4

16. Test the competency.

16.1. Note: According to Thermo Fisher Scientific user manual, “TOP10 E. coli

are provided at a transformation efficiency of 1 X 109 cfu/µg supercoiled

DNA and are ideal for high-efficiency cloning and plasmid propagation.”
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A.9. Gene cloning

• Plasmid (vector)

1. Linearize plasmids with two restriction enzymes (RE).

1.1. Recipe.

DNA XµL (1 µg) XµL (2-5 µg) XµL (5-10 µg)

RE1-HF (NEB) 0.5 µL 1 µL 2 µL

RE2-HF (NEB) 0.5 µL 1 µL 2 µL

CutSmartBuffer (10x, NEB) 2 µL 5 µL 8 µL

ddH2O Up to 17 µL Up to 43 µL Up to 68 µL

Total 20 µL 50 µL 80 µL

Incubation time 1 hr 2 hr 4 hr

1.2. Incubation temperature follows the instruction of each RE.

2. Dephosphorylate plasmid

2.1. Recipe.

Antarctic phosphatase (NEB) (5 unit/µL) 1.2 µL

Buffer (10x, NEB) 6 µL

linearized DNA in RE buffer or in ddH2O

ddH2O up to 53 µL

Total 60 µL

2.2. Incubation
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5’ overhang 20 min at 37 ◦C

Blunt end 20 min at 37 ◦C

3’ overhang 60 min at 37 ◦C

2.3. Inactivation

Inactivate for 5 min at 70 ◦C.

3. Electrophoresis to separate the DNA by size and cut the linearized plasmid and

purify the DNA using the Promega gel and PCR clean-up kit (Wizard SV Gel

and PCR Clean-Up System, Cat. No. A9282). Elute the DNA with 30 µL of

ddH2O and measure the concentration. Store the DNA at −20 ◦C.

• Gene fragment (insert)

4. Amplify the gene fragment by PCR with Phusion polymerase. Note: Set the

annealing temperature 3 ◦C higher than the Tm of the primers and assume the

elongation rate as 30 sec/kb for setting the PCR machine.

4.1. Recipe.

Buffer HF (5X) 10 µL

dNTPs (10mM) 1 µL

Forward primer (10 µm) 1 µL

Reverse primer (10 µm) 1 µL

Phusion DNA polymerase 0.5 µL

ddH2O Till 50 µL

4.2. PCR condition
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98 ◦C 30 sec

98 ◦C 10 sec

Tm + 3 ◦C 20 sec 35 cycles

72 ◦C 30 sec/kb

72 ◦C 10 min

4 ◦C —

4.3. Gel electrophoresis with 5 µL of the PCR product to investigate if the

desired fragment is shown and use the rest for purification.

5. Digestion of PCR fragment

5.1. Recipe.

DNA 1 µg

RE1-HF (NEB) 0.5 µL

RE2-HF (NEB) 0.5 µL

CutSmartBuffer (10x, NEB) 2 µL

ddH2O Till 20 µL

5.2. Reaction and purification

Digest at 37 ◦C (or the temperature indicated for each RE) for 2-4 hr. And

Purify the digested DNA with Promega gel and PCR clean-up kit and elute

the product in 30 µL of ddH2O.

6. Phosphorylate the PCR fragment

6.1. Recipe.
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T4 PNK (10 unit/µL) 1 µL

T4 PNK buffer (10x) 7 µL

20mM dATP 7 µL

DNA All from step 5

ddH2O Till 70 µL

6.2. Reaction (Use PCR machine)

Heat up the DNA and the buffer for 10 min at 70 ◦C (for the 5’ overhang).

Put them on ice and add dATP and T4 PNK enzyme. Incubate 30 min at

37 ◦C. Then terminate the reaction for 20 min at 65 ◦C.

6.3. Purification and storage

Purify with Promega gel and PCR clean-up kit and resuspend the product

in 30 µL ddH2O. Measure the DNA concentration and store it at −20 ◦C.

• Ligation of the vector and the insert

7. Ligation of the vector and the insert

Try molar ratio of 1:3 or 1:6 (vector:insert). Prepare one ligation sample with

digested plasmid without the DNA fragment as a negative control. This will tell

how much background colonies are in the system.

7.1. Recipe.
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Reagent 2-fragment ligation 3-fragment ligation

Vector 50-100 µg 100-150 µg

Ligase buffer (10x) 1 µL 1.5 µL

dATP (20mM) 0.5 µL 0.75 µL

T4 DNA Ligase 0.5 µL 1.5 µL

Insert 1 1:3-1:6 molar ratio to vector 1:2 molar ratio to vector

Insert 2 — 1:2 molar ratio to vector

ddH2O Till 10 µL Till 15 µL

7.2. Incubate 1 hr at room temperature or overnight at 4 ◦C.

8. Dialysis

8.1. Put the dialysis membrane (Cat. No. VVLP04700, MilliporeSigma HVLP02500

Durapore PVDF Membrane Filter, Hydrophilic Plain White, 0.45 µm,

Millipore) on the water, glassy side facing the air.

8.2. Put the ligated DNA on the membrane.

8.3. Incubate for 1 hr at room temperature.

8.4. Collect the sample in the new tubes.

9. Transformation

9.1. Put the TOP10 competent cells on ice. There is 40 µL in each tube.

9.2. Add ice-cold 10% glycerol and aliquot the solution into the pre-cooled tubes

to reach 50 µL/transformation. (Each competent cell stock can be used for

up to 10 transformations.)

9.3. Add all of the dialyzed ligation solution (10 µL, pre-cooled), place on ice

for 10-30 min.

9.4. Place the LB plates to 37 ◦C for at least 1 hr.

9.5. Place the competent cells and ligation product in the pre-cooled cuvettes.

9.6. Electroporation.
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9.7. Add 1mL of BL medium, then transfer it to a new tube. Incubate for 20-60

min at 37 ◦C with agitation.

9.8. Spin down the cells with 5000 rpm, 2 min.

9.9. Discard 700 µL of the medium, and resuspend the cells.

9.10. Plate either 100, 200, or 10 µL.

9.11. Incubate for 8-20 hr at 37 ◦C until the colonies are visible.

10. Pick the colonies and grow each of them in 5mL LB/antibiotics broth at 37 ◦C

for 16 hr.

11. Proofread the colonies with restriction enzyme digestion or by PCR.

12. Purify the plasmid from the selected colony by QIAprep Spin Miniprep Kit (Cat.

No. 27106, QIAGEN) or prepare a larger culture for HiSpeed Plasmid Midi Kit

(Cat. No. 12643, QIAGEN) or QIAGEN Plasmid Maxi Kit (Cat. No. 12163,

QIAGEN) and store the plasmid at −20 ◦C.

• TA cloning (Cloning of the gDNA fragments)

The PCR, transformation, and purification steps follow the protocol above.

The modified procedures are described below.

1. Insert: Add dA after PCR

1.1. Recipe.

Purified PCR product up to 43.8 µL

dATP (10mM) 1 µL

PCR buffer (10x, MPI-CBG) 5 µL

Taq DNA polymerase (5 unit/µL, MPI-CBG) 0.2 µL

ddH2O Till 50 µL

1.2. Incubate at 72 ◦C for 20 min, then store at −20 ◦C.
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2. Ligation

2.1. Recipe.

pCR2.1 TOPO vector 0.25 µL

Salt (0.25x, for electroporation-based transformation) 0.25 µL

Insert (from step 1) 1 µL

2.2. Incubate at room temperature for 1 hr or at 4 ◦C for an overnight.

2.3. Add 8.5 µL of ddH2O after ligation and use it for dialysis and transformation.
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A.10. Protein expression and purification from

bacteria

• Day 1 – Transformation of the expression strain (T7 promoter with built-in

pRARE plasmid)

1. Mix 0.5-1 µL of the expression plasmid and 100 µL of the competent cells.

2. Incubate on ice for 15-30 min.

3. Heat transform the cells at 42 ◦C for 45 sec.

4. Add 1mL of LB or SOC media.

5. Incubate at 37 ◦C for 1 hr.

6. Plate 1000x or 100x diluted cells on the LB plates with appropriate antibiotics.

7. Shake for an overnight at 37 ◦C.

• Day 2 – Pre-culture

8. Inoculate separately 2 or 3 colonies in 2ml of LB + Kanamycin (Km, 50 µg/mL)

+ Chloramphenicol (Cm, 17 µg/mL).

9. Shake for an overnight at 37 ◦C. The pre-culture can be stored at 4 ◦C for 1-2

weeks.

• Day 3 – Induction of protein expression

10. Dilute the pre-culture by 500x or 1000x in TB media + Km (90 µg/mL) + Cm

(17 µg/mL). Shake at 37 ◦C until O.D.600 reaches 0.4-0.5. Usually it takes about

4 hr.

11. Shift the culture to 18 ◦C and shake for another hour.

12. Add IPTG to the final concentration of 0.2mM.

13. Shake for an overnight at 18 ◦C.

• Day 4 – Protein purification (solutions are listed below)
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14. Collect the cells by centrifugation at 5000 rpm for 5 min.

15. Resuspend the cell pellet in lysis buffer (50ml for the cells of a 1L culture), add

DTT (Cat. No. 97061-338, VWR) to 1mM, 0.1% protease inhibitors cocktail

(Bimek), and 0.1% benzonase (MPI-CBG, Germany).

16. Lyse cells by Emulsiflex C-5, Avestin homogenizer.

17. Ultracentrifugation of the lysate at 16000 rpm for 30 min.

18. Pre-equilibrate the HisTrap column (Cat. No. 17524801, GE Healthcare) with

lysis buffer + 1mM DTT.

19. Filter supernatant through 0.45 µm filter (Cat. No. SLHAM33SS, Sigma-Aldrich).

20. Load supernatant on HisTrap column.

21. Wash column with 10 column volumes (CV) of lysis buffer + 1mM DTT, 5 CV

of high salt buffer + 1mM DTT, then 5 CV of lysis buffer + 1mM DTT.

22. Elute the sample with elution buffer.

23. Dialyze the sample against the protein buffer for an overnight.

24. Size exclusive chromatography (Cat. No. 28989335, HiLoad superdex 200 16/60,

GE Healthcare) if necessary.

25. Measure the concentration and store the protein at −80 ◦C.

• Lysis buffer: 2x PBS, 20 mM imidazole (Cat. No. 97064-890, VWR)

• High salt buffer: 6x PBS

• Elution buffer: 2x PBS, 250 mM imidazole

• Protein buffer: 20mM Hepes (Cat. No. 97061-822, VWR), pH7.5, 150mM

KCl
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