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A B S T R A C T

The elongation of embryo and tissue is a key morphogenetic event in embryogenesis and organogenesis.
Notochord, a typical chordate organ, undergoes elongation to perform its regulatory roles and to form the
structural support in the embryo. Notochord elongation is morphologically similar across all chordates, but
ascidian has evolved distinct molecular and cellular processes. Here, we summarize the current understanding
of ascidian notochord elongation. We divide the process into three phases and discuss the underlying molecular
mechanisms in each phase. In the first phase, the notochord converges and extends through invagination and
mediolateral intercalation, and partially elongates to form a single diameter cell column along the anterior-
posterior axis. In the second phase, a cytokinesis-like actomyosin ring is constructed at the equator of each cell
and drives notochord to elongate approximately two-fold. The molecular composition and architecture of the
ascidian notochord contractile ring are similar to that of the cytokinetic ring. However, the notochord
contractile ring does not impose cell division but only drives cell elongation followed by disassembly. We discuss
the self-organizing property of the circumferential actomyosin ring, and why it disassembles when certain
notochord length is achieved. The similar ring structures are also present in the elongation process of other
organs in evolutionarily divergent animals such as Drosophila and C. elegans. We hereby propose that
actomyosin ring-based circumferential contraction is a common mechanism adopted in diverse systems to drive
embryo and tissue elongation. In the third phase, the notochord experiences tubulogenesis and the endothelial-
like cells crawl bi-directionally on the notochord sheath to further lengthen the notochord. In this review, we
also discuss extracellular matrix proteins, notochord sheath, and surrounding tissues that may contribute to
notochord integrity and morphogenesis.

1. Introduction

Multicellular organisms develop from a single-celled zygote, which
proliferates and differentiates into multiple cells and diverse tissues
during embryonic development. Simultaneously, the development of
embryo is accompanied by tissue morphogenesis and organogenesis,
which are usually self-organizing processes. One of the prominent
features of animal development is elongation of body along the
anterior-posterior (A-P) axis (Keller, 2002). The mechanisms that
regulate this fundamental morphogenesis process remain a central
unsolved mystery in developmental biology.

Notochord is one such key embryonic organ to undergo elongation
during morphogenesis. It is typically present in the midline region of the
embryo tail, where it functions to provide structural support and performs
as a signaling center to regulate the development of surrounding tissues
(Stemple, 2005). In all three chordate subphyla-cephalochordates, ur-

ochordates (tunicates), and vertebrates, the notochord develops into a
flexible yet stiff rod tapered at both ends (Veeman and Smith, 2013).
These physical and morphological properties allow it to serve as a flexible
skeleton, which contributes to the swimming behavior of the larva (Keller,
2006). Notochords in different subphyla are morphologically variable at
the cellular level: tunicates have the simplest notochord made of a small
number of cells-40 cells in all ascidian species that have been examined
and enclosed in a simple extracellular notochordal sheath, while noto-
chord in cephalochordates and vertebrates is much more complex,
consisting at least of thousands of cells and possessing abundant
extracellular matrix in the notochordal sheath (Annona et al., 2015).

Despite the differences in cellular complexity, the early phase of
notochord development and elongation begins with a common and
well-studied process of convergent extension driven by cell intercala-
tion (Shindo, 2018). Recently, convergent extension-like behavior was
also found in the elongation of an axial structure in the non-chordate,
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called axochord, which appears to contribute to the lengthening of the
embryo, and the authors proposed that axochord and notochord share
a common ancestry (Lauri et al., 2014), which remains controversial
(Hejnol and Lowe, 2014). After completion of convergent extension,
further elongation of the notochord occurs by various mechanisms in
different chordate lineages. For example, the vertebrate notochord
elongates by cell proliferation and accumulation of large intracellular
vacuoles (Ellis et al., 2013) or by cell migration (Hara et al., 2013). In
contrast, proliferation of ascidian notochord cells, as in species Ciona
intestinalis, stops before convergent extension. Subsequent elongation
is driven by the activity of actomyosin contractile ring (Dong et al.,
2011; Sehring et al., 2014) and a dramatic remodeling and active
migration of notochord cells (Dong et al., 2009). This multiphase
process lasts for 24 h (at 16 °C) in Ciona embryos and bring about a 3-
fold elongation of the notochord.

We have divided the processes of ascidian notochord elongation into
three phases based on the distinct cellular mechanisms that take place
sequentially (Fig. 1). In the first phase, notochord cells form a single cell
line along the A-P axis through invagination and mediolateral intercala-
tion. In the second phase, 40 tightly arranged coin-like notochord cells
elongate by approximately 2-fold, which is a significant elongation
relative to the first phase, forming a cylindrical, solid cell rod through
actomyosin network driven-cell shape change. In the third phase, the
notochord cells start to crawl bi-directionally along the notochord sheath
and transit into endothelia-like cells, resulting in further notochord
elongation by approximately 1.5-fold (Dong et al., 2009).

In this review, we summarize the cellular mechanisms used during
ascidian notochord elongation and the underlying molecular mechan-
isms. We focus more on the cellular processes and molecular mechan-
isms during the second phase, and elaborate on how the contractile
ring forms, how it maintains its equatorial position, and how it drives
the notochord elongation in ascidian embryo and larva.

2. Notochord elongation by convergent extension (Phase 1)

Convergent extension (CE) is a fundamental strategy of tissue
elongation during embryogenesis (Keller et al., 2008). Cells that

intercalate along one direction can increase the length of the tissue
while reducing its width along the direction of intercalation. Like in
ascidians, Xenopus laevis, and Danio rerio embryos, notochord
formation utilizes the mechanism of CE (Glickman et al., 2003;
Keller et al., 1989; Miyamoto and Crowther, 1985; Munro and Odell,
2002b). CE in ascidian notochord formation has been described in
detail via careful observations of live and/or fixed embryos of C.
intestinalis (Miyamoto and Crowther, 1985; Munro and Odell, 2002b)
and Corella inflata (Miyamoto and Crowther, 1985; Munro and Odell,
2002b). After the final cell division, 40 notochord cells that form a
monolayer invaginates around the midline of the embryo to form a
cylindrical rod. At the same time, notochord cells intercalate medial-
laterally and, as a consequence, the notochord transforms into a stack
of 40 coin-shaped cells. During intercalation, notochord cells crawl
actively among the neighboring cells using polarized filamentous actin-
based lamellar protrusions. Mutants that fail to form lamellar protru-
sions have convergent extension defects, suggesting that cell migration
is indispensable for this process in notochord (Shi et al., 2009).

Although CE in the ascidian embryo is cell-autonomous (Keller,
2002; Munro and Odell, 2002a), several intercellular and intracellular
signaling pathways such as the fibroblast growth factor (FGF) pathway,
the Wnt, the activators and target of notochord-specific transcription
factor Brachyury, suppressor of Hairless, leprecan, and the planar cell
polarity (PCP) pathways are required for the formation of lamellar
protrusions and subsequent cell migration during CE (Corbo et al.,
1998; Dunn and Di Gregorio, 2009; Jiang et al., 2005; Niwano et al.,
2009; Shi et al., 2009). The formation of polarized lamellar protrusions
is suppressed by introducing a dominant negative form of FGF3, which
results in defective notochord intercalation (Shi et al., 2009).
Notochord cells in Ciona embryo mutant for Prickle, a gene in the
PCP pathway, can still from lamellipodia but fail to intercalate medial-
laterally (Jiang et al., 2005). In addition to planar cell polarity, it has
also been revealed that polarity along the dorso-ventral axis of the
notochord may also contribute to CE. The disruptions of the asym-
metric accumulation of aPKC and laminin, by introducing a dominant
negative form of Eph4 lead to defective intercalation (Oda-Ishii et al.,
2010). The role of extracellular matrix (ECM) plays in CE has been

Fig. 1. Three distinct phases of ascidian notochord elongation. (A) Notochord tissues (indicated by red color) in ascidian embryos at different stages and in a swimming larva. Images
were borrowed from (Jiang and Smith, 2007) and (Sehring et al., 2014). (B) Notochord cell shapes and architecture during ascidian embryonic and larval development. Gray blue
indicates lumen in the notochord tube. (C) The development of ascidian notochord in three distinct elongation phases.
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increasingly recognized (Shindo, 2018), including in ascidian noto-
chord. For example, chondroitin 6-O-sulfotransferase, an enzyme that
is responsible for sulfated polysaccharide chain binding to core
proteins to form proteoglycans, is required for CE of the Ciona
notochord (Nakamura et al., 2014). Moreover, in the mutant of
laminin, which encodes the protein that is the main component of
the basement membrane, the notochord cells initiate normal intercala-
tion but fail to organize into a stack of 40 coin-shaped cells, which
likely caused by the disruption of the integrity of the notochord sheath
(Veeman et al., 2008). Similarly, when fibronectin, a key matrix
glycoproteins, was deleted by CRISPR-mediated mutagenesis, the
medio-lateral polarity of individual cells was maintained, and the
notochord sheath was intact, but intercalation of the notochord cells
was abnormal (Segade et al., 2016).

Mechanosensing and mechanoprotection are also essential for
proper embryogenesis (Fernandez-Sanchez et al., 2015).
Morphogenesis generates forces, which if were not counteracted may
damage the embryo. During CE, notochord cells experience forces due
to both internal and external cues and need mechanoprotection
(Hamada, 2015). Various mechanosensors such as ion channels,
stretch receptors, and caveolae reside on the plasma membrane.
Caveolae are microdomains that act as membrane reservoir to protect
the cells from mechanical stress (Cheng and Nichols, 2016). Previously,
a large number of caveolae were found in the zebrafish notochord cells
(Nixon et al., 2007). Recently, it was found when the number of
caveolae was reduced experimentally, the tail length became shorter
and lesions were observed in the notochord (Garcia et al., 2017; Lim
et al., 2017). This highlights the importance of mechanoprotection
during notochord elongation. Another study conducted in mouse
embryo showed that notochord elongation coincides with the expan-
sion of amniotic cavity expansion (Imuta et al., 2014). When a glass
capillary insertion, the expansion of amniotic cavity was prevented by

draining the amniotic fluid, notochord elongation is disrupted.
Subsequent observation showed that notochord became wider due to
a failure in CE. The authors concluded that the force exerted by the
expansion of the amniotic cavity drives notochord elongation in mouse
embryos (Imuta et al., 2014). However, in a study carried out in
Xenopus embryos, a similar global force provided by the surrounding
tissue does not elongate the embryo. In this case, the primary force
generated by cell migration was responsible for the elongation of the
notochord (Hara et al., 2013). In Ciona embryos, when the Xenopus
homeobox gene bix is expressed in the surrounding muscle cells in
Ciona, the elongation of notochord is compromised due to failure of
muscle cell differentiation (Di Gregorio et al., 2002). And the most
probable reason is that less force is contributed by the undifferentiated
muscle cells during tail morphogenesis. These examples show that
mechanical forces are also important for notochord elongation.

3. Notochord elongation by equatorial circumferential
constriction (Phase 2)

After CE, the ascidian notochord elongates further (Dong et al.,
2009; Miyamoto and Crowther, 1985) by a mechanism that is unique to
ascidians. In this second phase, notochord cells generate an equatorial
cytokinesis-like ring, which is for cell elongation rather than cell
division (Dong et al., 2011; Sehring et al., 2014). In the following
sections, we will discuss our current understanding of this novel
mechanism for notochord elongation in Ciona.

3.1. Architecture of circumferential rings in Ciona notochord

During the second phase, the shape of ascidian notochord cells
changes from a coin shape to a drum shape by the basal constriction
localized at the equator of the cells (Fig. 2A), whose molecular

Fig. 2. Mechanism of the second phase of notochord elongation in Ciona. (A) An overview of the solid cylindrical rod-shaped structure of the notochord. (B) Highlights of the
actomyosin structure (red) of notochord cells (grayish-blue cells in A). Median notochord cells (cell 2–39) form circumferential actomyosin rings at cell equators, whereas semi
actomyosin rings parallel to A-P axis are formed in both cells at the anterior (cell 1) and posterior (cell 40) ends of the notochord. (C) The formation and positioning of the equatorial
actomyosin rings. At the beginning of the second phase of notochord elongation (14 h post fertilization, hpf), coin-shaped notochord cells form circumferential actomyosin ring at the
anterior pole of the cells. As the development proceeds, the actomyosin ring moves posteriorly (blue arrowheads) and finally localizes at the cell's equators (18 hpf). During this process,
the actomyosin ring is contractile and produces a circumferential constriction (dark arrows) but do not divide the cells into two. Transverse loading generated by these constrictions
presumably drives the notochord to narrow and thus elongates along the A-P axis (green arrowheads).
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architecture has begun to emerge (Dong et al., 2011; Sehring et al.,
2014). The principle components are actin filaments and myosin
filaments containing phosphorylated myosin II light chains (pMLC)
forming a structure like a contractile ring in the cleavage furrow of
dividing cells. Indeed, several observations can prove this point. First,
time-lapse movies of elongating notochord cells expressing fluores-
cence-tagged protein markers show that F-actin and pMLC filaments
move toward the equator, which are derived from the both anterior and
posterior lateral domain of the notochord cells (Sehring et al., 2014).
Similarly, the cortical actomyosin flows are also observed in cytokinetic
cells (Yumura, 2001), which are thought to be tension dependent. The
two poles of the cell are relaxed, while the surface stiffness remains
high tense in the median region of the cell leading to the cortical flows
from low tension to regions of high tension regions and thus form the
cytokinetic ring (Bray and White, 1988). However, whether the
actomyosin flows in Ciona notochord are relevant to the cell surface
tension, and why the actomyosin flows arise at both the poles of the cell
remain unknown. Second, the quantitative results from fluorescence
recovery after photobleaching experiments also indicate that F-actin in
the equatorial plane is highly dynamic with high turnover in the
notochord (Sehring et al., 2014). Indeed, during the cytokinesis in
many eukaryotes, the actomyosin rings are highly dynamic, the F-actin
and other ring components such as myosin and actin-binding proteins
are observed in high turnover during contraction (Chew et al., 2017;
Guha et al., 2005; Srivastava and Robinson, 2015). Third, multiple
actin-binding proteins such as cofilin, α-actinin, tropomyosin, IQGAP,
anillin, septin 2, talinA, and talinB are colocalized with the actomyosin
ring in the notochord cell, resembling remarkably as in the case of the
dividing cells (Mukhina et al., 2007; Sehring et al., 2014). Taken
together, the architecture of the circumferential rings in Ciona
notochord shares the common features with the cytokinetic ring in
the furrow of the dividing cell, though some differences might exist.

3.2. Mechanics and principle of Ciona notochord elongation driven by
equatorial actomyosin ring

During cytokinesis, the dividing cell elongates along the long-
itudinal axis as the furrow deepens at the equatorial region of the cell
(Spira et al., 2017). The physical basis of this observation is that the
transverse loading generated by the circumferential constrictive force
on a compression-resisting system is converted into pushing force that
is especially higher along the longitudinal axis, thus driving the cell to
elongate. Since the relative cellular arrangement and cell volume
remain unchanged during the second phase of notochord elongation
(Dong et al., 2009), the notochord cell can be treated as a compression-
resisting system, suggesting the possibility that the notochord cell uses
the same principle to drive cell elongation as that used by the
cytokinetic cell. Recent evidence based on genetic and drug manipula-
tion has confirmed this possibility (Sehring et al., 2014).

The constriction and elongation of the notochord cells cease after
treatment with myosin II ATPase inhibitor or F-actin inhibitor, suggest-
ing that the equatorial ring exert contractile force around the cell
circumference (Dong et al., 2011; Sehring et al., 2014). Spatiotemporal
coupling of the retractions of bleb-like membrane deformations and the
recruitment of actomyosin contractile elements are detectable during
notochord cell elongation. Additionally, blebbing at the basal membrane
and the displacement of apical membrane also reveal a strong temporal
correlation, suggesting that the contraction at the equatorial contractile
ring drives the elongation of notochord cells. By contrast, the first and
40th cells of the notochord normally do not assemble at the equatorial
contractile ring and do not elongate during the second phase (Fig. 2B).
Furthermore, genetic analyses also show that the equatorial actomyosin
rings are essential for notochord cell elongation. For example, cells
expressing the dominant negative form of cofilin, which interferes with
the actin dynamics, are unable to elongate and are squeezed by the
flanking wild type cells, resulting in a dumbbell shaped notochord cell

(Sehring et al., 2014). In the mutant expressing α-actininROD, which
disrupts the connection between actin filaments and their connection
with the equatorial membrane, actomyosin ring is mislocalized, thus
inhibiting cell elongation (Sehring et al., 2014).

3.3. Positioning of the contractile ring during notochord cell
elongation

Where and how the contractile apparatus is positioned in the cell
have been some of the major questions complicating our understanding
of the cytokinesis process (Oliferenko et al., 2009). The current view of
the timing and positioning of the contractile ring during cytokinesis is
based on mechanisms related to microtubule spindle. For example, in
some cell types, astral microtubules reduce the local tension produced
by actin-myosin bundles at the cell cortex and increase the tension at
the spindle equator, thus promoting cortical contraction at equatorial
site (Alberts et al., 2014). However, neither central spindle nor astral
microtubules are found during notochord cell elongation (Dong et al.,
2011). Moreover, ring positioning and cell elongation are not affected,
as microtubule is depolymerized by nocodazole (Sehring et al., 2014).
These data suggest that the microtubules do not contribute to ring
positioning in Ciona notochord. Therefore, other mechanisms must
exist for the positioning the ring correctly in ascidian notochord cells.

The phenotype of dominant negative of α-actinin, which bridges
actomyosin ring localization and cell elongation, suggests that the
equatorial position of the ring is pivotal for the cell elongation (Sehring
et al., 2014). Recently, studies involving live cell imaging and physical
modeling have provided new insights into the positioning of the
contractile actomyosin ring in Ciona notochord. A weak cortical acto-
myosin ring is generated close to the anterior pole during cell intercala-
tion, which gradually relocalizes toward the equatorial region of noto-
chord cells (Fig. 2C). This re-localization is actomyosin contraction
dependent. Previous study showed that the cortical actomyosin ring fails
to localize the midway of the notochord cells when contraction is blocked
by blebbistatin (Sehring et al., 2015). Furthermore, when the elongated
notochord cells are treated with blebbistatin for a prolonged time, the
equatorial actomyosin rings move toward the anterior pole of notochord
cells (Sehring et al., 2015). This observation also verifies that the
formation of the actomyosin rings is highly dynamic and related with
contraction. A simple and appealing explanation for this observation is
that the actomyosin cortex is a viscous contractile gel undergoing
continuous turnover by actomyosin flow, which is initially generated from
both ends of the notochord cell and then moves toward the equator,
resulting in a higher contraction compared with its surroundings. The
small furrow created as a result of the contraction possibly leads to more
accumulation of actomyosin in this region, making it denser and thus
more contractile. A physical modeling based on this idea correctly predicts
the movement and positioning of the actomyosin rings (Sehring et al.,
2015). However, the relocalization and positioning of actomyosin rings is
not simply regulated by constriction but rather by the precise interaction
between the PCP signaling and contractility. In the mutant of one of PCP
genes, prickle, the actomyosin rings are normally localized at the equator
of notochord cells. However, when the actomyosin contraction are
abolished in prickle mutant, the rings do not migrate toward anterior
pole of the cells as that in blebbistatin-treated embryos. Instead, they
randomly distribute either in equator, anterior, or posterior pole of the
cells (Sehring et al., 2015). Therefore, the position of notochord acto-
myosin ring is maintained at the cell equatorial region by a tug-of-war
between the actomyosin contractility and planar cell polarity.

3.4. Novel mechanism of cell elongation and unanswered questions

Exploiting the cytokinetic-like contractile elements and regulatory
proteins to drive cell elongation rather than cell division is a novel
mechanism of cell elongation, which was first demonstrated in Ciona
notochord cells (Dong et al., 2011; Sehring et al., 2014). Continued
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investigation of this novel mechanism would further deepen our under-
standing of its underlying mechanics and regulation. How the contractile
ring disassemble as contraction progresses during notochord cell elonga-
tion is the most intriguing. This notochord-lengthening function is also
found in another tunicate, Oikopleura dioica; however, after a period of
non-divided stage, the notochord cell somehow begins to undergo cell
division (Soviknes and Glover, 2008). It is, therefore, important to identify
why the ascidian notochord does not divide whereas the Oikopleura
notochord does. In situ hybridization experiments reveal that several cell
cycle regulators, such as Ciona homologs of CDC45, CDC23 and
CDK2AP1 are expressed in the notochord (Hotta et al., 2000). Among
these, CDC45, an essential protein required for the initiation of DNA
replication (Hotta et al., 2000; Zou et al., 1997), is highly expressed in
post-mitotic notochord cells, which contradicts the notion that CDC45 is
present in dividing cells. The signaling pathways underlying this contra-
diction remain elusive.

Additionally, the Ciona notochord exhibits dynamic cellular pola-
rities during morphogenesis (Veeman and McDonald, 2016). For
example, nuclei of notochord cells, except for the 40th cell, always
position at the posterior of the cell cortex (Jiang et al., 2005). This
positioning of nuclei is PCP dependent. The apical marker, aPKC,
accumulates along the ventral side of the notochord, whereas the basal
marker, laminin, is enriched on the dorsal side (Oda-Ishii et al., 2010).
Moreover, the cytoskeleton also appears to be polarized during the 2nd

phase of the notochord cell elongation. The MLC localizes equally on
the perinotochordal surfaces during the intercalation, however, it is
polarized anteriorly in the second phase of notochord elongation
(Newman-Smith et al., 2015). Whether these dynamic cell polarities
contribute to the ring formation and position are the main challenges
that need to be addressed in future studies.

4. Notochord elongation via bi-directional cell migration
(Phase 3)

After the completion of notochord cell elongation via the actomyosin
ring, the tail still continues to elongate (Dong et al., 2009; Miyamoto and
Crowther, 1985), indicating that there must be additional mechanisms
for further elongation of the notochord during this period. Previous
studies have shown a de novo mechanism of tubulogenesis in the Ciona
notochord, which is thought to be primarily responsible for the 3rd
phase of notochord elongation (Dong et al., 2009). During the second
phase of notochord elongation, notochord cells undergo a mesenchymal-
epithelial transition (Jiang and Smith, 2007). In this process, apical
extracellular lumen begins to form at both ends of the notochord cell
while transitioning into an unusual epithelial-like cell type with two
opposing apical domains (Denker et al., 2013; Dong et al., 2009). As the
luminal pockets enlarge, notochord cells attain a bi-concave shape from
a drum shape (Fig. 3A). During this time, the apical domains increase in

Fig. 3. Schematic representation of the intercalation of cell-cell junctions during the three phases of notochord elongation in Ciona. (A) Median views of cell-cell junctions of four
consecutive notochord cells (a, b, c, and d). (B) Same views as those shown in (A) flattened onto a 2-D space. At the beginning of convergent extension (CE), cell a develops cell junctions
with both cells b (a/b, blue) and c (a/c, green), whereas cells b and c share one junction (b/c, red). The a/c junction is perpendicular to the anterior-posterior (A-P) axis at this time
point but disappears with the completion of CE. Remodeling of cell-cell junction is required for the emergence and expansion of extracellular lumens (magenta), which connect and form
a tube during the 3rd phase of notochord elongation. The cell-cell junction between cells a and c appears again at the beginning of the 3rd phase, whereas the a/b junction shortens
along the Dorsal-ventral (D-V) axis and elongates along the A-P axis. The main results of this reverse intercalation lead the notochord elongation and tube formation in Ciona.
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surface areas at the expense of the lateral domains. Once the apical
extracellular lumens reach a defined volume, the bi-concave shaped
notochord cells become motile via unknown mechanisms and migrate
bi-directionally on the notochord sheath. At this stage, the two trailing
edges of notochord cells retract and move toward the midway along the
inner surface of the notochord sheath, whereas the two leading edges
extend in the opposite direction. As a consequence, this concerted
crawling behavior within the notochord cells tilts the adjacent luminal
pockets, finally fusing them into a single lumen (Dong et al., 2009).
Recent studies have shown that the mechanism observed in the ascidian
notochord is also present in zebrafish, specifically in vascular anasto-
mosis in embryo (Herwig et al., 2011) and lumen formation in the gut of
zebrafish (Alvers et al., 2014), suggesting that this is a novel mechanism
involved in biological tube formation. During notochord cells crawl in
the 3rd phase, the cell shape and cell adhesion junction undergo striking
remodeling in a process termed as reverse intercalation (Fig. 3B).
Although the molecular mechanism underlying reverse intercalation in
notochord cells has not been reported yet, it is likely that the
cytoskeleton participates in the regulation of bi-directional crawling of
notochord cells. For example, the microtubule forms straight and
parallel bundles extending to the leading edges at this period. When
microtubules are disrupted by nocodazole, bi-directional crawling
becomes inconsistent and fails to connect the tube (Dong et al., 2011).
Whether the microtubule generates polarized signals that establish two
protrusions at both leading edges or not, and the nature of those signals
is essential questions for understanding notochord tubulogenesis, and
thus notochord elongation.

5. Evolutionary conservation of tissue elongation
mechanisms found in the ascidian notochord

Although the common underlying mechanism of notochord elonga-
tion is currently unknown, notochord of all chordates possess an
evolutionarily conserved property of elongating the body along A-P
axis, regardless of their origin. It appears that embryos of most of
chordates utilize multiple different mechanisms to drive notochord
elongation. For example, after the completion of CE, amphibians and
fish notochord elongates by principle of the hydraulic cylinder as it is
surrounded by a fibrillar ECM (Keller, 2006). The notochord of
amphibians and fish forms vacuoles containing proteoglycans, which
hydrate and swell, consequently elongating the notochord in the A-P
direction. Because radial expansion is inhibited by the ECM, a
cylindrical-shaped elongated notochord is formed (Mookerjee, 1953).
However, the most basal chordate, amphioxus (Lemaire, 2011), utilizes
cell proliferation as the mechanism for notochord elongation. Studies
involving Branchiostoma lanceolatum reveal that the amphioxus
notochord also contains transverse contractile actin and myosin
filaments (Bocina and Saraga-Babic, 2006; Flood et al., 1969); how-
ever, the function of these contractile elements have not been
determined in notochord morphogenesis. By contrast, the tunicates,
which are phylogenetically positioned between the cephalochordates
and vertebrates, exploit a distinct mechanism of notochord elongation
that is different from other chordates, indicating that the notochord
structure and function have changed during chordate evolution.
According to the second phase elongation of the ascidian notochord,
the circumferential actomyosin network plays an important role in
equatorial constriction. Interestingly, a similar notochord-lengthening
actomyosin ring is also present in another tunicate, Oikopleura dioica.
In addition to the ascidian notochord, the non-cytokinetic circumfer-
ential actin ring has also been found in other cell types and tissues,
including the neural plate cells in amphibians (Holtfreter, 1946), eyes
in certain fish species (Lin-Jones et al., 2009; O'Connor and Burnside,
1981), axons in mammals (Xu et al., 2013), ovaries in flies (He et al.,
2010), tracheal tube in Drosophila (Hannezo et al., 2015; Matusek
et al., 2006), and hypodermal cells in the embryo of C. elegans (Priess
and Hirsh, 1986). Thus, it appears that the lengthening mechanism of

non-cytokinetic actomyosin contractile apparatus is evolutionarily
conserved from individual cells to entire tissues (embryos). Another
feature of the ascidian notochord morphogenesis is the luminal tube
formation, which takes place in the second and third phases of
elongation. The elongation of Ciona notochord during tubulogenesis
is mainly due to dynamic cell remodeling characterized by reverse
intercalation. It is expected that polarized cell intercalation can lead to
the elongation of a developing organ or embryo, such as that shown in
the germ-band elongation in Drosophila embryo (Bertet et al., 2004).
Therefore, we suggest that mechanisms of elongation exploited by the
ascidian notochord are evolutionarily conserved tissue elongation
mechanisms found in diverse animal embryos.

6. Concluding remarks

The evolutionary conservation of notochord elongation mechanisms
remains an open question. Among the chordates, the ascidians have
particularly evolved with a distinct mechanism of notochord cell elonga-
tion. This knowledge has been available because of recent advances in
imaging techniques and transgenic approaches developed for studying the
ascidian embryo. These tools have allowed us to investigate the morpho-
genesis of key tissues, for example, the notochord in the chordate embryo
(Stolfi and Christiaen, 2012). This review focuses on our current under-
standing of how the ascidian notochord cell elongates during embryogen-
esis, including the dynamic cellular behaviors and novel underlying
molecular mechanisms. Multifaceted processes of ascidian notochord
elongation provide insights for us to understand the complex but highly
coordinated tissue morphogenetic processes.
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