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Abstract: Ascidians belong to tunicates, the sister group of vertebrates. Ascidians are
cosmopolitan marine filter-feeding organisms that, along with other members of the
chordate subphylum, maintain remarkable regenerative abilities throughout their
life. Ascidians’ high stem-cell-mediated regenerative capacity, which allows colonial
species to continuously generate new individuals, has fascinated researchers and
scientists. In this chapter, we emphasize what is currently known about the biology
and level of involvement of stem cells in ascidian development and regeneration
for both solitary and colonial species. The chapter focuses on the methods used
to identify stem cells and stem cell niches and discusses hypotheses regarding
their role in biological phenomena such as budding, torpor, regeneration, aging,
and chimerism. Future areas of study on stem cells using regenerative ascidians
are discussed.

1. Introduction

Tunicates, the sister group of vertebrates (Figure 1) (Delsuc et al. 2006, 2018), are
filter-feeding marine invertebrates found in harbors, estuaries, and oceans around
the world (Burighel and Cloney 1997; Holland 2016).

As members of the phylum Chordata, tunicates develop from swimming larvae
that contain all the primary chordate features such as a notochord, dorsal neural tube,
segmented musculature, and gill slits (Brusca et al. 2016). After a swimming phase,
the larva loses many of its chordate characteristics, metamorphosing into a sessile or
pelagic individual (Brusca et al. 2016). Ascidians are the group most studied among
tunicates and include both solitary (Figure 1b–e) and colonial (Figure 1f–l) species.
Solitary ascidians reproduce via embryogenesis, with individuals developing from a
single fertilized egg, while the colonial species produce an adult body through both
embryogenesis and diverse types of asexual reproduction (Brien and Brien-Gavage
1928; Oka and Watanabe 1957a; Freeman 1964; Sköld et al. 2011; Lemaire 2011;
Manni et al. 2019; Kowarsky et al. 2021). These two disparate reproductive methods
ultimately give rise to a similar adult body plan consisting of a simple central nervous
system, digestive system, respiratory system, circulatory system, and reproductive
system (Manni et al. 2019; Kowarsky et al. 2021) (Figure 1a–d).
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Figure 1. (a) Phylogenetic tree of deuterostomes (modified from (Delsuc et al.
2018). Ascidians are considered a paraphyletic group. The three taxa—namely,
Phlebobranchia, Aplousobranchia, and Stolidobranchia, also include colonial
species able of budding. (b–e) Solitary ascidians: Ciona robusta, lateral view (b);
Polycarpa mytiligera, upper view (c); Microcosmus exasperatus, upper-lateral view
(d); Styela plicata, lateral view (e). (f–l) Colonial ascidians (dorsal view): Botryllus
schlosseri (f) and detail of the colonial circulatory system (g, ventral view); Botryllus
primigenus (h); Botrylloides leachii (i); Polyandrocarpa zorritensis (j); Perophora viridis
(k,l); arrowheads in (k,l): stolon. The Square area in (k) is enlarged in (l). A: ampulla;
AZ: adult zooid; BB: branchial basket; G: gut; MV: marginal vessel; OS: oral siphon;
PB: primary bud; RV: radial vessel; TU: tunic. Source: Graphic by authors.

Both solitary and colonial species have high regenerative capacities, with colonial
species regenerating an entire body plan from a small fragment of its vasculature
(Oka and Watanabe 1957a; Sabbadin et al. 1975; Rinkevich et al. 2007a, 2007b, 2008;
Voskoboynik et al. 2007; Manni et al. 2014, 2019; Alié et al. 2021). When colonies
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come in contact with each other, colonies may form natural chimeras with adjacent
colonies by vascular fusion if they share one or two alleles in their highly polymorphic
histocompatibility gene, the Botryllus histocompatibility factor (BHF); if the colonies
are incompatible, a barrier forms between them, and they reject (Oka and Watanabe
1957b; Sabbadin 1962; Scofield et al. 1982; Voskoboynik et al. 2013b).

Following fusion, the circulating stem cells of the chimeric partners compete
to replace the germline and/or the soma of the other partner in a process similar to
allogeneic transplantation (Oka and Watanabe 1957b, 1959; Sabbadin and Zaniolo
1979; Pancer et al. 1995; Stoner and Weissman 1996; Stoner et al. 1999; Laird et al.
2005; Voskoboynik et al. 2008; Rinkevich et al. 2013).

The colonial ascidians’ abilities to reproduce sexually and asexually, regenerate
whole body plans, and replace the genotypes of germline and somatic tissues in
chimeras has prompted studies aiming to identify and prospectively isolate the stem
cells involved in these events.

In this chapter, we review the current knowledge on the stem and
progenitor cells in solitary and colonial ascidians, and their involvement in
developmental/regeneration processes. Special emphasis is given to the methods
used to identify/isolate candidate stem cells and their niches.

2. Ascidians as Model Organisms for Developmental Studies

At the end of the 18th century, studies performed on ascidians established them
as key models of chordate development (Corbo et al. 2001; Satoh 2001; Lemaire
2011; Stolfi and Christiaen 2012), sexual and asexual reproduction (Manni et al. 2019;
Kowarsky et al. 2021), and the evolution of the immune system (Scofield et al. 1982;
Cooper et al. 1992; Oren et al. 2013; Voskoboynik et al. 2013b; Ballarin et al. 2015,
2021a; Franchi et al. 2017; Rosental et al. 2018; Mueller and Rinkevich 2020).

Through a classic chordate embryogenesis process, ascidians produce swimming
tadpole-like larvae that, following metamorphosis, lose their chordate characteristics
(Lemaire et al. 2008). Taking advantage of the transparent embryos of solitary
ascidians, Conklin (1905) performed the first cell lineage experiment in Styela partita
embryos and discovered that, at the cleavage stage, cells (blastomeres) are committed
to the three germ layers: ectoderm, mesoderm, and endoderm. Conklin’s studies
established ascidians as a key model for embryogenesis. Today’s advanced transgenic
lineage tracing techniques and single-cell transcriptome trajectories are used on
ascidian Ciona species to build comprehensive embryonic cell fate maps (Dehal et al.
2002; Lemaire 2011; Oonuma et al. 2016; Tolkin and Christiaen 2016; Cao et al. 2019;
Lemaire et al. 2021).

The most studied solitary ascidians for developmental research are the widely
distributed Ciona robusta (Figure 1b) and Ciona intestinalis. The genome of C. robusta
was one of the first genomes assembled (Dehal et al. 2002), allowing molecular studies
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on the origin of chordates. Embryos are obtained by in vitro fertilization, and gene
reporter assays are used to monitor and manipulate gene expression in vivo as the
embryo develops (Squarzoni et al. 2011; Stolfi and Christiaen 2012; Racioppi et al.
2014; Farley et al. 2015; Fujiwara and Cañestro 2018).

Among colonial ascidians, Botryllus schlosseri is one of the reference
colonial species. Several features make B. schlosseri an excellent model organism
(Figure 1f,g)—namely, (i) it is abundant in shallow waters and easily cultured in the
laboratory; (ii) its genome and transcriptome are available (Voskoboynik et al. 2013a,
2013b; Corey et al. 2016; Campagna et al. 2016; Rosental et al. 2018; Kowarsky et al.
2021; Voskoboynik et al. 2020; Anselmi et al. 2021); (iii) asexual reproduction results
in identical individuals, facilitating the ability to separate one colony (genotype)
into several clonal replicates (Manni et al. 2007, 2014; Kowarsky et al. 2021); (iv) it
naturally forms chimeras, which allow lineage tracing by DNA fingerprints (Stoner
and Weissman 1996; Laird et al. 2005); (v) its transparent tissue allows in vivo tracing
of labeled cells (Voskoboynik et al. 2008; Rinkevich et al. 2013; Rosental et al. 2018).

3. Stem Cells and Their Identification

The term stem cell derives in part from the word Stammzelle, first used by Ernst
Haeckel in the mid-1800s to describe both the single-celled organism precursors to
multicellular life and the single-celled embryo that develops into a multicellular
organism. The term and its concept were later used by August Weissman to describe
cells that he hypothesized to be the common precursor of a specific tissue.

Stem cells must satisfy the following criteria to be classified as stem cells: (i)
they can divide and create an identical copy of themselves (self-renewal), and (ii)
they can divide to produce other cell types (e.g., hematopoietic stem cells (HSCs)
produce all blood cells). They can also express a specific gene signature (e.g., piwi,
vasa) and demonstrate a high nucleus:cytoplasm ratio.

Studies on the proliferation state of mammalian HSCs demonstrate that HSCs
are quiescent most of the time (remaining in G0) and only on rare occasions enter the
cell cycle (Passegué et al. 2005; Forsberg et al. 2010); therefore, proliferation markers,
including EdU and PCNA, that detect proliferating progenitor cell populations in
many cases do not identify stem cells.

To isolate a pure population of self-renewing HSCs, the Weissman group
(Spangrude et al. 1988; Uchida and Weissman 1992; Morrison and Weissman 1994)
developed methods that used (i) FACS-based monoclonal antibody cell separation
technologies to isolate specific cell populations; (ii) transplantation of limited dilutions
of these cell populations to irradiated mice and long term tracing of transplanted cells
to assay multipotentiality; (iii) reisolation and transplantation of candidate stem cells
from primary recipients to secondary hosts and long term tracing of transplanted
cells to assay self-renewal. These became the standard methods to isolate adult
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tissue-specific stem cells and were used to isolate various tissue-specific stem cells
including neural (Uchida et al. 2000) and skeletal stem cells (Chan et al. 2018). A
genetic approach that uses fluorescent reporter genes to trace differentiation of single
cells was developed to isolate the gut stem cells (Barker et al. 2007). This genetic
tracing method also reveals self-renewal and multipotency characteristics.

In order to confirm the involvement of candidate stem cells in regeneration
in ascidians, cellular and transgenic methods such as the development of ascidian
specific monoclonal antibodies, FACS protocols, transplantation protocols, transgenic
animals, lineage tracing, and in vivo cell tracking are required.

4. Stem Cells in Ascidians

Observing C. intestinalis hemolymph, Rowley (1982) used the term to indicate
cells with a high nucleus:cytoplasm ratio typical of undifferentiated cells. Kawamura
et al. (1991) used the same term for cells with similar morphology that migrate and
aggregate in the developing buds of Polyandrocarpa misakiensis.

The vast majority of data on stem cells in ascidians emerged from studies on
Botryllus schlosseri. Observing genotype replacement of germline and somatic tissues
in B. schlosseri chimeras led Pancer et al. (1995) and Stoner and Weissman (1996) to
hypothesize that B. schlosseri chimerism, cell parasitism, and budding are mediated by
stem cells (Pancer et al. 1995; Stoner and Weissman 1996; Stoner et al. 1999; Rinkevich
and Yankelevich 2004).

The ability of allogeneic B. schlosseri colonies to form chimeras if they share one
or two alleles in their histocompatibility gene BHF (Voskoboynik et al. 2013b) allows
lineage tracing of transplanted cells using allele-specific markers of host and donor as
genotype barcodes (Figure 2) (Pancer et al. 1995; Stoner and Weissman 1996; Stoner
et al. 1999; Rinkevich and Yankelevich 2004; Laird et al. 2005; Voskoboynik et al.
2008; Rinkevich et al. 2013). By microinjecting 2.5–5 × 104 hemocytes into allogeneic
partners, Pancer et al. (1995) documented co-sharing and even replacement of the
gonads in the recipient partners by the donor cells, as well as continuous somatic
chimerism. By transplanting a small number of cells that expressed high aldehyde
dehydrogenase activity (ALDH, a stem cell marker), and a set of serial engraftment
assays (Figure 2a,b), Laird et al. (2005) further proved that in B. schlosseri stem cells are
mediating both chimerism and budding. Using transplantation experiments, in vivo
cell labeling, and tracing, the anterior ventral side of the endostyle and the cell islands
were identified as niches for somatic and germline stem cells (Voskoboynik et al. 2008;
Rinkevich et al. 2013). Cells from the endostyle niche migrated via the branchial
sac sinuses to buds and contributed to their development (Voskoboynik et al. 2008).
Cells from the cell islands migrated to the developing gonads and contributed to
their development (Rinkevich et al. 2013). Rosental et al. (2018) adapted FACS to
characterize B. schlosseri circulating cells and isolated 24 populations. Transcriptome
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analysis of these populations revealed a cluster of 3 cell populations that differentially
upregulated 235 genes homologous (based on sequence) to mammalian genes, known
to be expressed in the mammalian hematopoietic stem, progenitor, and myeloid
lineage cells. It also revealed three cell populations that highly expressed genes
homologous to mammalian genes expressed in cells and tissues of the human
reproductive system (testes, ovary, placenta, sperm, and germline). Transplantation
experiments and lineage tracing further demonstrated the multipotent potential of the
cHSC populations (Rosental et al. 2018) (Figure 2d). Transplantation of labeled cells
and in vivo tracing experiments demonstrated migration of cHSC to the endostyle
niche, while the cGSC identified based on sequence migrated to the cell island niche
(Rosental et al. 2018).

In both colonial and solitary ascidians, it was suggested that wound response and
tissue regeneration are mediated by stem cells (Voskoboynik et al. 2007; Voskoboynik
and Weissman 2015; Blanchoud et al. 2018; Jeffery 2019; Kassmer et al. 2020; Qarri
et al. 2020). A population of circulatory cells was proposed to have stem cell potency
(Kawamura et al. 1991; Stoner and Weissman 1996; Voskoboynik et al. 2007; Tiozzo
et al. 2008a; Brown et al. 2009; Jeffery 2015a; Kassmer et al. 2020). Genotyping of
somatic and germline tissues several months after transplantation of a few cells
isolated from specific niches (e.g., endostyle niche, cell islands) or expression specific
markers (ALDH) (Figure 2a; Table 1) demonstrated the ability of these cells to
contribute to somatic or germline organs (Laird et al. 2005; Voskoboynik et al. 2008;
Rinkevich et al. 2013). Transplantation of single cells with high ALDH expression
and lineage tracing of their contribution to germline or somatic B. schlosseri tissues
revealed contribution to either soma (buds) or germline (tests) but not both (Laird
et al. 2005) (Figure 2a,b). These results strongly suggest that B. schlosseri stem cells are
not pluripotent, i.e., they do not produce both germline and soma. The identification
of candidate hematopoietic stem cell and germline cell populations in the colonial
ascidian B. schlosseri (Rosental et al. 2018) (Figure 2c,d) suggests that tissue-specific
stem cells mediate bud formation in colonial ascidians. Tissue-specific transcriptional
signature and organogenesis timeline during embryogenesis and blastogenesis also
strongly support this notion (Kowarsky et al. 2021).
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Figure 2. Assaying multilineage contribution, self-renewal capacities, and homing
sites of B. schlosseri prospective isolated stem cells: (a) transplantation of candidate
stem cell populations between genetically distinct but compatible colonies and use
of tissue genotyping to determine the full developmental potential of transplanted
cells; (b) primary recipients are fused with secondary naive hosts several months
following initial transplantation, tissue genotyping of secondary hosts is used
to assay self-renewal capacities; (c) candidate stem cells are isolated by FACS,
labeled with fluorescent dyes, and transplanted to Botryllus blood vessels. Cells
are traced in vivo using confocal microscopy via the transparent body of the
colonies to identify the location of stem cell niches; (d) FACS-based analysis used
to demonstrate candidate stem cells differentiation ability. Candidate stem cell
and control populations are labeled with fluorescent dyes and transplanted into
compatible hosts, a few weeks following transplantation the fluorescent cells from
the recipient colonies are analyzed by FACS. While the majority of the transplanted
control cell populations are expected to remain in their original gate, the majority
of the transplanted candidate stem cell populations are expected to be detected
in gates different from their original gates (suggesting they were differentiated).
Source: Graphic by authors.
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Table 1. Genes expressed in ascidian candidate stem and progenitor cells.

Gene Species Expressing Cell(S) Methods References

RNA-binding proteins

Argonaute family silencing genes

piwi

Botryllus schlosseri
Botrylloides leachii

Botrylloides violaceus
Botrylloides diegensis

Ciona intestinalis
Styela plicata

hemoblasts,
phagocytes, tunic

cells, stomach cells,
cell islands,

endostyle, epithelial
cells of the
vasculature

ISH, IHC;
iRNA

(Brown et al. 2009;
Rosner et al. 2009;

Rinkevich et al. 2010,
2013; Jeffery 2015d;

Jiménez-Merino et al.
2019; Kassmer et al.

2020)

DEAD and DEAH-box-containing helicases

vasa
Botryllus schlosseri

Botrylloides violaceus
Botrylloides diegensis

hemoblasts, epithelial
cells, phagocytes,
stomach cells, cell

islands

ISH, IHC

(Brown and Swalla
2007; Rosner et al.

2009; Rinkevich et al.
2013; Kassmer et al.

2020)

pl10 Botryllus schlosseri

epithelial cells, some
blood cells,

phagocytes in cell
islands, stomach cells

ISH, IHC,
ICC

(Rosner et al. 2006,
2009)

ddx1 Botryllus schlosseri cell islands IHC, ISH (Rosner et al. 2013)

Nanos family proteins

nanos Botryllus primigenus pharyngeal epithelia
of developing budlets ISH, IHC (Sunanaga et al. 2008)

RNA recognition motif (RRM)-containing proteins

dazap1 Botryllus schlosseri buds, during
blastogenesis, cHSC

ISH;
RNAseq

(Gasparini et al. 2011;
Rosental et al. 2018)

Signal transduction pathways

Wnt

wnt2B,
wnt5a,
wnt7a,
nt5A,

wnt9Aβ-cat

Botryllus schlosseri

secondary buds
(stages 1-3),

developing gonads,
primary buds, cHSC,

endostyle

ISH,
RNAseq

(Rinkevich et al. 2013;
di Maio et al. 2015;

Rosental et al. 2018)

fzd5/8,
β-cat, dsh Botrylloides diegensis cycling hemoblasts ISH (Kassmer et al. 2020)

TGF-β/BMP

smad1/2/5/8 Botryllus schlosseri phagocytes,
endostyle, cHSC

IHC, ISH,
RNAseq

(Rosner et al. 2013;
Rosental et al. 2018)
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Table 1. Cont.

Gene Species Expressing Cell(S) Methods References

Notch

notch1,
notch2,
notch3,

hes1

Botrylloides diegensis,
Botryllus schlosseri

cycling hemoblasts
during WBR,

endostyle, cHSC

ISH,
RNAseq

(Rosental et al. 2018;
Kassmer et al. 2020)

Kinases

pm-rack1 Polyandrocarpa
misakiensis

atrial epithelium of
developing buds,
undifferentiated

mesenchymal cells,
pharynx epithelium

ISH, IHC (Tatzuke et al. 2012)

Homeobox-containing proteins

pitx, oct-4,
pou-3 Botryllus schlosseri

budlets at stage 1-3,
oral siphon and

tentacles; forming
cerebral ganglion,

endostyle,
developing gut,
epithelial cells

ISH, IHC,
qRT-PCR

(Tiozzo et al. 2005,
2009; Rosner et al.
2009; Tatzuke et al.

2012; Rinkevich et al.
2013; Ricci et al. 2016)

pou3 Botrylloides diegensis hemoblasts ISH (Kassmer et al. 2020)

Zinc-finger proteins

GATA4/5/6 Botryllus schlosseri atrial epithelium of
the bud at stage 3 ISH (Ricci et al. 2016)

myc
Botryllus primigenus,

Polyandrocarpa
misakiensis

branchial epithelia,
circulating hemocytes

of growing palleal
and vascular buds

(Bs); cells of the atrial
epithelium and

fibroblast-like cells
involved in

organogenesis (Pm)

ISH

(Sunanaga et al. 2008;
Fujiwara et al. 2011;

Kawamura and
Sunanaga 2011)

Chromatin modification/cell cycle/differentiation

Histones

p-h3
Botryllus schlosseri,

Botrylloides diegensis,
Styela plicata

primary and
secondary buds,
zooidal stomach

(Bs, Bd)
hemoblasts, intestine

submucosa,
adults (Sp)

IHC, ISH

(Rosner et al. 2014;
Jiménez-Merino et al.
2019; Kassmer et al.

2020)

281



Table 1. Cont.

Gene Species Expressing Cell(S) Methods References

Proliferation markers

pcna

Polyandrocarpa
misakiensis,

Botrylloides violaceus,
Botryllus schlosseri

cells of the atrial
epithelium of the
developing buds,

during WBR,
hemocytes, cHSC

IHC,
RNAseq

(Brown et al. 2009;
Kawamura et al. 2012;
Rosental et al. 2018)

cyclin b Botrylloides diegensis hemoblasts during
WBR ISH (Kassmer et al. 2020)

Cytostatic proteins

tc14-1,
tc14-3

Polyandrocarpa
misakiensis

atrial epithelial cells
of growing buds,

hemoblasts
IHC

(Kawamura et al.
1991; Matsumoto

et al. 2001)

Telomere protection

pot1 Botryllus schlosseri multipotent epithelia
of budlets ISH (Ricci et al. 2016)

Proteins involved in autophagy

Pm-atg7 Polyandrocarpa
misakiensis

atrial epithelium of
developing buds ISH (Kawamura et al.

2018)

Control of differentiation

raldh Botrylloides leachii,
Botryllus schlosseri

circulating
phagocytes, inner
epithelium of the

bud, endostyle

ISH
(Rinkevich et al.

2007b, 2013; Ricci
et al. 2016)

if-b Botrylloides leachii atrial epithelium of
buds ISH (Ricci et al. 2016)

Niche interaction

cadherin Botryllus schlosseri

aggregates of
hemoblasts,

aggregates of
phagocytes near the

endostyle, bud
epithelia

ISH, IHC (Rosner et al. 2007)

cd133 Botryllus schlosseri

ampullae epithelium
during vasculature
regeneration, some

hemocytes

ISH, FACS (Braden et al. 2014)

Ia-6 Botrylloides diegensis hemoblasts ISH (Kassmer et al. 2020)

Others

Pm-pumpA Polyandrocarpa
misakiensis

atrial epithelium of
developing buds ISH (Kawamura et al.

2018)

282



Table 1. Cont.

Gene Species Expressing Cell(S) Methods References

Pathways associated with stem cell activity and stem cell niches

Wnt
signaling,
Signaling
by Notch,
SMAD

signaling
(See

Figure 4g
for more)

Ciona endostyle ISH (Ogasawara et al.
2002)

Wnt/ RET/
HIF-1/
VEGF/

signaling,
Nanog ESC
pluripotency

(See
Figure 6e
for more)

Botryllus schlosseri endostyle
cHSC RNAseq (Rosental et al. 2018)

5. Development and Regeneration in Ascidians

As stated above, ascidians reproduce through two different pathways—either
classic embryogenesis or blastogenesis where an adult organism develops via budding.
Solitary ascidian species are restricted to the sexual mode of reproduction, while
colonial species reproduce both ways.

The ability to replace or restore cells, tissues, and organs in response to either
damage or loss is a remarkable regenerative function shared by many organisms.
Ascidians vary in their regeneration capacities from those that have a limited
regeneration to those that can replace any missing body part or even regenerate a
complete organism.

5.1. Development, Regeneration, and Stem Cells in Solitary Ascidians

5.1.1. Embryonic Development

In solitary ascidians, fertilization occurs externally, and embryos develop on the
water’s column; a vacuolated layer of internal follicular cells can keep the embryos
floating. During embryogenesis, pluripotent embryonic cells gradually restrict their
developmental potential as they become committed toward particular tissues or cells.
By correlating single-cell transcriptomic data with knowledge regarding cell lineages,
recent works systematically examine lineage specification during development in
solitary species (Kobayashi et al. 2013; Cao et al. 2019; Ilsley et al. 2020; Sladitschek et al.
2020; Zhang et al. 2020). These studies reveal asymmetric cell divisions and conserved

283



expression of transcription factors involved in cell differentiation trajectories between
ascidians and mice and may lead to the identification of the precursors of somatic or
germ stem cells in adults. Additional information on germ stem cells is shown below.

5.1.2. Regeneration in Solitary Ascidians

Solitary ascidian reproduction is strictly sexual, and their regeneration capacity
has been investigated in a few chosen species since the 19th century (reviewed in
Jeffery 2015b). The majority of these species can only regenerate specific body parts,
such as the siphons and neural complex (i.e., the brain and the associated neural
gland) (Table 1).

The first report on regeneration in Ciona dates back to 1891, when Mingazzini, at
the Stazione Zoologica in Naples (Italy), demonstrated that the oral and atrial siphons,
as well as the brain, could regenerate following ablation (Mingazzini 1891). Later,
Hirschler (1914) discovered Ciona’s basal body portion can regenerate distal organs,
even though the distal portion cannot similarly regenerate basal organs such as the
digestive system and heart. The basal body part is able to regenerate distal organs
within one month as long as a fragment of branchial sac remains in the basal portion
of the body (Jeffery 2015c). During the last century, new studies have confirmed these
results and further described the cellular and molecular processes underlying tissue
regeneration in this model system (Jeffery 2015a, 2015b, 2015c, 2019).

Partial body regeneration was also studied in the solitary ascidian Styela plicata
(Stolidobranchia) (Table 2). This species can regenerate both the oral and atrial
siphon following ablation (Gordon et al. 2019). By using the niacinamide antagonist
3-acetylpyridine (3AP) that causes lesions in the brain and reduction of glial and
neuronal cells, Medina et al. (2015) demonstrated neuron regeneration in this species
and the recruitment of circulating candidate stem cells to the lesion site.

A comparative study on the regenerative abilities of four solitary stolidobranch
ascidians, Polycarpa mytiligera, Herdmania momus, Microcosmus exasperatus, and S.
plicata (Figure 3) reported variation in regeneration potential among these species
(Gordon et al. 2019). While all species survived and initiated regeneration following
ablation of their siphons, only P. mytiligera survived the ablation of a larger portion
of its body, including both siphons and the brain. A recent study further examined P.
mytiligera’s regenerative capacity (Gordon et al. 2021). In this study, individuals were
cut in two or three fragments along the longitudinal and transverse body axis. After
a month, each fragment had reconstituted the whole body and was physiologically
active, able to filter feed and respond to stimuli (Figure 3a–c). P. mytiligera’s ability
to regenerate all tissue and organs distinguishes it from the other solitary species
studied so far (Gordon et al. 2021), emphasizing the wide range of regenerative
abilities among closely related species. Comparative studies of these species will
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shed light on the mechanisms underlying regeneration and the evolution of this
complex process.

Table 2. Solitary ascidians regeneration capacities and the source of candidate stem
cells that mediate it. N/A: not available.

Species
Regenerative

Body
Structures

Candidate
Stem Cell

Source

Methods Used
to Identify
Candidate
Stem Cells

References

Ciona
intestinalis

Ciona robusta

Siphons,
neural

complex, and
branchial

basket

Branchial
basket

Proliferation
(EdU, Notch

signaling) and
stemness

markers (PIWI,
alkaline

phosphatase),
Transplantation

experiments

(Dahlberg
et al. 2009;

Auger et al.
2010; Jeffery
2015a, 2015b,
2015c, 2019;

Hamada et al.
2015)

Polycarpa
mytiligera

Siphons,
neural

complex,
branchial

basket,
digestive

system, and
heart

N/A N/A

(Shenkar and
Gordon 2015;
Gordon et al.
2019, 2021)

Styela plicata
Siphons and

neural
complex

Intestinal
submucosa,
Branchial

basket

Morphological
characterization

proliferation
(pHH3) and

stemness
markers

(Aldehyde
dehydrogenase
activity, PIWI,

CD34)

(Medina et al.
2015; Gordon

et al. 2019;
Jiménez-Merino

et al. 2019)

Microcosmus
exasperatus Siphons N/A N/A (Gordon et al.

2019)

Herdmania
momus Siphons N/A N/A (Gordon et al.

2019)
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Figure 3. Solitary ascidians regeneration capacity: (a–c) Polycarpa mytiligera:
(a) illustration summarizing body structures and regeneration capabilities. Dashed
red lines indicate ablation lines. Regenerative body parts are highlighted in purple.
Note that all organs can be regenerated following amputations; (b,c) in vivo images
of regenerated animals 30 days following ablation along the anterior–posterior
body axes: (b) anterior body part following ablation of posterior structures
(indicated by a black dashed line). Note the open oral (OS) and atrial (AS)
siphons; (c) posterior body part following ablation of anterior structures. Note the
regenerated oral and atrial siphons. (d,e) Styela plicata: (d) illustration summarizing
body structures and regeneration capabilities; (e) in vivo image of atrial siphon
regeneration 30 days following ablation. Note the regenerated atrial siphon.
(f,g) Microcosmus exasperates: (f) illustration summarizing body structures and
regeneration capabilities; (g) in vivo image of atrial siphon regeneration 30 days
following ablation. Note the regenerated atrial siphon. (h,i) Herdmania momus: (h)
illustration summarizing body structures and regeneration capabilities; (i) in vivo
image of atrial siphon regeneration 30 days following ablation. Note the regenerated
oral siphon. BB: branchial basket; DG: digestive system; H: heart; NC: neural
complex. Source: Graphic by authors.

5.1.3. Regeneration in Ciona

The involvement of candidate stem cells in solitary ascidian regeneration in
response to injury is suggested by morphological, proliferation, and cell migration
studies, as well as stem-cell-associated gene expression (Ermak 1975; Jeffery 2019;
Jiménez-Merino et al. 2019; Kassmer et al. 2019). However, it is still unclear whether
regeneration is accomplished by the proliferation of differentiated cells, activation
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of quiescent stem cells, recruitment of progenitor cells, or a combination of these
strategies.

As stated above, C. robusta and C. intestinalis are the main solitary species used
to study regeneration (Bollner et al. 1992; Dahlberg et al. 2009; Auger et al. 2010;
Jeffery 2015a, 2015b, 2015c, 2019). Members of the genus Ciona are among the most
abundant invasive marine species with a wide geographic distribution (Lambert
and Lambert 1998; Lambert 2001; Madariaga et al. 2014). The high accessibility of
the species, combined with a simple, transparent body structure and a relatively
short life span, associated with the availability of a sequenced genome and various
transcriptomes, render these organisms useful models for experimental studies on
regeneration (Millar 1952; Jeffery 2015c; Satoh 2019).

Early studies suggested a possible role for circulatory hemoblasts in regeneration
(Hirschler 1914; Sutton 1953) (Figure 4). Using histological and light microscopy,
these pioneering researchers described tissue regeneration in detail. Following
these reports, Ciona regeneration research remained relatively silent, until a renewed
interest in the field arose with the emergence of stem cell research in the 1990s.
Recent studies introduced advanced molecular tools, such as in situ hybridization,
immunofluorescent staining, and gene expression to further analyze the cellular and
molecular process underlying Ciona regeneration. They focused, in particular, on the
possible role of adult stem cells in wound response and regeneration (Hamada et al.
2015; Spina et al. 2017; Jeffery 2019; Kassmer et al. 2019; Jeffery and Gorički 2021).

Most regeneration studies on Ciona focused on the ability of this species to
regrow its oral siphon (OS) (Figure 4c). The OS is composed of longitudinal and
circular muscle fibers entrapped within a dense extracellular matrix where vascular
sinuses and nerve fibers are present. Externally, the epidermis and the tunic layer
cover it. At the base of the OS, a ring of tentacles embeds the coronal organ, a
mechanosensory structure (Manni et al. 2006). Ciliated receptor cells at the center of
a cup-like structure of orange pigmented cells form the eight pigmented oral siphon
sensory organs (OPOs) located along the rim of the OS. The brain, from which several
nerves originate, lies at the OS base (Dilly and Wolken 1972; Auger et al. 2010).

Following amputation, the OS regeneration proceeds through the following
three phases: (i) formation of wound epidermis, (ii) OPO replacement, and (iii) OS
regrowth (Auger et al. 2010). Full siphon regeneration requires a blastema formation
supported by the migration of proliferating cells from the branchial sac (long-distance
regeneration). However, the regeneration of siphon tip (including OPOs) most likely
involves the differentiation of candidate quiescent stem cells already present in the
siphonal tissues (short-distance regeneration) (Auger et al. 2010; Jeffery 2015b). The
position of the amputation line controls the extent to which short- and long-distance
regeneration processes are used (Figure 4c): removal of the entire OS leads to a
complex regeneration process that involves both local cells and cells migrating from
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the lymph nodules of the branchial sac. Conversely, when the amputation line is
close to the siphon tip, it results in a faster regeneration process, relying only on local
cell reservoirs (Jeffery 2015c). The latter assumption results from the observation
that when the OS is fully removed from its base, the patterning of OPO regeneration
is not fully conserved, showing duplications in the OPO number. Conversely, the
removal of the distal part of the OS results in the complete replacement of the OPOs,
both in numbers and structure, even after repeated amputations (Auger et al. 2010).
In addition, UV irradiation of the siphon blocks OPO replacement following the
removal of the siphon tip, supporting the idea that regeneration is mediated by local
events (Auger et al. 2010). The regenerative capacities of Ciona are related to age and
are compromised in older animals; when siphons are amputated in old animals at
any position, the regeneration is often delayed or absent (Jeffery 2015a, 2015d).

Gene expression analysis of regenerating structures in C. intestinalis shows
upregulation of conserved regulatory signaling pathways such as Notch and TGF-beta,
as well as apoptosis-related genes (Hamada et al. 2015; Spina et al. 2017; Jeffery and
Gorički 2021) (Figure 4g). Consequently, when the Notch pathway is inhibited, the
levels of cell proliferation in the Ciona branchial sac and OS blastema is reduced
(Hamada et al. 2015), and differentiation of OS muscle cells in the regenerating area
is also affected. In particular, recent data indicate that apoptosis is required for OS
regeneration and branchial sac homeostasis through activation of Wnt signaling.
Notably, after mid-body amputation, these processes are unilateral, since they involve
only the basal fragments and not the distal ones (Jeffery and Gorički 2021).

Brain regeneration was first described in 1964 (Lender and Bouchard-Madrelle
1964). Recently, a combination of several methods, including live imaging and
functional analyses, along with transgenic animals expressing GFP in most neurons
(Dahlberg et al. 2009), revealed that proliferating cells (a potential blastema)
accumulated around severed nerve endings. The source of these cells, however,
was not identified. The authors speculated that these cells could be progenitor cells
already present in the central nervous system since the movement of GFP-positive
cells along the axons or migration of undifferentiated cells from other body parts were
not detected by confocal time-lapse microscopy. A recent study, however, reports
the involvement of proliferating cells, originating in the branchial basket, in brain
regeneration (Jeffery 2019). These candidate stem cells supply progenitor cells for
regeneration and differentiate into hemocytes, neural, and muscle cells (Jeffery 2019).
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Figure 4. Regeneration and enriched pathways for highly expressed genes
associated with stem cell activity in the solitary ascidian Ciona robusta endostyle:
(a) illustration of a young adult individual (sagittal view, dorsal side at left). The
branchial basket is perforated by numerous stigmata, delimited by longitudinal
and transverse bars where hemocytes flow in vessels; (b) illustration of oral siphon.
Upper horizontal line: siphon tip; lower horizontal line: siphon base; (c) transverse
histological section of a juvenile individual (hematoxylin–eosin). Note that in
transverse vessels there are hemocyte aggregations (arrows); (d) histological section
of the same individual shown in (c) (hematoxylin–eosin). Detail of hemocytes
(arrowheads) in a branchial basket transverse vessel; (e) hemoblast, transmission
electron microscopy of a juvenile. The hemoblast was recognized at branchial
basket level. Scale bar: 2 mm; (f) enrichment scores of the top ten pathways of
annotated genes in endostyle using GeneAnalytics tool. The gene list used in the
analysis is based on all the genes expressed by in situ hybridization (Ogasawara
et al. 2002); overall, 185 genes expressed in endostyle were analyzed. In the bars, the
number refers to annotated genes out of the list from the total genes in the human
indicated pathways. AC: atrial chamber; AS: atrial siphon; CO: coronal organ; G:
gut; NC: neural complex; OPO: oral siphon pigmented organ; OS: oral siphon; TV:
transverse vessel; SM: siphon muscles; SC: stem cell. Source: Graphic by authors.
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5.2. Development, Regeneration, and Stem Cells in Colonial Ascidians

Colonial ascidians possess extreme regenerative capacity known as vascular
budding (Sabbadin et al. 1975) or whole-body regeneration (WBR) (Pancer et al. 1995),
in which entire colonies regenerate from an aggregation of candidate stem cells in
the vasculature (Pancer et al. 1995; Rinkevich et al. 2007a, 2007b; Voskoboynik et al.
2007; Manni et al. 2019; Kassmer et al. 2020). As described above, stem cells have
been proven to mediate asexual reproduction in B. schlosseri (Laird et al. 2005) and,
therefore, most likely also mediate vascular budding in this species.

5.2.1. Embryonic Development

In colonial ascidians, embryos develop inside adult zooids (or outside the parent
body, isolated in the tunic) and, depending on the species and the temperature of
the water, are released into the water as mature swimming larvae after about a week
(Manni et al. 1993; Burighel and Cloney 1997; Winkley et al. 2019). During this
development, embryonic stem and progenitor cells divide and generate the primary
germ layers (ectoderm, mesoderm, and endoderm). At the morula and blastula
stages, a tissue-specific molecular signature can already be detected (e.g., germline,
endostyle, nervous system), and these systems subsequently form a swimming
larva (Kowarsky et al. 2021). The hatched larva settles and metamorphoses into a
sessile oozooid. During B. schlosseri embryogenesis, a bud develops within the larva
and remains after metamorphosis in the oozooid, initiating asexual reproduction
(astogeny) to produce a colony of genetically identical zooids.

The contemporary presence of disparate reproductive strategies (i.e.,
embryogenesis and blastogenesis) that generate similar individuals (an oozoid
from a zygote and zooids from stem cells and progenitor cells), allows colonial
ascidians to serve as valuable models to study how stem cells mediate developmental
processes (Laird et al. 2005; Manni et al. 2006; Rosner et al. 2014; Voskoboynik and
Weissman 2015; Kowarsky et al. 2021). In this context, the origin of hematopoietic stem
cells (HSCs) and germline stem cells (GSCs) during embryogenesis and blastogenesis
of B. schlosseri are of significant research interest (Rinkevich et al. 2013; Rosental et al.
2018; Kowarsky et al. 2021).

HSCs are multipotent stem cells that produce all blood cells in mice and humans
(Spangrude et al. 1988). In B. schlosseri, candidate HSCs and progenitor cells have been
identified, while the endostyle has been identified as their niche (Voskoboynik et al.
2008; Rinkevich et al. 2013; Rosental et al. 2018). During embryogenesis, hemoblasts
(undifferentiated cells with a high nucleus–cytoplasm ratio, abundant ribosomes,
and cytoplasm with few organelles), and morula cells appear in the early tailbud
stage (Kowarsky et al. 2021). By the mid-late tailbud stage, hyaline amoebocytes
and pigment cells appear. Macrophage-like cells appear at metamorphosis, and
nephrocytes are found in the oozooid. The number of B. schlosseri HSC-associated
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genes present during embryogenesis increases early in development (from the two-cell
stage to the morula stage). This gene expression profile includes 239 homologous
genes that are known to be expressed in the human hematopoietic bone marrow and
43 with human homologs expressed in HSCs (Kowarsky et al. 2021).

GSCs are the source of the gametes that produce daughter stem and differentiated
cells through asymmetric cell division (Spradling et al. 2011). In vertebrates, GSCs
segregate early in development producing a small founding population (Ueno et al.
2009). During B. schlosseri embryogenesis, cGSCs expressing vasa were identified
in the early cleavage stage (Brown et al. 2009). Upon isolating the B. schlosseri cell
populations by FACS, one cell population significantly upregulated 235 genes that
were known to be enriched in mammalian germline (Rosental et al. 2018). The
genes expressed by this cell population were used in the developmental atlas created
by Kowarsky et al. (Kowarsky et al. 2021), to track germline development. The
enrichment in GSC-associated genes suggests that, in the embryo, cGSCs develop
during the morula stage and proliferate as embryogenesis proceeds. The same study
compared the molecular signatures of cHSCs and cGSCs during the embryogenesis
and blastogenesis pathways, revealing that both developmental pathways share
similar patterns of HSC- and GSC-associated gene enrichment. The same was
confirmed for tissue-specific signatures during embryogenesis and blastogenesis.
This common trend suggests that tissue-specific stem cells mediate organogenesis
with similar molecular dynamics during both sexual and asexual reproduction
(Rosner et al. 2019; Kowarsky et al. 2021).

5.2.2. Asexual Reproduction

Colonial ascidian species produce their adult body through asexual reproduction
by budding, in a process termed blastogenesis. During embryogenesis, embryonic
stem cells differentiate and divide to build the complex adult body of the colony
founder, the oozooid. During blastogenesis, asexual reproduction utilizes adult stem
cells to clone new bodies and organs. As mentioned above, oozooids derived from
metamorphosed larvae carry buds, the precursors for the next generation’s zooid.
Pharyngeal, stolonal, epicardial, palleal, and vascular budding are various types of
blastogenesis described in colonial ascidians (Table 3; Figure 5).

In palleal budding, buds grow out from the body wall, specifically from the
epidermis, the epithelium of the peribranchial chamber, and the connective tissue
lying between them (Manni et al. 2007, 2014). Morphological studies show that buds
form a double vesicle where the outer leaflet will differentiate into the epidermis, while
the inner leaflet, originally derived from the peribranchial epithelium, will develop
most of the zooidal tissues. This budding mode is used by colonial stolidobranch
ascidians and has been mainly studied in B. schlosseri.
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Figure 5. Regeneration in B. schlosseri. (a–c) WBR: (a) colony before the surgical
manipulation; (b) colony after the removal of all the zooids of the colony, only the
marginal vessel and ampullae are left; (c) colony after 5 days from the operation, with
an enlargement of the developing vascular bud. (d–f) Budectomy induced WBR: (d)
control colony in which no buds were removed; (e) colony after 6 days following the
removal of all the buds. When takeover starts, the zooids are only partially resorbed
through an attenuated apoptotic process. Tight aggregates of partially absorbed
zooids and ampullae are formed. Then, new sporadic transparent elements appear
in various sites in the colonial tunic, the new centers of regeneration; (f) 20 days
after budectomy, functional zooids are differentiated from these regenerating sites.
(g,h) circulatory system regeneration: (g) colony after the removal of a part of the
marginal vessel and associated ampullae; (e) colony 3 days following partial blood
vessel removal. Source: Graphic by authors.
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Table 3. Prospective involvement of candidate stem cells in colonial ascidians
asexual reproduction modes.

Asexual
Reproduction

Mode
Species

Candidate Stem Cell
Identified and (Methods

Used to Identify It)
References

Peribranchial
budding

Botryllus
schlosseri

Multipotent peribranchial
epithelia and candidate

circulating stem cells
(transplantations, labeling,
long-term lineage tracing).

(Laird et al. 2005;
Voskoboynik et al.

2008; Rinkevich et al.
2013; Rosental et al.

2018)

Botrylloides
violaceus

Candidate circulating vasa
expressing cells in buds and

vasculature system (ISH)

(Brown and Swalla
2007)

Vascular
budding

Botrylloides
leachii/diegensis

Piwi-positive candidate stem
cells lining the vascular

epithelium (ISH)
(Rinkevich et al. 2010)

Epicardial
budding

Diplosoma
listerianum

Cells proliferating in the
adult and in the bud and

high telomerase activity in
the buds (BrDU; TRAP)

(Sköld et al. 2011)

Stolonal
budding

Perophora
viridis

Mesenchymal cells form
gonads, heart, and cerebral

ganglion (morphological
studies)

(Lefèvre 1897, 1898)

Clavelina
lepadiformis

Mesenchymal cells form
gonads and the nervous
system (morphological

studies)

(Brien and
Brien-Gavage 1928;

Brien 1968)

Vascular budding is another budding mode present in colonial stolidobranch
ascidians, which occurs under normal conditions or in the aestivation of botryllid
colonies. It was first recorded by Savigny (1816) and Giard (1872). Morphological
studies suggest that new zooids regenerate from aggregated cells (hemocytes
contacting the epidermis lining the hemolymphatic vessels) with the morphological
features of undifferentiated cells, such as a small diameter and large round nuclei
with packed chromatin (Oka and Watanabe 1957a; Freeman 1964).

Stolonal budding characterizes Clavelinidae and Perophoridae growth
(Figure 1k,l). In these taxa, buds develop from the stolon, an outgrowth of the
zooid body that connects individual zooids keeping them attached to the substrate.
The stolon is bordered by the epidermis and contains 2–3 sinuses (known as
vessels), separated by connective tissue (Kott 2001). In Perophora, mesenchymal
cells accumulate in the growing extremity of the stolon, where they proliferate and
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develop the bud inner vesicle (Brien and Brien-Gavage 1928; Koguchi et al. 1993).
Morphological studies suggest that the outer vesicle originates from the epidermis
and will continue to form epidermal layers, while the inner vesicle develops the
peribranchial and branchial chambers, as well as the neural gland, gut, and endostyle.
Circulating hemocytes participate in the formation of Perophora’s gonads, heart, and
brain (Lefèvre 1897, 1898). Even in Clavelinidae’s stolonial budding, mesenchymal
cells (also called neurogenital mass) are suggested to be involved in the development
of the nervous system and the germline (Brien and Brien-Gavage 1928; Brien 1968).
A particular type of stolonal budding, called vasal budding, was recently described
in the stolidobranch ascidian Polyandrocarpa zorritensis (Figure 1j) (Scelzo et al. 2019).
Buds originate from the thickening and invagination of a patch of cells on the
epidermis. The invagination leads to the formation of a double vesicle (outer
and inner epidermis and the hemolymph between them). Since aggregations of
hemoblasts are observed around the forming inner vesicle, it has been suggested that
circulating cells also contribute to organogenesis in this budding mode (Scelzo et al.
2019; Alié et al. 2021).

Epicardial budding or strobilation characterizes most colonial Aplousobranchia.
In this process, buds derive from epidermal constrictions that enclose part of the
epicardium, a tube-like sac originating as an invagination of the pharynx (Sunanaga
et al. 2008) and other tissues. Sköld et al. (2011) observed an extensive cell proliferation
in growing epicardial buds of Diplosoma listerianum.

5.2.3. Whole-Body Regeneration

While some colonial ascidians species continuously develop zooids from their
vasculature (Oka and Watanabe 1957a; Freeman 1964; Saito and Watanabe 1985;
Okuyama and Saito 2001; Gutierrez and Brown 2017) (Figure 1k,l), other colonial
species regenerate the whole body from their vasculature only when injured (e.g.,
after zooid- and budectomy). This kind of regeneration is known as whole-body
regeneration (WBR). B. schlosseri, Botrylloides leachii, Botrylloides violaceus, and
Botrylloides diegensis are among the species used for WBR studies (Table 4).

In Botrylloides species, WBR occurs in isolated fragments of colonial matrix
and vasculature (Rinkevich et al. 1995, 2007a, 2007b, 2008; Brown and Swalla 2007;
Kassmer et al. 2020). In B. schlosseri, WBR can be induced by removing all the
individuals from colonies approaching the cyclical generation change or takeover
(TO) (Voskoboynik et al. 2007), during which massive apoptosis events occur in
adult tissues (Lauzon et al. 1992, 2007; Cima et al. 2010) that are resorbed and
succeeded by their primary buds (Figure 5a–c). In this case, WBR requires an intact
marginal hemolymphatic vessel of the colony (Milkman 1967; Sabbadin et al. 1975;
Voskoboynik et al. 2007; Kürn et al. 2011; Ricci et al. 2016).
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Table 4. Regeneration capacity and involvement of candidate stem cells in colonial
ascidian regeneration. N/A: not available.

Regenerative
Structure

Candidate Stem Cell
Description and

Identification

Candidate Stem Cell
Source References

Botryllus schlosseri

Vessels and
ampullae

Preexisting vascular
tissue-resident cells.

Based on vascular cell
lineage tracing

Vascular tissue

(Zaniolo and Trentin
1987; Gasparini et al.

2008, 2014; Tiozzo et al.
2008b; Braden et al.

2014)

Whole-body
from colonial
vasculature

N/A Hemolymph/colonial
vasculature

(Sabbadin et al. 1975;
Voskoboynik et al. 2007;

Ricci et al. 2016)

Whole-body
from body
fragments

N/A
Circulating cells
expressing Pl10

Tissue fragments
Hemolymph

(Sabbadin et al. 1975;
Majone 1977; Rosner

et al. 2019)

Vessels and
ampullae

Preexisting vascular
tissue-resident cells.

Based on vascular cell
lineage tracing

Vascular tissue

(Zaniolo and Trentin
1987; Gasparini et al.

2008, 2014; Tiozzo et al.
2008b; Braden et al.

2014)

Botrylloides leachii, Botrylloides diegensis

Whole-body
from colonial
vasculature

Candidate stem cells
expressing Piwi. Based
on inhibition of WBR

upon injection of siRNA
for Piwi

Vasculature epithelia
(Rinkevich et al. 1995,

2007b, 2008, 2010;
Zondag et al. 2016, 2019)

Botrylloides violaceus

The whole body
from the
colonial

vasculature

Candidate stem cells in
the vasculature

expressing Integrin
alpha 6. Based on

regeneration recovery
on colonies treated with

mytomycin C and
injected with one IA6+

cell and on lineage
tracing (EdU)

Circulatory hemocytes (Brown et al. 2009;
Kassmer et al. 2020)

Polyandrocarpa zorritensis

Whole body N/A Hemoblasts, based on
morphological data (Scelzo et al. 2019)

An alternative mode of WBR described in B. schlosseri was termed budectomy-
induced WBR (Figure 4d–f) (Rosner et al. 2019). Notably, 100% of young colonies
(<6 months old) and 50–60% of old colonies (>8 months old) form new zooids within
2–3 weeks following complete budectomy. In this case, adult zooids regularly enter
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the programmed TO phase. However, the apoptosis process does not culminate in
the complete removal of the zooids’ debris. Instead, some cells in the degenerating
zooids or in the vascular vessels start proliferating to form new zooids. The presence
of even a single bud in the colony prevents this mode of regeneration and leads to
the full resorption of the zooidal generation and the survival of the single bud, which
can reform the colony.

Several members of the IAP family of genes, the PI3K/Akt pathway, apoptosis
signals, as well as signals derived from the buds themselves, are involved in the
regulation of this mode of regeneration (Rosner et al. 2019). The tight association
between the onset of apoptosis and regeneration may be attributed to a phenomenon
called apoptosis-induced compensatory proliferation that has been described in
additional animal models (invertebrates and vertebrates) (Bergmann and Steller 2010;
Fan and Bergmann 2008). During this process, caspase 3 activates target genes in a
Xiap (or its ortholog)-dependent manner.

In stolonal species, such as P. zorritensis (Figure 1j), Clavelina lepadiformis, and
Perophora viridis (Figure 1k,l), WBR is induced when part of the stolon is isolated from
the remaining colony (Della Valle 1914; Huxley 1921; Brien 1930; Deviney 1934; Ries
1937; Goldin 1948; Scelzo et al. 2019). WBR in Symplegma reptans, P. misakiensis, and
B. schlosseri can also occur from isolated bud fragments able to produce new buds
before being slowly resorbed (Majone 1977; Sugino and Nakauchi 1987).

In B. violaceus (Brown et al. 2009) and B. leachii (Rinkevich et al. 2010) WBR,
hemocytes adhering to the vasculature epithelium express piwi. In B. violaceus, the
piwi-positive cells show immunopositivity to anti-PCNA antibodies (Brown et al.
2009). Retinoid acid (RA) is required for B. leachii WBR: the presence of RA agonist
increases the number of buds, whereas RA inhibitors block the process (Rinkevich
et al. 2007a). In addition, the development of regenerating buds in B. leachii is altered
by serine protease inhibitors, suggesting a role to this enzyme during regeneration
(Rinkevich et al. 2007b).

Candidate stem cells expressing integrin-alpha-6 (IA6), pou3, and vasa have been
suggested to mediate WBR in B. diegensis (Kassmer et al. 2020). In fragmented
B. diegensis tissues that were treated by mitomycin C, WBR was triggered by
transplantation of a single IA6+ cell. Moreover, when both Notch or canonical
Wnt signaling pathways were impaired by treatment with specific drugs, WBR could
not be triggered through transplantation of IA6+ cells, suggesting that these pathways
play an important role in the process (Kassmer et al. 2020).

This study suggests that a single IA6+ candidate stem cell can mediate WBR in B.
diegensis. However, long-term tracing of transplanted cells to fully understand their
differentiation potential, along with reisolation and transplantation of IA6+ cells from
primary recipients to secondary hosts with the same WBR outcomes, will be needed
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to clarify whether these cells are stem cells, and what is their potency potential (e.g.,
multipotent, pluripotent cells).

5.2.4. Tunic and Colonial Circulatory System Regeneration

Colonial circulatory system regeneration (CCR) refers to the ability of a colony to
regenerate its tunic and the circulatory system following damage. Ascidians possess
an open circulatory system containing diverse cells, flowing in hemolymphatic spaces
and in sinuses and lacunae of the body wall, delimited by connective tissues (Millar
1953; Kriebel 1968; Monniot et al. 1991). Some colonial ascidians have a system of
vessels that cross the tunic and connect between zooids. Tunic vessels originate
from the zooid epidermis; therefore, they are not homologous to the mesodermal
vertebrate blood vessels. CCR was studied in B. schlosseri (Figure 1g; Figure 5g,h), in
which full regeneration occurs in a period of time ranging from a few hours to days,
depending on the extent of the ablation or the stress that causes vessel degeneration
(Zaniolo and Trentin 1987; Gasparini et al. 2008; Qarri et al. 2020; Tiozzo et al. 2008b;
Braden et al. 2014). Damage caused by UV exposure to the vasculature was repaired
within a few days (Qarri et al. 2020). The incubation with anti-PCNA antibodies
revealed that the proliferation of epidermal cells occurs immediately after ablation,
as these cells contribute to the synthesis of a new tunic (Gasparini et al. 2008). The
regeneration of vasculature is stimulated by the injection into the circulatory system
of vertebrate vascular endothelial growth factor (VEGF) and epidermal growth factor
(EGF) (Gasparini et al. 2014). Both the knockdown of the VEGF receptor and the
inhibition of VEGFR by a chemical agent inhibit vascular regeneration, suggesting
the VEGF pathway plays a role in this process (Tiozzo et al. 2008b). Braden et al.
(Braden et al. 2014) injected fluorophores to label the cells inside the vasculature in B.
schlosseri and followed their contribution to vascular regeneration: they identified
resident, proliferating cells that expressed homologs of cd133, vegfr, and cadherin and
suggested that they contribute to vasculature regeneration.

5.2.5. In and Out of Dormancy

The ability of organisms to become dormant (termed torpor) when rough
environmental conditions appear is well documented in marine invertebrates. Some
taxa display seasonal torpor where hibernation occurs in the winter, and aestivation
occurs in the summer (Storey and Storey 2011). Hibernation and aestivation events are
recorded in a wide range of ascidians, including C. lepadiformis (De Caralt et al. 2002),
several Perophora species (Mukai et al. 1983), Polysyncraton lacazei (Turon 1992), Diazona
and Aplidium (Nakauchi 1982), Ecteinascidia turbinata (Carballo 2000), Didemnum
vexillum (Valentine 2009), Pseudodistoma crucisgaster (Tarjuelo et al. 2004) and botryllid
ascidians (Bancroft 1903; Burighel et al. 1976; Rinkevich and Rabinowitz 1993;
Rinkevich et al. 1996; Hyams et al. 2017). The torpor states (hibernation/aestivation)
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were studied in Botrylloides leachii on the Levantine coast of Israel (Rinkevich and
Rabinowitz 1993; Hyams et al. 2017) and on the Italian coast of the Adriatic Sea
(Bancroft 1903; Burighel et al. 1976). The role of stem cells in torpor states of B. leachii
was first suggested (Rinkevich et al. 1996) as part of the survival budding repertoire
of this species, which includes the WBR phenomenon (Pancer et al. 1995). Alongside
hibernation, Hyams et al. (2017) revealed high expression levels of genes related
to stem cell activity including piwi, pl10, and pcna, mostly by multinucleated cells,
whose numbers were observed to increase during torpor in B. leachii. Using in situ
hybridization and immunohistochemistry assays, Hyams et al. (2017) documented
that piwi Pl10 and pcna expressions during the hibernation processes diverged
significantly from normal blastogenesis (asexual growth) related expressions. As
the hibernation progressed, the cells that expressed piwi, Pl10, and pcna significantly
increased in numbers, peaking in aroused colonies. In non-hibernating colonies,
these markers are highly expressed in the cell islands stem cell niches along the
endostyle (Rinkevich et al. 2013).

5.2.6. Stem Cell Aging

As described above, colonial ascidians undergo cyclical formation of new
individuals (zooids) by stem-cell-mediated budding (Laird et al. 2005; Voskoboynik
et al. 2008). In this cyclical process, zooids die through massive apoptosis as the
next generation of buds matures into an entire new replicated zooid body. As the
colony ages, both sexual and asexual reproduction methods slow and eventually
halt, demonstrating the colonies’ reduced regenerative potential (Voskoboynik and
Weissman 2015). While the colony can live for years, the zooids live for only a few days,
creating unique characteristics that distinguish it from aging in solitary organisms
(Rosen 1986; Voskoboynik and Weissman 2015; Rinkevich 2017). The colony ages
due to its stem cells that remain and circulate from one generation to the next. As
new zooids are formed, the self-renewing stem cells are the cells that are maintained
and age throughout the life of the colony (Voskoboynik and Weissman 2015).

Zooid death is part of the botryllids’ life cycle and is not indicative of the
systemic aging processes that occur within the colony (Borges 2009). A study on the
weekly cycle of B. schlosseri zooids weekly cycle (Ben-Hamo et al. 2018) has revealed
the importance of mortalin (an HSP70 family member that is highly associated with
development, cell proliferation, senescence, aging, and apoptosis) for the zooid life
cycle. In the planarian Dugesia japonica, djmot, the mortalin-like gene is expressed in
the neoblasts—the adult stem cells of the animal (Conte et al. 2009).

In B. schlosseri, mortalin is highly expressed in the endostyle and putative
circulating stem cells, and its expression is reduced in zooids during the takeover
stage (Ben-Hamo et al. 2018). It is also expressed in in vitro epithelial monolayers
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that also express other genes associated with stem cells (Rabinowitz and Rinkevich
2004, 2011).

Lifespans differ between wild B. schlosseri colonies grown in the field, compared
with colonies reared in the lab. Colonies grown in the field have short, subannual life
spans (Grosberg 1988; Chadwick-Furman and Weissman 1995a, 1995b) influenced by
seasonal fluctuations of light, nutrients, and temperature. Spring-born colonies have
a shorter lifespan of about 3 months, compared with the 8-month lifespan of fall-born
colonies (Chadwick-Furman and Weissman 1995a, 1995b). Laboratory-bred colonies
exhibit either short (<0.5 years), medium (0.5–2 years), or long (2–20+ years) lifespan
(Sabbadin 1969; Boyd et al. 1986; Rinkevich et al. 1992; Lauzon et al. 2000; Voskoboynik
and Weissman 2015; Rinkevich 2017; Voskoboynik et al. 2020). However, when an
individual Botryllus colony is divided into several subclones (clonal replicates),
the subclones will often die simultaneously (Rinkevich et al. 1992; Lauzon et al.
2000). This suggests that lifespan in B. schlosseri colonies is determined through a
heritable factor. Morphological differences are observed in older colonies, such as
increased pigmentation, reduced zooid size, and reshaping of the vasculature system
(Voskoboynik and Weissman 2015; Voskoboynik et al. 2020; Rodriguez et al. 2021).
The diurnal circadian cycle also differs in aged versus young and mid-aged colonies,
with younger colonies exhibiting reduced nocturnal heart rate and siphon activity,
while aged B. schlosseri colonies show no observable circadian changes/changes in
heart rate and siphon activity, indicating that diurnal phenotypes diminish with age
(Voskoboynik et al. 2020). Using a comprehensive transcriptome sequencing of whole
systems, B schlosseri colonies were sampled every 3 h over a 24 h period. Samples
from three different age groups (36–140 days; 2142–2146 days; 5869–5871 days)
(Voskoboynik et al. 2020) revealed that the oscillation patterns of B. schlosseri clock
and clock-controlled genes declined with age. Age-specific cyclical expressions were
found in hundreds of pathways including those associated with known hallmarks of
aging (Voskoboynik et al. 2020; López-Otín et al. 2013). Significant age-associated
changes were found in the cycling dynamics of genes associated with the B. schlosseri
enriched HSC and GSC, as well as the endostyle and the central nervous system
(Voskoboynik et al. 2020).

A subsequent CNS study (Anselmi et al. 2021) characterized brains from diverse
developmental stages and ages, discovering that each week the number of neurons
in the zooid brain fluctuates, reaching a maximum of ~1000 cells, and thereafter
decreasing while the number of immunocytes increases. Comparing the number of
neurons in the brains of young and old colonies, they found that aged brains contain
fewer cells. In both weekly degeneration cycles and overall B. schlosseri aging, they
observed that the decrease in the number of neurons correlates with reduced response
to stimuli and with significant changes in the expression of genes for which the
mammalian homologous are associated with neural stem cells and neurodegeneration
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pathways (Anselmi et al. 2021). Among the 411 putative homologous genes that
correlate with neurodegenerative diseases (including Alzheimer’s, Parkinson’s, and
dementia), that are expressed in the B. schlosseri brain, 71 are differentially expressed
between early and late cycle, and 157 are differentially expressed between young and
old colonies.

Since stem cells are the only cells that self-renew and are maintained throughout
the entire life of the colony, the aging phenotypes described above most likely reflect
tissue-specific stem cells exhaustion.

5.2.7. Stem Cell Competition in Development and Aging

As described above, colonial ascidians such as B. schlosseri may form natural
chimeras with adjacent colonies by vascular fusion if they share one or two alleles
in the highly polymorphic histocompatibility gene, BHF (Voskoboynik et al. 2013b).
Itinerant GSCs compete in chimeras with heritable winner and loser hierarchies
(Stoner et al. 1999; Laird et al. 2005; Rinkevich et al. 2013). These studies revealed
fundamental aspects of stem cell biology with relevance to pathological conditions
in humans (Weissman 2000, 2015). Studying mammalian stem cells as clones of
competing stem cells, the Weissman lab and others discovered that competition
between stem cells led to the emergence of myeloid biased HSC clones that dominate
aged mice and humans and produced mainly cells from the myeloid lineage when
compared to young animals where balanced HSC clones produce cells from both
lymphoid and myeloid lineages (Rossi et al. 2005, 2007; Beerman et al. 2010; Pang
et al. 2011, 2013). Stem cell competition is also observed in human acute myeloid
leukemia where clonal preleukemic progression occurs in the HSC stage and each
heritable change increases the competitive competence of the clone vs. normal HSC
(Jamieson et al. 2004, 2006; Miyamoto et al. 2000; Jan et al. 2012; Corces-Zimmerman
et al. 2014; Jaiswal and Ebert 2014; Sykes et al. 2015), and amongst germline stem
cells (Ueno et al. 2009). Understanding the molecular determinants that regulate
stem cell competition and the expansion of specific clones throughout an organism’s
life is now a major area of interest in stem cell aging and cancer and regenerative
medicine (Weissman 2015).

6. Adult Stem Cell Niches

The term stem cell niche, originally conceptualized by (Schofield 1978), refers to
a discrete anatomical microenvironment where stem cells and their milieu reside, all
playing critical roles in maintaining/regulating the stem cell state and self-renewal
potential (Fuchs et al. 2004; Saez et al. 2017). Morphologically, all niches hold
self-renewal stem cells and their progeny, heterologous cell types, and the surrounding
niche-specific extracellular matrix (Chacón-Martínez et al. 2018). Consistent with the
strict vertebrate definition in which stem cells are present in their undifferentiated
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and, in some cases, quiescent states, the vast majority of stem cell niches in ascidians
are putative.

6.1. Somatic Stem Cell Niches

In ascidians, prospective stem cell niches have been identified in solitary and
colonial species. As previously reported in Ciona, putative stem cells residing in
pharyngeal sinuses and lymph nodules migrate to the distal regeneration blastema
(Figure 4). A short pulse of the DNA synthesis marker 5-ethynyl-2′-deoxyuridine
(EdU) labels dividing cells located in the pharyngeal sinuses, while EdU pulse–chase
results in the regenerating oral siphon, in an area resembling a blastema. These
cells were labeled by anti-piwi antibodies and expressed alkaline phosphatase
activity, which is associated with stem cells (Auger et al. 2010; Jeffery 2015b).
Furthermore, EdU-labeled cells were observed in Ciona-regenerating oral siphons
following transplantation of branchial sac fragments, taken from EdU-treated Ciona
to recipients that were not treated by EdU, but their oral siphon was removed. These
results demonstrate the presence of proliferating cells that migrate to regenerating
sites and are involved in tissue regeneration (Jeffery 2015b, 2019). Additional putative
stem cell niches harboring hemoblast-like cells have been identified in the pharyngeal
nodules of Styela clava and in the intestinal submucosa of Styela plicata (Ermak 1976;
Jiménez-Merino et al. 2019).

Using in vivo cell labeling, transplantation experiments, confocal microscopy,
and time-lapse imaging, Voskoboynik et al. (2008) found cells with stem cell
potentiality in the anterior ventral region of the B. schlosseri’s endostyle (subendostylar
sinus) (Figure 6a–d). Cells from the endostyle niche divide and migrate to developing
organs in buds but do not participate in gonads formation. When a few cells are
transplanted from the endostyle niche, they participate in tissue formation and induce
long-term chimerism in allogeneic tissues. When a few cells are transplanted from
the vasculature, they do not contribute to tissue formation or induce chimerism.
Being able to label and monitor cells in vivo by imaging them in their natural
niches through the transparent body of this model organism, in combination with
the ability to transplant cells between allogeneic colonies, provides a fundamental
framework to trace cell differentiation into more mature cell types for studying stem
cell development (Voskoboynik et al. 2008). This study was the first to demonstrate the
endostyle’s role beyond assisting in feeding (secretes mucus) and iodine accumulation
(homologous to vertebrate thyroid). Supporting the subendostylar niche as a somatic
stem cell niche, a decade later it was shown, through cHSC transplantations and
diverse functional essays, that the B. schlosseri’s subendostylar niche is harboring
cHSC. Furthermore, the endostyle molecular signature further suggested that the
vertebrate hematopoietic bone marrow niche evolved from an organ resembling the
B. schlosseri endostyle (Figure 6e) (Rosental et al. 2018). Specifically, this analysis
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revealed 337 shared genes with significant upregulation between the B. schlosseri
endostyle and human hematopoietic bone marrow. These include the genes foxo3,
needed for hematopoietic stem and progenitor cell maintenance; notch1; smad2,
important for adult murine HSC function; vwf, the von Willebrand factor. Analyses of
genes expressed in C. robusta endostyle based on in situ expression data (Ogasawara
et al. 2002) revealed significant similarities with the genes expressed in the endostyle
of B. schlosseri (Figure 4g) (Rosental et al. 2018). Importantly, other stem cell niches
could exist, including ampullae that can regenerate a whole zooid (Voskoboynik et al.
2007) and niches in the branchial sac sinuses (Jeffery 2015a). Considering that many
of the candidate stem cell niches found in solitary and colonial ascidian species are
associated with sinuses and cells aggregations located in proximity to the branchial
sac (e.g., endostyle niche/cell islands/nodule/lymph nodes) a comprehensive study
aiming to compare these candidate stem cell niches may reveal conserved elements
essential for stem cell maintenance.

6.2. Germ Stem Cells and Their Niches

The oocytes of solitary and colonial ascidians contain a special region called
postplasm (Shirae-Kurabayashi et al. 2006; Brown et al. 2009; Rosner et al. 2009),
which holds the condensed aggregate of maternal RNA and protein molecules, similar
in content and functionality to the germ plasm observed in some organisms (e.g.,
C. elegans, Drosophila, Zebrafish). In these organisms, with preformistic modes of
germline sequestering, the cells committed to becoming primordial germ cells (PGCs)
inherit the germ plasm-like derived maternal components, limiting cell differentiation
into the germ lineage to the cell’s descendants. In C. robusta, postplasm was identified
in the posterior-most blastomeres and thereafter in B8.12 cells that were classified
as PGCs formed in a postplasm-dependent manner (Wessel et al. 2020). In larvae,
those PGCs reside in the ventral side of the tail until metamorphosis, when the PGCs
are retracted along with tail tissues into the body trunk and populate the gonads
(Shirae-Kurabayashi et al. 2006).

In colonial ascidians, a cGSC-specific transcriptomic signature suggests that
PGCs are established at the embryo’s morula stage (E1.4) and proliferate as the
embryo grows (Kowarsky et al. 2021). At this stage, candidate germ precursor cells
expressing vasa were identified (Brown et al. 2009), with candidate PGCs identified in
the embryo body trunk but not observed within the tail (Rosner et al. 2009). Examples
of postplasm materials that are important for PGC specification include pem, piwi,
and vasa gene products. In C. robusta, pem functions to repress somatic specific gene
expressions in early germline at the level of polymerase II (Pol II) activity (Strome
and Updike 2015). Pem proteins are only transiently expressed during the early
specification of germ cells, while during later stages, their function is replaced by a
chromatin repression mechanism (e.g., in Halocynthia roretzi) (Zheng et al. 2020).
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Figure 6. Putative stem cells and stem cell niches in B. schlosseri: (a–c) endostyle
and cell island niches. Dotted lines in b: cell islands; (d) hemoblasts (arrows)
in endostyle niche, transmission electron microscopy; (e) enrichment scores of
pathways associated with stem cell activity that are expressed in B. schlosseri
endostyle and enriched HSCs using GeneAnalytics tool. The gene list used in
the analysis is based on gene expression data of isolated endostyles and enriched
B. schlosseri HSCs populations described in Rosental et al. (2018). The number
in the bars indicates the number of genes that were significantly upregulated in
endostyle/cHSC populations and annotated to human genes in the specific pathway.
The numbers on the right indicate the total number of genes in the specific pathway
known in humans. Bars indicate the score of the pathway; high and medium
scoring pathways associated with stem cells that appear in both gene sets (endostyle
and HSCs) were used; (f–h) immunohistochemical analyses of fixed sections with
cy3+coupled BS-Vasa polyclonal antibodies: (f) staining of the gonad (arrow) within
a primary bud; (g) vasa-positive cells aggregate attached to the zooidal stomach and
intestine (arrows); (h) vasa-positive cells aggregate in the hemolymphatic vessel
(arrow) and attach to the zooidal stomach. BB: branchial basket; BV: blood vessel;
CI: cell island; DL: dorsal lamina; E: endostyle; LBV: longitudinal branchial vessels;
IN: intestine; PB: primary bud; PE: peribranchial chamber; SB: secondary bud; SI:
stigmata; SO: stomach; TU: tunic; Z: zooid. Source: Graphic by authors.
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Vasa is considered a key marker of PGCs and germ lineages, although its
expression was also detected in the somatic cells of various aquatic animals,
including ascidians (Rosner et al. 2009). Vasa is an RNA helicase involved
in the remodeling of RNA structure and in the regulation of genes translation.
Moreover, vasa protein acts on the piwi-interacting RNA (piRNA) metabolic
process and, together with piRNA and piwi proteins, governs the transposons
methylation needed for their repression to ensure germline integrity (Siomi and
Kuramochi-Miyagawa 2009; Kuramochi-Miyagawa et al. 2010). As such, vasa and
piwi expressions were studied in many solitary and colonial ascidians (Fujimura
and Takamura 2000; Shirae-Kurabayashi et al. 2006; Brown et al. 2009; Rosner et al.
2009, 2013). In B. primigenus, when vasa-expressing cells were depleted from the
colony, vasa-expressing germ cells reappeared in the colony to form piwi-expressing
candidate germ stem cells (Kawamura and Sunanaga 2009).

Studies suggest that in some marine invertebrate taxa with high regenerative
aptitude (e.g., sponges, hydrozoans, and planarians), the adult stem cells can
differentiate into both germ and somatic lineages (Buss 1982, 1983; Blackstone
and Jasker 2003; Extavour and Akam 2003; Juliano et al. 2010; Alié et al. 2015;
Fierro-Constaín et al. 2017; Rosner et al. 2021).

Considering the high regenerative capacity of ascidians, the potential for ascidian
adult stem cells to differentiate into germ lineage in an alternative parallel mode of
PGC sequestering has been investigated in both solitary and colonial species. In C.
robusta, PGCs removal by cutting larval tails is compensated by the regeneration of
the germ cells from cells that otherwise are assumed to have a somatic fate (Takamura
et al. 2002; Yoshida et al. 2017; Wessel et al. 2020). However, since the cells behind this
phenomenon were not identified yet, it is not clear whether this mode of sequestering
is restricted to a specific time window during development or if PGCs regenerate from
soma/germ stem cells or by trans- or de-differentiation of other cells. Experiments
performed with TALEN-induced mutations in germ lineage (Yoshida et al. 2017)
suggest that this mode of induction might occur without the removal of the original
PGCs, and the cells involved in this process might be of epidermal, neural, muscle,
or stem cell origin. Opposing conclusions were drawn by Laird et al. (2005) working
with B. schlosseri and tracing the fate of single cells transplanted into genetically
distinct individuals. This research, which was further strengthened by Voskoboynik
et al. (2008) and Rinkevich et al. (2013), implies that cells with self-renewing and
differentiation abilities can differentiate into somatic or germ cells but not both. These
opposing results might reflect differences between species or even solitary versus
colonial variations. However, single-cell lineage tracing experiments are needed to
solve this discrepancy.

No matter the mode of germ cell sequestering, the germ cell precursors are
always formed earlier than the gonads and the PGCs and migrate (passively or
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actively) to the gonad, which might be relatively far apart from the PGCs. PGC
motility is associated with the regulation of the level of their adhesion molecules at
the onset and end of the movement and acquisition of amoeboid movement during
the migration (Grimaldi and Raz 2020). Molecules that were associated with this
movement include G protein-coupled receptors and Dead-end protein (Dnd), an
RNA-binding protein involved in cell survival and fate that regulate proteins of the
“motility module” (Grimaldi and Raz 2020). Colonial ascidians are characterized by
repeated weekly migration of PGCs to the gonads of the newly formed buds. There,
apart from the gonads situated in the buds that serve as niches for the germ lineages,
it seems that additional “temporary niches” exist in various zooidal tissues including
the cell islands (Figure 6b) (Rinkevich et al. 2013; Rosner et al. 2013). In B. schlosseri, cell
islands were identified as niches for putative germ stem cells (Rinkevich et al. 2013).
Expression of genes associated with germ and general stem cells was shown within
them. These include piwi, alkaline-phosphatase, vasa, pl10, and pcna. Transplantation of
whole-cell islands induces chimerism in the gonadal tissues. Moreover, labeling of
cells in the cell islands leads to the appearance of the stain 10 days later in the gonads,
including testis and ovaries of the newly developed zooids (Rinkevich et al. 2013).
Isolated by cell sorting, a candidate GSC population, uniquely expressed 80 genes
known to be expressed in mammalian germline, migrated to the cell islands following
transplantation (Rosental et al. 2018), providing more support to the identification
of the cell islands as a germline stem cell niche. Migrating PGCs in B. schlosseri
were defined as BS-Vasa+-BS-DDX1+BS-cadherin+-γ-H2AX+-phospho-Smad1/5/8+

cell aggregates (Rosner et al. 2013). These PGCs form complexes, mediated by
BS-cadherin (Rosner et al. 2013), with follicular cells expressing members of the
TGF-b family, which are the migratory unit during PGCs migration to the gonads
(Langenbacher and Tomaso 2016). Additionally, changes in the migration of germ
cells between old and new gonads in the new generation of buds are due to a
chemotactic signal along a sphingosine-1-phosphate gradient (Kassmer et al. 2015)
and involves also an ABC transporter-mediated autocrine export of an eicosanoid
signaling (Kassmer et al. 2020).

7. Stem Cells as a Unit of Natural Selection

Discussing chimerisms in slime molds, Buss (1982) hypothesized that cells can
compete within a chimera and take it over. By studying chimeras of the colonial
chordate Botryllus schlosseri, the Weissman group discovered that natural selection
operates at the level of GSC clones, which compete for niches within the organism’s
body. Chimeras usually produce only GSC’s from one chimeric partner, despite
maintaining the soma of both, leading to reproductive pressures toward increasingly
competitive GSC’s (Stoner and Weissman 1996; Stoner et al. 1999; Weissman 2000, 2015;
Laird et al. 2005; Rinkevich et al. 2013). Weissman (2000) further suggested that stem
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cells are not only units of biological organization, responsible for the development
and the regeneration of tissue and organ systems, but are also units in evolution by
natural selection. On the other hand, considerations of somatic adult stem cells of
animals, including cancer stem cells (another type of adult stem cell not discussed
here; Greaves 2013) as units of selection are not trivial, because of the failure to identify
the hierarchical level upon which natural selection operates and what exactly is being
selected (Rinkevich 2000; Greaves 2013). Indeed, in vertebrates and ecdysozoan
invertebrates, adult stem cells are observed as pools of undifferentiated cells capable
of self-renewal, proliferation, and production of a number of differentiated but
lineage-restricted progenies, all for the general maintenance and various regeneration
needs. Yet, the literature on non-ecdysozoan invertebrates (e.g., Gremigni and
Puccinelli 1977; Rinkevich et al. 2007b; Ereskovsky et al. 2015; Hyams et al. 2017;
Ferrario et al. 2020) suggests that adult stem cells carry a great degree of plasticity
in their functions; therefore, the tissue-specific and lineage-restricted adult stem
cell view, mainly derived from studies on vertebrates, may need to be expanded.
Flexibility in the adult stem cell destiny allows high capabilities for regeneration and
changes in cell fates in response to any emerging need; however, experiments that
enable long-term lineage tracing of a single cell must be employed before conclusions
regarding cell plasticity are made.

In many animal taxa (including sponges, cnidarians, and platyhelminths), the
germline is not sequestered from somatic cells early in ontogeny and during the
lifespan of the organism germ cells are continuously developing from somatic cells
(Buss 1982; Blackstone and Jasker 2003; Müller et al. 2004; Seipel et al. 2004; Rinkevich
et al. 2009; Rosner et al. 2009; Gold and Jacobs 2013; Dannenberg and Seaver 2018;
DuBuc et al. 2020; Mueller and Rinkevich 2020; Vasquez-Kuntz et al. 2020). In
non-chimeric metazoans, somatic and germ cell lineages share a single heritable
genotype. In contrast, within a chimera, genotypically different somatic lineages
compete for survival, as do germ cell lineages (Buss 1982; Stoner and Weissman
1996; Stoner et al. 1999; Rinkevich 2002a, 2002b, 2004a, 2004b, 2005a, 2011; Rinkevich
and Yankelevich 2004; Simon-Blecher et al. 2004; Laird et al. 2005; Voskoboynik et al.
2008; Rinkevich et al. 2013). The genotype that dominates among the somatic cells
likely confers some survival advantage and is subject to forces of natural selection.
However, heritable germ cell lineages of one genotype may survive within the
chimeric entity even though they do not contribute to the somatic tissue (Stoner and
Weissman 1996; Stoner et al. 1999; Rinkevich and Yankelevich 2004; Laird et al. 2005;
Voskoboynik et al. 2008; Rinkevich et al. 2013). In these cases, the germline is said to
hitchhike on or parasitize the soma of a different genotype, transferring heritable
traits unseen by natural selection forces to subsequent generations that then express
these non-selected “parasitic” traits. The newborn individual carrying a parasitic
genotype need not reach sexual maturity to pass on an “unfit” germline genotype
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to the next generation, as it may quickly fuse with adults or other offspring (e.g.,
Grosberg 1988) with “fit” somatic cells for continued germline hitchhiking. As a
result, superparasitic germ cell genotypes, most capable of dominating foreign soma,
may emerge in a population. Thus, germline parasitism may defy the Darwinian
paradigm (Rinkevich 2011).

The above notions are further amplified in multichimerism (multipartner
associations), where more than two allogeneic adult stem cells form a single botryllid
ascidian colony (Rinkevich 1996; Rinkevich and Shapira 1999; Stoner et al. 1999;
Paz and Rinkevich 2002). Multipartner chimeras grow faster and produce larger
colonies when compared with chimeras made of two partners. They also exhibit other
traits associated with more stable entities including fewer cases of morphological
resorption or fragmentation events. Following the above, it was proposed that in
multichimeras, the different intraspecific conflicts mitigate each other, generating an
improved entity (the benefits of the conspecific adult stem cells living in a group
exceed the cost of not doing so) where natural selection may act on the level of the
whole colony instead of on each conspecific adult stem cell.

As in all stem cells, botryllid ascidian adult stem cells are self-renewing cells
capable of differentiation. Five traits highlight these stem cells as genuine units of
selection: (a) they efficiently migrate within the organism and between compatible
organisms; (b) they compete with the host somatic and/or germline stem cells; (c)
they express high and unlimited replication capacity; (d) they may share the soma
with conspecific stem cells lineages and commonly determine specific traits for the
benefit of the chimeric organism as a whole; (e) they can inhabit several different
hosts. As a result, chimerism reflects cases where specific environmental pressures
lead to the takeover of the fittest stem cells and their clones (Buss 1982; Rinkevich
and Yankelevich 2004).

8. Future Directions on Stem Cells in Ascidians

Although ascidians represent a group of chordates exhibiting astonishing stem
cell-mediated processes, most of the significant progress has been made in the last two
decades. These advancements were mainly due to the application of unbiased methods
translated from mammals to these marine invertebrates and the accessibility of omics
methodologies. In the future, the study of ascidians will undoubtedly unravel stem
cell potentialities, contributing to the basic knowledge of these cells. In this respect,
ascidian simplicity and evolutionary closeness to vertebrates make them unique.
Nonetheless, there are still several limitations to exploiting ascidians as a model
organism for studies in stem cells biology, mainly due to the lack of methodological
tools (such as cell lines, panels of specific monoclonal antibodies) and to the limitations
of maintaining colonies in inland facilities, away from seawater supply.
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8.1. Cell Cultures and Transgenesis

Immortal cell lines (established cell lines), including cell lines of adult stem
cells, may provide an important tool in the research; yet, established cell lines for
ascidians, as for all other marine invertebrates, are not yet available (Rinkevich 1999,
2005c). Nevertheless, several attempts in the last three decades have focused on the
development of in vitro approaches. The first attempt (Rinkevich and Rabinowitz
1993) concentrated on the development of cell culture from the whole B. schlosseri
hemocyte populations, followed by the establishment of embryo-derived cell cultures
(Rinkevich and Rabinowitz 1994). Then, a series of studies followed the expression
of stem cell-associated genes in in vitro cultures of epithelial cells from B. schlosseri’s
buds (Rinkevich and Rabinowitz 1997; Rabinowitz and Rinkevich 2004, 2005, 2011;
Rabinowitz et al. 2009). Although well developed in solitary ascidians, transgenic
lines are still not available for colonial species. This is mainly due to the difficulties
encountered in treating eggs for gene delivery: in colonial ascidians, fertilization
is internal, and eggs are enveloped by follicular cells. Yet, the availability of this
technique, coupled with the transparency of colonial tissues, facilitates the ability to
monitor in vivo the fate of stem cells and to uncover the molecular pathways that
control stem cell proliferation and differentiation.

8.2. Monoclonal and Polyclonal Antibodies

Monoclonal antibodies (MAbs) are primary markers in biological sciences. The
development of species-specific MAbs is highly valuable in research in general and
in stem cells isolation. Initially, several MAbs were developed for experiments
performed on B. schlosseri. The first sets were target antigens located on B. schlosseri
hemocyte surface (Schlumpberger et al. 1984a) and embryonic cells (Schlumpberger
et al. 1984b). An MAb that recognized all B. schlosseri hemocytes and zooids
perivisceral epithelium was also developed (Lauzon et al. 1992). Aiming to develop
MAbs that recognize epitopes involved in botryllid historecognition, Fagan and
Weissman (1998) produced a MAb that labeled an epitope found on the atrial
siphon and on the inner surfaces of hemolymphatic vessels. The above sets of
experiments further revealed the existence of a MAb that specifically recognized
and bound to all somatic cells of one genotype but did not react against somatic
cells of another genotype and was used to follow somatic cell movements between
partners within chimeras (Rinkevich 2004b). Ballarin et al. produced a monoclonal
antibody recognizing a surface epitope on B. schlosseri’s germ and accessory cells,
tunic cells, and hemocytes (Ballarin et al. 2011). However, the majority of previously
tested MAbs are no longer available (Rinkevich personal communication), and
renewed efforts are needed to establish new panels of MAbs for the research of
stem cells in ascidians. In parallel, Lapidot et al. (2003) have established a MAb
specific to the B. schlosseri pyloric gland cells, and Lapidot and Rinkevich (2005,
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2006) developed panels of MAbs specific to cell surface antigens and to intracellular
epitopes. Additional polyclonal antibodies were developed against specific stemness
proteins of botryllid ascidians and include B. schlosseri specific anti-pl10, anti-vasa,
anti-cadherin antibodies (Rosner et al. 2006, 2007, 2009), and B. leachii specific anti-piwi
antibodies (Rinkevich et al. 2010).

8.3. Animal Breeding Methodologies

Established ex situ, inland culturing methods for ascidians species and the
development of inbred lines and defined genetic stocks are important prerequisites
for research (also alleviating seasonal availability of animals and laboratory
acclimatization problems), primarily when dealing with stem cell studies. While
research for the cultivation of ascidians under laboratory conditions started decades
ago (e.g., Grave 1937), very little has been achieved when considering defined
genetic stocks. For colonial species, animal breeding methodologies for the long-term
development of inland brood stocks were employed primarily on B. schlosseri,
representing three various ex situ approaches—one developed in Italy (Brunetti
et al. 1984; Sabbadin 1960), another in the USA (Milkman 1967; Boyd et al. 1986)
and Israel (Rinkevich and Shapira 1998), and a third, for Botrylloides simodensis,
in Japan (Kawamura and Nakauchi 1986). Using classical breeding experiments,
Yasunori Saito established defined homozygous and heterozygous lines for distinct
histocompatibility genotypes (AA, BB, AB, and AX) that were crossed and maintained
in the Hopkins Marine Station mariculture for several decades (De Tomaso et al.
1998; Voskoboynik et al. 2013b). These lines added compelling evidence that
histocompatibility in Botryllus is controlled by a single gene, and they were used to
isolate the Botryllus histocompatibility factor (BHF).

There were also attempts for inland culturing of other colonial ascidians, such
as S. reptans (Sugino and Nakauchi 1987), and Didemnum vexillum (Fletcher and
Forrest 2011; Rinkevich and Fidler 2014). Culturing systems have been established for
four solitary species: C. robusta, C. intestinalis, H. roretzi, and recently, for P. mytiligera
(Hendrickson et al. 2004; Joly et al. 2007; Li et al. 2020; Gordon et al. 2020).

8.4. Model Species for Studying Stem Cells and Ascidian Biodiversity

Most of the studies on regeneration and asexual reproduction in ascidians
focused on a limited number of species, i.e., the solitary C. intestinalis and C. robusta
and the colonial B. schlosseri. Several tools and protocols have been tuned for these
animals and different laboratories use them as model species, even in absence of
genetically defined lines. However, in recent years, molecular studies suggest the
presence of cryptic species with the same nomenclature. In the case of Ciona sp.,
before 2015, the name C. intestinalis was used to indicate what is currently known as
either C. intestinalis or C. robusta (Brunetti et al. 2015; Pennati et al. 2015; Gissi et al.
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2017). Recently, the species B. schlosseri has been redescribed (Brunetti et al. 2017),
since five divergent clades have been hypothesized under its name: B. schlosseri
represents the clade A; Botryllus gaiae the clade E (Brunetti et al. 2020); clades B-C
have not been determined yet. The uncertainty in species identification for botryllid
ascidians has further been discussed (Reem et al. 2018). This equivocal taxonomical
determination represents gaps of knowledge at several levels: firstly biological, but
also operative, since methods, databases, and tools are developed in a laboratory and
cannot be easily applied by other laboratories using different wild-type lines.

It is also worth noting that the ascidians exhibit an extraordinary variety of
processes involving stem cells, and many of them are not manifested by Ciona sp. or
Botryllus sp. For example, recently, extraordinary regenerative potentialities, going
far beyond what is shown by Ciona, have been described in the solitary P. mitiligera
(Gordon et al. 2021). Some Botrylloides species exhibit putative stem cell-based
phenomena, such as torpor and constitutive WBR (Hyams et al. 2017; Kassmer et al.
2020) that are not exhibited by B. schlosseri. Future studies should consider these
attributes.

8.5. Stem Cells and Immunity

The crosstalk between stem cells and immune cells during homeostasis and
regeneration is well studied in mammals (Castillo et al. 2007; DelaRosa et al. 2012;
Naik et al. 2018) but poorly investigated in aquatic invertebrates (Ballarin et al. 2021b).
Studies on allograft rejections in ascidians point to potential relationships between
stem and immune cells. For example, in the case of allograft rejections in the solitary
ascidian Styela plicata, following the initial recruitment of cytotoxic morula cells to the
graft area, an increase in the number of hemoblasts in the tunic surrounding the graft
is observed (up to 30 days following rejection) (Parrinello 1996; Raftos et al. 1987).
Similarly, in Styela clava, the injection of allogeneic hemocytes to the tunic induces
the proliferation of hemoblasts within 5 days postinjection (Raftos and Cooper 1991).

Several events in the life cycle of colonial ascidians most likely involve
interactions between stem and immune cells. These include (i) rejection of an
allogeneic colony, (ii) chimerism, and (iii) resorption of zooids when the new
generation buds replace them.

As described above, colonial ascidians exhibit natural stem-cell-mediated
chimerism (Laird et al. 2005). When two genetically distinct colonies meet, they
either anastomose extracorporeal blood vessels to form a chimera with a common
vasculature or reject one another (Oka and Watanabe 1957b; Sabbadin 1962; Scofield
et al. 1982; Voskoboynik et al. 2013b). In some chimeras, one of the chimeric partners
undergoes partial or complete reabsorption (Rinkevich and Weissman 1992; Corey
et al. 2016). Circulating germ and/or somatic stem cells of one partner in a chimera can
compete with and replace the germline and/or soma of the other partner (Laird et al.
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2005; Voskoboynik et al. 2008; Rinkevich et al. 2013). Therefore, stem cell engraftment
in colonial ascidians is regulated on four different levels: (1) fusion or rejection; (2) if
fusion occurs, the body of the losing partner is resorbed; (3) competition between
circulating somatic stem cells to seed buds for asexual whole-body development; (4)
stem cell competition among germline stem cells, which determines the genotype of
the next generation.

Each level involves immune cell implications: the histocompatibility gene BHF
controls fusion/rejection and limits stem cell parasitism to kin (Voskoboynik et al.
2013b); rejection is characterized by the extravasation of cytotoxic cells along the
contact border and their degranulation and death with the consequent formation
of points of rejection (Ballarin et al. 1995; Cima 2004; Rinkevich 2005b; Franchi and
Ballarin 2017); resorption is a model for stem cell loss (failure to bud) when the
immune system attacks the buds (Corey et al. 2016), and stem cell competitions relate
to stem cell transplant engraftability.

The elimination of one partner in a chimera occurs mostly during a
developmental period corresponding to a massive wave of programmed cell death
and removal (Rinkevich and Weissman 1992; Cima et al. 2010; Corey et al. 2016;
Franchi et al. 2016). Each blastogenic cycle in B. schlosseri ends in an apoptotic
and phagocytic event of parental zooids, concurrent with the rapid development of
next-generation primary buds (blastogenic “takeover” stage).

Using differential expression and gene set analysis, Corey et al. (2016)
demonstrated that takeover pathways are co-opted by colonies to induce
histocompatible partner elimination. These gene profiles show that colonies usurp
developmental programs of autophagy, senescence, programmed cell death, and
removal to eliminate allogeneic partners. This study also shows that the exposure
of asexually propagating tissues to allogeneic cytotoxic and phagocytic populations
has clear effects on development, leading to a developmental arrest. These findings
suggest that the critical early events of asexual reproduction are dependent on
protection from immune damage—a biological theme that emerges in higher
vertebrates, where regulatory systems have evolved to create local sites of immune
privilege such as for germ cell development or to protect a fetal allograft. The
interactions between immune and stem cells in colonial ascidians are also suggested
by a marked proliferative response observed following hemocyte xenotransplantation
in Botrylloides (Simon-Blecher et al. 2004).

The life history of colonial ascidians, in which the interplay between stem and
immune cells can be studied in vivo (Voskoboynik et al. 2008; Rinkevich et al. 2013;
Corey et al. 2016; Rosental et al. 2018), offers an opportunity to better understand the
relationship between immune function and regeneration.
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Jeffery, William R., and Špela Gorički. 2021. Apoptosis Is a Generator of Wnt-Dependent
Regeneration and Homeostatic Cell Renewal in the Ascidian Ciona. Biology Open 10:
058526. [CrossRef]

Jiménez-Merino, Juan, Isadora Santos De Abreu, Laurel S. Hiebert, Silvana Allodi, Stefano
Tiozzo, Cintia M. De Barros, and Federico D. Brown. 2019. Putative Stem Cells in
the Hemolymph and in the Intestinal Submucosa of the Solitary Ascidian Styela plicata.
EvoDevo 10: 31–19. [CrossRef]

Madariaga, David Jofré, Marcelo M. Rivadeneira, Fadia Tala, and Martin Thiel. 2014.
Environmental Tolerance of the Two Invasive Species Ciona intestinalis and Codium
fragile: Their Invasion Potential Along a Temperate Coast. Biological Invasions 16: 2507–27.
[CrossRef]

Joly, Jean-Stéphane, Shungo Kano, Terumi Matsuoka, Helene Auger, Kazuko Hirayama, Nori
Satoh, Satoko Awazu, Laurent Legendre, and Yasunori Sasakura. 2007. Culture Of Ciona
intestinalis in Closed Systems. Developmental Dynamics 236: 1832–40. [CrossRef]

Juliano, Celina E., S. Zachary Swartz, and Gary M. Wessel. 2010. A Conserved Germline
Multipotency Program. Development 137: 4113–26. [CrossRef]

320

http://doi.org/10.1016/j.ccr.2014.06.001
http://doi.org/10.1056/NEJMoa040258
http://doi.org/10.1073/pnas.0601462103
http://doi.org/10.1126/scitranslmed.3004315
http://doi.org/10.1016/bs.ircmb.2015.06.005
http://doi.org/10.1002/dvg.22799
http://doi.org/10.1002/reg2.26
http://doi.org/10.1080/07924259.2014.925515
http://doi.org/10.1016/j.ydbio.2018.09.005
http://doi.org/10.1242/bio.058526
http://doi.org/10.1186/s13227-019-0144-3
http://doi.org/10.1007/s10530-014-0680-7
http://doi.org/10.1002/dvdy.21124
http://doi.org/10.1242/dev.047969


Kassmer, Susannah H., Delany Rodríguez, Adam D. Langenbacher, Connor Bui, and
Anthony W. De Tomaso. 2015. Migration of Germline Progenitor Cells Is Directed
by Sphingosine-1-Phosphate Signalling in a Basal Chordate. Nature Communications 6:
8565. [CrossRef]

Kassmer, Susannah H., Shane Nourizadeh, and Anthony W. De Tomaso. 2019. Cellular and
Molecular Mechanisms of Regeneration in Colonial and Solitary Ascidians. Developmental
Biology 448: 271–78. [CrossRef]

Kassmer, Susannah H., Delany Rodriguez, and Anthony W. De Tomaso. 2020. Evidence
That ABC-Transporter-Mediated Autocrine Export of an Eicosanoid Signaling Molecule
Enhances Germ Cell Chemotaxis in the Colonial Tunicate Botryllus schlosseri. Development
147: 184663. [CrossRef]

Kawamura, Kazuo, and Mitsuaki Nakauchi. 1986. Establishment of the Inland Culture of the
Colonial Ascidian, Botrylloides simodensis. Marine Fouling 6: 7–14. [CrossRef]

Kawamura, Kaz, and Takeshi Sunanaga. 2009. Hemoblasts in Colonial Tunicates: Are They
Stem Cells or Tissue-Restricted Progenitor Cells? Development, Growth & Differentiation
52: 69–76. [CrossRef]

Kawamura, Kaz, and Takeshi Sunanaga. 2011. Role of Vasa, Piwi, and Myc-Expressing
Coelomic Cells in Gonad Regeneration of the Colonial Tunicate, Botryllus primigenus.
Mechanisms of Development 128: 457–70. [CrossRef]

Kawamura, Kazuhiro, Shigeki Fujiwara, and Yasuo M. Sugino. 1991. Budding-Specific
Lectin Induced in Epithelial Cells Is an Extracellular Matrix Component for Stem Cell
Aggregation in Tunicates. Development 113: 995–1005. [CrossRef]

Kawamura, Kaz, Kohki Takakura, Daigo Mori, Kohki Ikeda, Akio Nakamura, and Tomohiko
Suzuki. 2012. Tunicate Cytostatic Factor TC14-3 Induces a Polycomb Group Gene and
Histone Modification through Ca2+ Binding and Protein Dimerization. BMC Cell Biology
13: 3. [CrossRef]

Kawamura, Kaz, Takuto Yoshida, and Satoko Sekida. 2018. Autophagic Dedifferentiation
Induced by Cooperation Between TOR Inhibitor and Retinoic Acid Signals in Budding
Tunicates. Developmental Biology 433: 384–93. [CrossRef]

Kobayashi, Kenji, Lixy Yamada, Yutaka Satou, and Nori Satoh. 2013. Differential Gene
Expression in Notochord and Nerve Cord Fate Segregation in The Ciona intestinalis
embryo. Genesis 51: 1–13. [CrossRef]

Koguchi, Saki, Yasuo M. Sugino, and Kazuo Kawamura. 1993. Dynamics of Epithelial Stem
Cell in the Process of Stolonial Budding of the Colonial Ascidian, Perophora japonica.
Memoirs of the Faculty of Science Kochi University 14: 7–14.

Kott, Patricia. 2001. The Australian Ascidiacea. Part 4, Aplousobranchia (3), Didemnidae.
Memoirs of the Queensland Museum 47: 1–407.

Kowarsky, Mark, Chiara Anselmi, Kohji Hotta, Paolo Burighel, Giovanna Zaniolo, Federico
Caicci, Benyamin Rosental, Norma F. Neff, Katherine J. Ishizuka, Karla J. Palmeri, and
et al. 2021. Sexual and Asexual Development: Two Distinct Programs Producing the
Same Tunicate. Cell Reports 34: 108681. [CrossRef]

321

http://doi.org/10.1038/ncomms9565
http://doi.org/10.1016/j.ydbio.2018.11.021
http://doi.org/10.1242/dev.184663
http://doi.org/10.4282/sosj1979.6.7
http://doi.org/10.1111/j.1440-169x.2009.01142.x
http://doi.org/10.1016/j.mod.2011.09.001
http://doi.org/10.1242/dev.113.3.995
http://doi.org/10.1186/1471-2121-13-3
http://doi.org/10.1016/j.ydbio.2017.08.023
http://doi.org/10.1002/dvg.22413
http://doi.org/10.1016/j.celrep.2020.108681


Kriebel, Mahlon E. 1968. Electrical Characteristics of Tunicate Heart Cell Membranes and
Nexuses. Journal of General Physiology 52: 46–59. [CrossRef]

Kuramochi-Miyagawa, Satomi, Toshiaki Watanabe, Kengo Gotoh, Kana Takamatsu, Shinichiro
Chuma, Kanako Kojima-Kita, Yusuke Shiromoto, Noriko Asada, Atsushi Toyoda,
Asao Fujiyama, and et al. 2010. MVH in PiRNA Processing and Gene Silencing
of Retrotransposons. Genes & Development 24: 887–92. [CrossRef]

Kürn, Ulrich, Snjezana Rendulic, Stefano Tiozzo, and Robert J. Lauzon. 2011. Asexual
Propagation and Regeneration in Colonial Ascidians. The Biological Bulletin 221: 43–61.
[CrossRef]

Laird, Diana J., Anthony W. De Tomaso, and Irving L. Weissman. 2005. Stem Cells Are Units
of Natural Selection in a Colonial Ascidian. Cell 123: 1351–60. [CrossRef]

Lambert, Charles C., and Gretchen Lambert. 1998. Non-Indigenous Ascidians in Southern
California Harbors and Marinas. Marine Biology 130: 675–88. [CrossRef]

Lambert, Gretchen. 2001. A global overview of ascidian introductions and their possible
impact on the endemic fauna. In The biology of ascidians. Edited by Hitoshi Sawada,
Hideyoshi Yokosawa and Charles C. Lambert. Tokyo: Springer, pp. 249–57. [CrossRef]

Langenbacher, Adam D., and Anthony W. de Tomaso. 2016. Temporally and Spatially Dynamic
Germ Cell Niches in Botryllus schlosseri Revealed by Expression of a TGF-Beta Family
Ligand and Vasa. EvoDevo 7: 9. [CrossRef]

Lapidot, Ziva, Guy Paz, and Baruch Rinkevich. 2003. Monoclonal Antibody Specific to
Urochordate Botryllus schlosseri Pyloric Gland. Marine Biotechnology 5: 388–94. [CrossRef]

Lapidot, Ziva, and Baruch Rinkevich. 2005. Development of Panel of Monoclonal Antibodies
Specific to Urochordate Cell Surface Antigens. Marine Biotechnology 7: 532–39. [CrossRef]

Lapidot, Ziva, and Baruch Rinkevich. 2006. Development of Monoclonal Antibodies Specific
to Urochordate Intracellular Epitopes. Cell Biology International 30: 190–95. [CrossRef]

Lauzon, Robert J., Katherin J. Ishizuka, and Irving L. Weissman. 1992. A
Cyclical, Developmentally-Regulated Death Phenomenon in a Colonial Urochordate.
Developmental Dynamics 194: 71–83. [CrossRef]

Lauzon, Rob J., Baruch Rinkevich, Chris W. Patton, and Irving L. Weissman. 2000. A
Morphological Study of Nonrandom Senescence in a Colonial Urochordate. The Biological
Bulletin 198: 367–78. [CrossRef]

Lauzon, Robert J., Sarah J. Kidder, and Patricia Long. 2007. Suppression of Programmed
Cell Death Regulates the Cyclical Degeneration of Organs in a Colonial Urochordate.
Developmental Biology 301: 92–105. [CrossRef]

Lefèvre, George. 1897. Budding in Ecteinascidia. Annals of Anatomy 13: 474–83.
Lefevre, George. 1898. Budding in Perophora. Journal of Morphology 14: 367–424. [CrossRef]
Lemaire, Laurence A., Chen Cao, Peter H. Yoon, Juanjuan Long, and Michael Levine. 2021.

The Hypothalamus Predates the Origin of Vertebrates. Science Advances 7: eabf7452.
[CrossRef]

Lemaire, Patrick. 2011. Evolutionary Crossroads in Developmental Biology: The Tunicates.
Development 138: 2143–52. [CrossRef]

322

http://doi.org/10.1085/jgp.52.1.46
http://doi.org/10.1101/gad.1902110
http://doi.org/10.1086/BBLv221n1p43
http://doi.org/10.1016/j.cell.2005.10.026
http://doi.org/10.1007/s002270050289
http://doi.org/10.1007/978-4-431-66982-1_40
http://doi.org/10.1186/s13227-016-0047-5
http://doi.org/10.1007/s10126-002-0087-9
http://doi.org/10.1007/s10126-004-5067-9
http://doi.org/10.1016/j.cellbi.2005.08.013
http://doi.org/10.1002/aja.1001940109
http://doi.org/10.2307/1542692
http://doi.org/10.1016/j.ydbio.2006.08.055
http://doi.org/10.1002/jmor.1050140302
http://doi.org/10.1126/sciadv.abf7452
http://doi.org/10.1242/dev.048975


Lemaire, Patrick, William C. Smith, and Hiroki Nishida. 2008. Ascidians and the Plasticity
of the Chordate Developmental Program. Current Biology 18: R620–R631. [CrossRef]
[PubMed]

Lender, Theodore H., and Christiane Bouchard-Madrelle. 1964. Étude expérimentale De La
régénération Du Complexe Neural De Ciona intestinalis (Prochordé). Bulletin de la Société
zoologique de France 89: 546–54.

Li, Hanxi, Xuena Huang, and Aibin Zhan. 2020. Stress Memory of Recurrent Environmental
Challenges in Marine Invasive Species: Ciona robusta as a Case Study. Frontiers in
Physiology 11: 94. [CrossRef] [PubMed]

López-Otín, Carlos, Maria A. Blasco, Linda Partridge, Manuel Serrano, and Guido Kroemer.
2013. The Hallmarks of Aging. Cell 153: 1194–217. [CrossRef]

Majone, Franca. 1977. Regeneration of Isolated Bud Fragments of Botryllus schlosseri. Acta
Embryologiae Experimentalis 1: 11–9.

Manni, Lucia, Giovanna Zaniolo, and Paolo Burighel. 1993. Egg Envelope Cytodifferentiation in
the Colonial Ascidian Botryllus schlosseri (Tunicata). Acta Zoologica 74: 103–13. [CrossRef]

Manni, Lucia, George O. Mackie, Federico Caicci, Giovanna Zaniolo, and Paolo Burighel. 2006.
Coronal Organ of Ascidians and the Evolutionary Significance of Secondary Sensory
Cells in Chordates. The Journal of Comparative Neurology 495: 363–73. [CrossRef]

Manni, Lucia, Giovanna Zaniolo, Francesca Cima, Paolo Burighel, and Loriano Ballarin.
2007. Botryllus schlosseri: A Model Ascidian for the Study of Asexual Reproduction.
Developmental Dynamics 236: 335–52. [CrossRef]

Manni, Lucia, Fabio Gasparini, Kohji Hotta, Katherine J. Ishizuka, Lorenzo Ricci, Stefano
Tiozzo, Ayelet Voskoboynik, and Delphine Dauga. 2014. Ontology for the Asexual
Development and Anatomy of the Colonial Chordate Botryllus schlosseri. PLoS ONE 9:
e96434. [CrossRef]

Manni, Lucia, Chiara Anselmi, Francesca Cima, Fabio Gasparini, Ayelet Voskoboynik,
Margherita Martini, Anna Peronato, Paolo Burighel, Giovanna Zaniolo, and Loriano
Ballarin. 2019. Sixty Years of Experimental Studies on the Blastogenesis of the Colonial
Tunicate Botryllus schlosseri. Developmental Biology 448: 293–308. [CrossRef]

Matsumoto, Jun, Chiaki Nakamoto, Shigeki Fujiwara, Toshitsugu Yubisui, and Kazuo
Kawamura. 2001. A Novel C-Type Lectin Regulating Cell Growth, Cell Adhesion
and Cell Differentiation of the Multipotent Epithelium in Budding Tunicates. Development
128: 3339–47. [CrossRef] [PubMed]

Medina, Bianca N. S. P., Isadora Santos de Abreu, Leny A. Cavalcante, Wagner A. B.
Silva, Rodrigo N. da Fonseca, Silvana Allodi, and Cintia M. de Barros. 2015.
3-Acetylpyridine-Induced Degeneration in the Adult Ascidian Neural Complex: Reactive
and Regenerative Changes in Glia and Blood Cells. Developmental Neurobiology 75: 877–93.
[CrossRef] [PubMed]

Milkman, Roger. 1967. Genetic and developmental studies on Botryllus schlosseri. The Biological
Bulletin 132: 229–43. [CrossRef] [PubMed]

Millar, Robert H. 1952. The Annual Growth and Reproductive Cycle in Four Ascidians. Journal
of the Marine Biological Association of the United Kingdom 31: 41–61. [CrossRef]

323

http://doi.org/10.1016/j.cub.2008.05.039
http://www.ncbi.nlm.nih.gov/pubmed/18644342
http://doi.org/10.3389/fphys.2020.00094
http://www.ncbi.nlm.nih.gov/pubmed/32116797
http://doi.org/10.1016/j.cell.2013.05.039
http://doi.org/10.1111/j.1463-6395.1993.tb01226.x
http://doi.org/10.1002/cne.20867
http://doi.org/10.1002/dvdy.21037
http://doi.org/10.1371/journal.pone.0096434
http://doi.org/10.1016/j.ydbio.2018.09.009
http://doi.org/10.1242/dev.128.17.3339
http://www.ncbi.nlm.nih.gov/pubmed/11546750
http://doi.org/10.1002/dneu.22255
http://www.ncbi.nlm.nih.gov/pubmed/25484282
http://doi.org/10.2307/1539891
http://www.ncbi.nlm.nih.gov/pubmed/29332443
http://doi.org/10.1017/S0025315400003672


Millar, Robert H. 1953. Ciona. In LMBC Memoirs on Typical British Marine Plants and Animals.
Edited by John S. Colman. Liverpool: Liverpool University, pp. 1–123.

Mingazzini, Pio. 1891. Sulla Rigenerazione Nei Tunicati. Bollettino della Società dei naturalisti in
Napoli 5: 76–79.

Miyamoto, Toshihiro, Irving L. Weissman, and Koichi Akashi. 2000. AML1/ETO-Expressing
Nonleukemic Stem Cells in Acute Myelogenous Leukemia With 8;21 Chromosomal
Translocation. Proceedings of the National Academy of Sciences USA 97: 7521–26. [CrossRef]

Monniot, Claude, Françoise Monniot, and Pierre Laboute. 1991. Coral Reef Ascidians of New
Caledonia. Paris: Orstom, p. 247.

Morrison, Sean, and Irving L. Weissman. 1994. The Long-Term Repopulating Subset of
Hematopoietic Stem Cells Is Deterministic and Isolatable by Phenotype. Immunity 1:
661–73. [CrossRef]

Mueller, Werner A., and Baruch Rinkevich. 2020. Cell Communication-Mediated
Nonself-Recognition and -Intolerance in Representative Species of the Animal Kingdom.
Journal of Molecular Evolution 88: 482–500. [CrossRef]

Mukai, Hideo, Hiromichi Koyama, and Hiroshi Watanabe. 1983. Studies on the reproduction
of three species of perophora (Ascidiacea). The Biological Bulletin 164: 251–66. [CrossRef]

Müller, Werner A., Regina Teo, and Uri Frank. 2004. Totipotent Migratory Stem Cells in a
Hydroid. Developmental Biology 275: 215–24. [CrossRef]

Naik, Shruti, Samantha Larsen, Christopher J. Cowley, and Elaine Fuchs. 2018. Two to Tango:
Dialog Between Immunity and Stem Cells in Health and Disease. Cell 175: 908–20.
[CrossRef] [PubMed]

Nakauchi, Mitsuaki. 1982. Asexual Development of Ascidians: Its Biological Significance,
Diversity, and Morphogenesis. American Zoologist 22: 753–63. [CrossRef]

Ogasawara, Michio, Akane Sasaki, Hitoe Metoki, Tadasu Shin-I, Yuji Kohara, Nori Satoh,
and Yutaka Satou. 2002. Gene Expression Profiles in Young Adult Ciona intestinalis.
Development Genes and Evolution 212: 173–85. [CrossRef] [PubMed]

Oka, Hidemiti, and Hiroshi Watanabe. 1957a. Vascular budding, a new type of budding in
Botryllus. The Biological Bulletin 112: 225–40. [CrossRef]

Oka, Hidemiti, and Hiroshi Watanabe. 1957b. Colony Specificity in Compound Ascidians as
Tested by Fusion Experiments (a Preliminary report). Proceedings of the Japan Academy 33:
657–59. [CrossRef]

Oka, Hidemiti, and Hiroshi Watanabe. 1959. Vascular budding in Botrylloides. The Biological
Bulletin 117: 340–46. [CrossRef]

Okuyama, Makiko, and Yasunori Saito. 2001. Studies on Japanese Botryllid Ascidians. I. A
New Species of the Genus Botryllus from the Izu Islands. Zoological Science 18: 261–67.
[CrossRef]

Oonuma, Kouhei, Moeko Tanaka, Koki Nishitsuji, Yumiko Kato, Kotaro Shimai, and Takehiro
G. Kusakabe. 2016. Revised Lineage of Larval Photoreceptor Cells in Ciona Reveals
Archetypal Collaboration Between Neural Tube and Neural Crest in Sensory Organ
Formation. Developmental Biology 420: 178–85. [CrossRef]

324

http://doi.org/10.1073/pnas.97.13.7521
http://doi.org/10.1016/1074-7613(94)90037-X
http://doi.org/10.1007/s00239-020-09955-z
http://doi.org/10.2307/1541143
http://doi.org/10.1016/j.ydbio.2004.08.006
http://doi.org/10.1016/j.cell.2018.08.071
http://www.ncbi.nlm.nih.gov/pubmed/30388451
http://doi.org/10.1093/icb/22.4.753
http://doi.org/10.1007/s00427-002-0230-7
http://www.ncbi.nlm.nih.gov/pubmed/12012232
http://doi.org/10.2307/1539200
http://doi.org/10.2183/pjab1945.33.657
http://doi.org/10.2307/1538913
http://doi.org/10.2108/zsj.18.261
http://doi.org/10.1016/j.ydbio.2016.10.014


Oren, Matan, Guy Paz, Jacob Douek, Amalia Rosner, Keren Or Amar, and Baruch Rinkevich.
2013. Marine Invertebrates Cross Phyla Comparisons Reveal Highly Conserved Immune
Machinery. Immunobiology 218: 484–95. [CrossRef]

Pancer, Zeev, Harriet Gershon, and Baruch Rinkevich. 1995. Coexistence and Possible
Parasitism of Somatic and Germ Cell Lines in Chimeras of the Colonial Urochordate
Botryllus schlosseri. The Biological Bulletin 189: 106–12. [CrossRef]

Pang, Wendy W., Elizabeth A. Price, Debashis Sahoo, Isabel Beerman, William J. Maloney,
Derrick J. Rossi, Stanley L. Schrier, and Irving L. Weissman. 2011. Human Bone Marrow
Hematopoietic Stem Cells Are Increased in Frequency and Myeloid-Biased with Age.
Proceedings of the National Academy of Sciences USA 108: 20012–17. [CrossRef] [PubMed]

Pang, Wendy W., John V. Pluvinage, Elizabeth A. Price, Kunju Sridhar, Daniel A. Arber, Peter
L. Greenberg, Stanley L. Schrier, Christopher Y. Park, and Irving L. Weissman. 2013.
Hematopoietic Stem Cell and Progenitor Cell Mechanisms in Myelodysplastic Syndromes.
Proceedings of the National Academy of Sciences USA 110: 3011–16. [CrossRef] [PubMed]

Parrinello, Nicolò. 1996. Cytotoxic Activity of Tunicate Hemocytes. In Invertebrate immunology.
Edited by Baruch Rinkevich and Werner E. G. Müller. Berlin and Heidelberg: Springer,
pp. 190–217. [CrossRef]

Passegué, Emmanuelle, Amy J. Wagers, Sylvie Giuriato, Wade C. Anderson, and Irving L.
Weissman. 2005. Global Analysis of Proliferation and Cell Cycle Gene Expression in
the Regulation of Hematopoietic Stem and Progenitor Cell Fates. Journal of Experimental
Medicine 202: 1599–611. [CrossRef] [PubMed]

Paz, Guy, and Baruch Rinkevich. 2002. Morphological Consequences for Multi-Partner
Chimerism in Botrylloides, a Colonial Urochordate. Developmental & Comparative
Immunology 26: 615–22. [CrossRef]

Pennati, Roberta, Gentile Francesco Ficetola, Riccardo Brunetti, Federico Caicci, Fabio Gasparini,
Francesca Griggio, Atsuko Sato, Thomas Stach, Sabrina Kaul-Strehlow, Carmela Gissi,
and et al. 2015. Morphological Differences Between Larvae of the Ciona intestinalis
Species Complex: Hints for a Valid Taxonomic Definition of Distinct Species. PLoS ONE
10: e0122879. [CrossRef]

Qarri, Andy, Amalia Rosner, Claudette Rabinowitz, and Baruch Rinkevich. 2020. UV-B
Radiation Bearings on Ephemeral Soma in the Shallow Water Tunicate Botryllus schlosseri.
Ecotoxicology and Environmental Safety 196: 110489. [CrossRef]

Rabinowitz, Claudette, and Baruch Rinkevich. 2004. In Vitro delayed Senescence of Extirpated
Buds from Zooids of the Colonial Tunicate Botryllus schlosseri. Journal of Experimental
Biology 207: 1523–32. [CrossRef]

Rabinowitz, Claudette, and Baruch Rinkevich. 2005. Epithelial Cell Cultures from Botryllus
schlosseri Palleal Buds: Accomplishments and Challenges. Journal of Tissue Culture Methods
25: 137–48. [CrossRef]

Rabinowitz, Claudette, and Baruch Rinkevich. 2011. De Novo Emerged Stemness Signatures
in Epithelial Monolayers Developed from Extirpated Palleal Buds. In Vitro Cellular &
Developmental Biology - Plant 47: 26–31. [CrossRef]

325

http://doi.org/10.1016/j.imbio.2012.06.004
http://doi.org/10.2307/1542460
http://doi.org/10.1073/pnas.1116110108
http://www.ncbi.nlm.nih.gov/pubmed/22123971
http://doi.org/10.1073/pnas.1222861110
http://www.ncbi.nlm.nih.gov/pubmed/23388639
http://doi.org/10.1007/978-3-642-79735-4_9
http://doi.org/10.1084/jem.20050967
http://www.ncbi.nlm.nih.gov/pubmed/16330818
http://doi.org/10.1016/s0145-305x(02)00022-8
http://doi.org/10.1371/journal.pone.0122879
http://doi.org/10.1016/j.ecoenv.2020.110489
http://doi.org/10.1242/jeb.00899
http://doi.org/10.1007/s11022-004-2087-9
http://doi.org/10.1007/s11626-010-9357-4


Rabinowitz, Claudette, Gilad Alfassi, and Baruch Rinkevich. 2009. Further Portrayal of
Epithelial Monolayers Emergent De Novo from Extirpated Ascidians Palleal Buds. In
Vitro Cellular & Developmental Biology - Plant 45: 334–42. [CrossRef]

Racioppi, Claudia, Ashwani K. Kamal, Florian Razy-Krajka, Gennaro Gambardella, Laura
Zanetti, Diego Di Bernardo, Remo Sanges, Lionel Christiaen, and Filomena Ristoratore.
2014. Fibroblast Growth Factor Signalling Controls Nervous System Patterning and
Pigment Cell Formation in Ciona intestinalis. Nature Communications 5: 4830. [CrossRef]

Raftos, David A., Noel N. Tait, and David A. Briscoe. 1987. Cellular Basis of Allograft Rejection
in the Solitary Urochordate, Styela plicata. Developmental & Comparative Immunology 11:
713–25. [CrossRef]

Raftos, David A., and Edwin L. Cooper. 1991. Proliferation of Lymphocyte-Like Cells from the
Solitary tunicate, Styela clava, in Response to Allogeneic Stimuli. Journal of Experimental
Zoology 260: 391–400. [CrossRef] [PubMed]

Reem, Eitan, Jacob Douek, and Baruch Rinkevich. 2018. Ambiguities in the Taxonomic
Assignment and Species Delineation of Botryllid Ascidians from the Israeli Mediterranean
and Other Coastlines. Mitochondrial DNA Part A 29: 1073–80. [CrossRef] [PubMed]

Ricci, Lorenzo, Fabien Cabrera, Sonia Lotito, and Stefano Tiozzo. 2016. Redeployment of
Germ Layers Related TFs Shows Regionalized Expression During Two Non-Embryonic
Developments. Developmental Biology 416: 235–48. [CrossRef]

Ries, Erich. 1937. Untersuchungen über den Zelltod II. W Roux Archiv F Entwicklungsmechanik
137: 327–62. [CrossRef]

Rinkevich, Baruch, and Claudette Rabinowitz. 1993. In Vitro Culture of Blood Cells from
the Colonial Protochordate Botryllus schlosseri. In Vitro Cellular & Developmental Biology -
Plant 29: 79–85. [CrossRef]

Rinkevich, Baruch, and Claudette Rabinowitz. 1994. Acquiring Embryo-Derived Cell Cultures
and Aseptic Metamorphosis of Larvae from the Colonial Protochordate Botryllus schlosseri.
Invertebrate Reproduction & Development 25: 59–72. [CrossRef]

Rinkevich, Baruch. 1996. Bi-Versus Multichimerism in Colonial Urochordates: A Hypothesis
for Links Between Natural Tissue Transplantation, Allogenetics and Evolutionary Ecology.
Experimental and Clinical Immunogenetics 13: 61–69.

Rinkevich, Baruch, and Claudette Rabinowitz. 1997. Initiation of Epithelial Cell Cultures from
Palleal Buds of Botryllus schlosseri, a Colonial Tunicate. In Vitro Cellular & Developmental
Biology - Plant 33: 422–24. [CrossRef]

Rinkevich, Baruch, and Michal Shapira. 1998. An Improved Diet for Inland Broodstock
and the Establishment of an Inbred Line from Botryllus schlosseri, a Colonial Sea Squirt
(Ascidiacea). Aquatic Living Resources 11: 163–71. [CrossRef]

Rinkevich, Baruch. 1999. Cell Cultures from Marine Invertebrates: Obstacles, New Approaches
and Recent Improvements. Journal of Biotechnology 70: 133–53. [CrossRef]

Rinkevich, Baruch, and Michal Shapira. 1999. Multi-Partner Urochordate Chimeras
Outperform Two-Partner Chimerical Entities. Oikos 87: 315. [CrossRef]

Rinkevich, Baruch. 2000. A Critical Approach to the Definition of Darwinian Units of Selection.
The Biological Bulletin 199: 231–40. [CrossRef]

326

http://doi.org/10.1007/s11626-009-9179-4
http://doi.org/10.1038/ncomms5830
http://doi.org/10.1016/0145-305x(87)90059-0
http://doi.org/10.1002/jez.1402600313
http://www.ncbi.nlm.nih.gov/pubmed/1744619
http://doi.org/10.1080/24701394.2017.1404047
http://www.ncbi.nlm.nih.gov/pubmed/29166817
http://doi.org/10.1016/j.ydbio.2016.05.016
http://doi.org/10.1007/BF00593065
http://doi.org/10.1007/bf02634375
http://doi.org/10.1080/07924259.1994.9672369
http://doi.org/10.1007/s11626-997-0058-6
http://doi.org/10.1016/S0990-7440(98)80113-7
http://doi.org/10.1016/S0168-1656(99)00067-X
http://doi.org/10.2307/3546746
http://doi.org/10.2307/1543179


Rinkevich, Baruch. 2002a. Germ Cell Parasitism as an Ecological and Evolutionary Puzzle:
Hitchhiking with Positively Selected Genotypes. Oikos 96: 25–30. [CrossRef]

Rinkevich, Baruch. 2002b. The Colonial Urochordate Botryllus schlosseri: From Stem Cells and
Natural Tissue Transplantation to Issues in Evolutionary Ecology. BioEssays 24: 730–40.
[CrossRef]

Rinkevich, Baruch. 2004a. Will Two Walk Together, Except They Have Agreed? Amos 3:3.
Journal of Evolutionary Biology 17: 1178–79. [CrossRef] [PubMed]

Rinkevich, Baruch. 2004b. Primitive Immune Systems: Are Your Ways My Ways? Immunological
Reviews 198: 25–35. [CrossRef]

Rinkevich, Baruch, and Irena Yankelevich. 2004. Environmental Split Between Germ Cell
Parasitism and Somatic Cell Synergism in Chimeras of a Colonial Urochordate. Journal of
Experimental Biology 207: 3531–36. [CrossRef]

Rinkevich, Baruch. 2005a. Natural Chimerism in Colonial Urochordates. Journal of Experimental
Marine Biology and Ecology 322: 93–109. [CrossRef]

Rinkevich, Baruch. 2005b. Rejection Patterns in Botryllid Ascidian Immunity: The First Tier of
Allorecognition. Canadian Journal of Zoology 83: 101–21. [CrossRef]

Rinkevich, Baruch. 2005c. Marine Invertebrate Cell Cultures: New Millennium Trends. Marine
Biotechnology 7: 429–39. [CrossRef] [PubMed]

Rinkevich, Baruch. 2011. Cell Cultures from Marine Invertebrates: New Insights for Capturing
Endless Stemness. Marine Biotechnology 13: 345–54. [CrossRef] [PubMed]

Rinkevich, Baruch, and Andrew Fidler. 2014. Initiating Laboratory Culturing of the Invasive
Ascidian Didemnum vexillum. Management of Biological Invasions 5: 55–62. [CrossRef]

Rinkevich, Baruch. 2017. Senescence in modular animals: Botryllid ascidians as a unique
ageing system. In The Evolution of Senescence in the Tree of Life. Edited by Richard
P. Shefferson, Owen R. Jones and Roberto Salguero-Gomez. Cambridge: Cambridge
University Press, pp. 327–62.

Rinkevich, Baruch, and Irving L. Weissman. 1992. Allogeneic Resorption in Colonial
Protochordates: Consequences of Nonself Recognition. Developmental & Comparative
Immunology 16: 275–86. [CrossRef]

Rinkevich, Baruch, Robert J. Lauzon, Byron W. M. Brown, and Irving L. Weissman. 1992.
Evidence for a Programmed Life Span in a Colonial Protochordate. Proceedings of the
National Academy of Sciences USA 89: 3546–50. [CrossRef] [PubMed]

Rinkevich, Baruch, Zvia Shlemberg, and Lev Fishelson. 1995. Whole-body protochordate
regeneration from totipotent blood cells. Proceedings of the National Academy of Sciences
USA 92: 7695–99. [CrossRef]

Rinkevich, Baruch, Zvia Shlemberg, and Lev Fishelson. 1996. Survival budding processes
in the colonial tunicate Botrylloides from the Mediterranean Sea: The role of totipotent
blood cells. In Invertebrate Cell Culture: Looking Towards the 21st Century. Edited by Karl
Maramorosch and Marcia K. J. Loeb. San Francisco: Society for In Vitro Biology, pp. 1–9.

Rinkevich, Yuval, Jacob Douek, Omer Haber, Baruch Rinkevich, and Ram Reshef. 2007a.
Urochordate Whole Body Regeneration Inaugurates a Diverse Innate Immune Signaling
Profile. Developmental Biology 312: 131–46. [CrossRef]

327

http://doi.org/10.1034/j.1600-0706.2002.960102.x
http://doi.org/10.1002/bies.10123
http://doi.org/10.1111/j.1420-9101.2004.00809.x
http://www.ncbi.nlm.nih.gov/pubmed/15525397
http://doi.org/10.1111/j.0105-2896.2004.0114.x
http://doi.org/10.1242/jeb.01184
http://doi.org/10.1016/j.jembe.2005.02.020
http://doi.org/10.1139/z04-161
http://doi.org/10.1007/s10126-004-0108-y
http://www.ncbi.nlm.nih.gov/pubmed/16132466
http://doi.org/10.1007/s10126-010-9354-3
http://www.ncbi.nlm.nih.gov/pubmed/21213116
http://doi.org/10.3391/mbi.2014.5.1.05
http://doi.org/10.1016/0145-305x(92)90002-t
http://doi.org/10.1073/pnas.89.8.3546
http://www.ncbi.nlm.nih.gov/pubmed/1565651
http://doi.org/10.1073/pnas.92.17.7695
http://doi.org/10.1016/j.ydbio.2007.09.005


Rinkevich, Yuval, Guy Paz, Baruch Rinkevich, and Ram Reshef. 2007b. Systemic Bud Induction
and Retinoic Acid Signaling Underlie Whole Body Regeneration in the Urochordate
Botrylloides leachi. PLoS Biology 5: e71. [CrossRef]

Rinkevich, Yuval, Baruch Rinkevich, and Ram Reshef. 2008. Cell Signaling and Transcription
Factor Genes Expressed During Whole Body Regeneration in a Colonial Chordate. BMC
Developmental Biology 8: 100. [CrossRef]

Rinkevich, Yuval, Valeria Matranga, and Baruch Rinkevich. 2009. Stem Cells in Aquatic
Invertebrates: Common Premises and Emerging Unique Themes. In Stem Cells in Marine
Organisms. Edited by Baruch Rinkevich and Valeria Matranga. Dordrecht: Springer
Netherlands, pp. 61–103. [CrossRef]

Rinkevich, Yuval, Amalia Rosner, Claudette Rabinowitz, Ziva Lapidot, Elithabeth Moiseeva,
and Buki Rinkevich. 2010. Piwi Positive Cells That Line the Vasculature Epithelium,
Underlie Whole Body Regeneration in a Basal Chordate. Developmental Biology 345:
94–104. [CrossRef]

Rinkevich, Yuval, Ayelet Voskoboynik, Amalia Rosner, Claudette Rabinowitz, Guy Paz, Matan
Oren, Jacob Douek, Gilad Alfassi, Elizabeth Moiseeva, Katherine J. Ishizuka, and et al.
2013. Repeated, Long-Term Cycling of Putative Stem Cells Between Niches in a Basal
Chordate. Developmental Cell 24: 76–88. [CrossRef]

Rodriguez, Delany, Daryl A. Taketa, Roopa Madhu, Susannah Kassmer, Dinah Loerke, Megan
T. Valentine, and Anthony W. De Tomaso. 2021. Vascular Aging in the Invertebrate
Chordate, Botryllus schlosseri. Frontiers in Molecular Biosciences 8: 626827. [CrossRef]

Rosen, Brian R. 1986. Modular Growth and Form of Corals: A Matter of Metamers? Philosophical
Transactions of the Royal Society of London B 313: 115–42.

Rosental, Benyamin, Mark Kowarsky, Jun Seita, Daniel M. Corey, Katherine J. Ishizuka, Karla
J. Palmeri, Shih-Yu Chen, Rahul Sinha, Jennifer Okamoto, Gary Mantalas, and et al.
2018. Complex Mammalian-Like Haematopoietic System Found in a Colonial Chordate.
Nature 564: 425–29. [CrossRef]

Rosner, Amalia, Guy Paz, and Baruch Rinkevich. 2006. Divergent Roles of the DEAD-Box
Protein BS-PL10, the Urochordate Homologue of Human DDX3 and DDX3Y Proteins, in
Colony Astogeny and Ontogeny. Developmental Dynamics 235: 1508–21. [CrossRef]

Rosner, Amalia, Claudette Rabinowitz, Elizabeth Moiseeva, Ayelet Voskoboynik, and Baruch
Rinkevich. 2007. BS-Cadherin in the Colonial Urochordate Botryllus schlosseri: One
Protein, Many Functions. Developmental Biology 304: 687–700. [CrossRef]

Rosner, Amalia, Elizabeth Moiseeva, Yuval Rinkevich, Ziva Lapidot, and Baruch Rinkevich.
2009. Vasa and the Germ Line Lineage in a Colonial Urochordate. Developmental Biology
331: 113–28. [CrossRef]

Rosner, Amalia, Elizabeth Moiseeva, Claudette Rabinowitz, and Baruch Rinkevich. 2013. Germ
Lineage Properties in the Urochordate Botryllus schlosseri—From Markers to Temporal
Niches. Developmental Biology 384: 356–74. [CrossRef]

328

http://doi.org/10.1371/journal.pbio.0050071
http://doi.org/10.1186/1471-213X-8-100
http://doi.org/10.1007/978-90-481-2767-2_4
http://doi.org/10.1016/j.ydbio.2010.05.500
http://doi.org/10.1016/j.devcel.2012.11.010
http://doi.org/10.3389/fmolb.2021.626827
http://doi.org/10.1038/s41586-018-0783-x
http://doi.org/10.1002/dvdy.20728
http://doi.org/10.1016/j.ydbio.2007.01.018
http://doi.org/10.1016/j.ydbio.2009.04.025
http://doi.org/10.1016/j.ydbio.2013.10.002


Rosner, Amalia, Gilad Alfassi, Elizabeth Moiseeva, Guy Paz, Claudette Rabinowitz, Ziva
Lapidot, Jacob Douek, Abraham Haim, and Baruch Rinkevich. 2014. The Involvement of
Three Signal Transduction Pathways in Botryllid Ascidian Astogeny, As Revealed by
Expression Patterns of Representative Genes. The International Journal of Developmental
Biology 58: 677–92. [CrossRef]

Rosner, Amalia, Olha Kravchenko, and Baruch Rinkevich. 2019. IAP Genes Partake Weighty
Roles in the Astogeny and Whole Body Regeneration in the Colonial Urochordate
Botryllus schlosseri. Developmental Biology 448: 320–41. [CrossRef] [PubMed]

Rosner, Amalia, Jean Armengaud, Loriano Ballarin, Stéphanie Barnay-Verdier, Francesca Cima,
Ana Varela Coelho, Isabelle Domart-Coulon, Damjana Drobne, Anne-Marie Genevière,
Anita Jemec Kokalj, and et al. 2021. Stem Cells of Aquatic Invertebrates as an Advanced
Tool for Assessing Ecotoxicological Impacts. Science of The Total Environment 771: 144565.
[CrossRef] [PubMed]

Rossi, Derrick J., David Bryder, Jacob M. Zahn, Henrik Ahlenius, Rebecca Sonu, Amy J. Wagers,
and Irving L. Weissman. 2005. Cell Intrinsic Alterations Underlie Hematopoietic Stem
Cell Aging. Proceedings of the National Academy of Sciences USA 102: 9194–99. [CrossRef]
[PubMed]

Rossi, Derrick J., Jun Seita, Agnieszka Czechowicz, Deepta Bhattacharya, David Bryder, and
Irving L. Weissman. 2007. Hematopoietic Stem Cell Quiescence Attenuates DNA Damage
Response and Permits DNA Damage Accumulation During Aging. Cell Cycle 6: 2371–76.
[CrossRef] [PubMed]

Rowley, Andrew F. 1982. Ultrastructural and Cytochemical Studies on the Blood Cells of the
Sea squirt, Ciona intestinalis. Cell and Tissue Research 223: 403–14. [CrossRef] [PubMed]

Sabbadin, Armando. 1960. Ulteriori Notizie sull’allevamento E Sulla Biologia Dei Botrilli in
Condizioni Di Laboratorio. Arch Oceanology and Limnology 12: 97–107.

Sabbadin, Armando. 1962. Le Basi Genetiche Della Capacità Di Fusione Fra Colonie in Botryllus
schlössen (Ascidiacea). Rend Accad Naz Lincei 32: 1031–35.

Sabbadin, Armando. 1969. The Compound Ascidian Botryllus schlosseri in the Field and in the
Laboratory. Pubbl Staz ZooI Napoli 37: 62–72.

Sabbadin, Armando, and Giovanna Zaniolo. 1979. Sexual Differentiation and Germ Cell
Transfer in the Colonial Ascidian Botryllus schlosseri. Journal of Experimental Zoology 207:
289–304. [CrossRef]

Sabbadin, Armando, Giovanna Zaniolo, and Franca Majone. 1975. Determination of Polarity
and Bilateral Asymmetry in Palleal and Vascular Buds of the Ascidian Botryllus schlosseri.
Developmental Biology 46: 79–87. [CrossRef]

Saez, Borja, Rushdia Z. Yusuf, and David T. Scadden. 2017. Harnessing the biology of stem cells’
niche. In Biology and Engineering of Stem Cell Niches. Edited by Ajaykumar Vishwakarma
and Jeffrey M. Karp. Cambridge: Academic Press, pp. 15–31. [CrossRef]

Saito, Yasunori, and Hiroshi Watanabe. 1985. Studies on Japanese Compound Styelid Ascidians
-IV. Three New Species of the Genus Botrylloides from the Vicinity of Shimoda-. Publications
of the Seto Marine Biological Laboratory 30: 227–40. [CrossRef]

329

http://doi.org/10.1387/ijdb.140114ar
http://doi.org/10.1016/j.ydbio.2018.10.015
http://www.ncbi.nlm.nih.gov/pubmed/30385275
http://doi.org/10.1016/j.scitotenv.2020.144565
http://www.ncbi.nlm.nih.gov/pubmed/33736145
http://doi.org/10.1073/pnas.0503280102
http://www.ncbi.nlm.nih.gov/pubmed/15967997
http://doi.org/10.4161/cc.6.19.4759
http://www.ncbi.nlm.nih.gov/pubmed/17700071
http://doi.org/10.1007/BF01258497
http://www.ncbi.nlm.nih.gov/pubmed/6279306
http://doi.org/10.1002/jez.1402070212
http://doi.org/10.1016/0012-1606(75)90088-3
http://doi.org/10.1016/b978-0-12-802734-9.00002-0
http://doi.org/10.5134/176112


Satoh, Nori. 2001. Ascidian Embryos as a Model System to Analyze Expression and Function
of Developmental Genes. Differentiation 68: 1–12. [CrossRef] [PubMed]

Satoh, Noriyuki. 2019. A Deep Dive into the Development of Sea Squirts. Nature 571: 333–34.
[CrossRef] [PubMed]

Savigny, Jules-César. 1816. Mémoires Sur Les Animaux Sans vertèbres. Paris: Doufour, vol. 2.
[CrossRef]

Scelzo, Marta, Alexandre Alié, Sophie Pagnotta, Camille Lejeune, Pauline Henry, Laurent
Gilletta, Laurel S. Hiebert, Francesco Mastrototaro, and Stefano Tiozzo. 2019. Novel
Budding Mode in Polyandrocarpa Zorritensis: A Model for Comparative Studies on
Asexual Development and Whole Body Regeneration. EvoDevo 10: 7. [CrossRef]

Schlumpberger, Jay M., Irving L. Weissman, and Virginia L. Scofield. 1984a. Separation and
Labeling of Specific Subpopulations Of Botryllus Blood Cells. Journal of Experimental
Zoology 229: 401–11. [CrossRef]

Schlumpberger, Jay M., Irving L. Weissman, and Virginia L. Scofield. 1984b. Monoclonal
Antibodies Developed Against Botryllus Blood Cell Antigens Bind to Cells of Distinct
Lineages During Embryonic Development. Journal of Experimental Zoology 229: 205–13.
[CrossRef]

Schofield, Raymond. 1978. The Relationship Between the Spleen Colony-Forming Cell and the
Haemopoietic Stem Cell. Blood Cells 4: 7–25.

Scofield, Virginia L., Jay M. Schlumpberger, Lani A. West, and Irving L. Weissman. 1982.
Protochordate Allorecognition Is Controlled by a MHC-Like Gene System. Nature 295:
499–502. [CrossRef]

Seipel, Katja, Nathalie Yanze, and Volker Schmid. 2004. The Germ Line and Somatic Stem Cell
Gene Cniwi in the Jellyfish Podocoryne carnea. The International Journal of Developmental
Biology 48: 1–7. [CrossRef]

Shenkar, Noa, and Tal Gordon. 2015. Gut-Spilling in Chordates: Evisceration in the Tropical
Ascidian Polycarpa mytiligera. Scientific Reports 5: 9614. [CrossRef]

Shirae-Kurabayashi, Maki, Takahito Nishikata, Katsumi Takamura, Kimio J. Tanaka, Chiaki
Nakamoto, and Akira Nakamura. 2006. Dynamic Redistribution of Vasa Homolog
and Exclusion of Somatic Cell Determinants During Germ Cell Specification in Ciona
intestinalis. Development 133: 2683–93. [CrossRef] [PubMed]

Simon-Blecher, Noa, Yair Achituv, and Baruch Rinkevich. 2004. Protochordate Concordant
Xenotransplantation Settings Reveal Outbreaks of Donor Cells and Divergent Life Span
Traits. Developmental & Comparative Immunology 28: 983–91. [CrossRef]

Siomi, Mikiko C., and Satomi Kuramochi-Miyagawa. 2009. RNA Silencing in
germlines—exquisite Collaboration of Argonaute Proteins with Small RNAs for Germline
Survival. Current Opinion in Cell Biology 21: 426–34. [CrossRef] [PubMed]

Sköld, Helen Nilsson, Thomas Stach, John D. D. Bishop, Eva Herbst, and Michael C. Thorndyke.
2011. Pattern of Cell Proliferation During Budding in the Colonial Ascidian Diplosoma
listerianum. The Biological Bulletin 221: 126–36. [CrossRef] [PubMed]

330

http://doi.org/10.1046/j.1432-0436.2001.068001001.x
http://www.ncbi.nlm.nih.gov/pubmed/11683488
http://doi.org/10.1038/d41586-019-01967-0
http://www.ncbi.nlm.nih.gov/pubmed/31308528
http://doi.org/10.5962/bhl.title.125538
http://doi.org/10.1186/s13227-019-0121-x
http://doi.org/10.1002/jez.1402290308
http://doi.org/10.1002/jez.1402290205
http://doi.org/10.1038/295499a0
http://doi.org/10.1387/ijdb.15005568
http://doi.org/10.1038/srep09614
http://doi.org/10.1242/dev.02446
http://www.ncbi.nlm.nih.gov/pubmed/16794033
http://doi.org/10.1016/j.dci.2004.04.003
http://doi.org/10.1016/j.ceb.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19303759
http://doi.org/10.1086/BBLv221n1p126
http://www.ncbi.nlm.nih.gov/pubmed/21876115


Sladitschek, Hanna L., Ulla-Maj Fiuza, Dinko Pavlinic, Vladimir Benes, Lars Hufnagel, and
Pierre A. Neveu. 2020. MorphoSeq: Full Single-Cell Transcriptome Dynamics Up to
Gastrulation in a Chordate. Cell 181: 922–35.e21. [CrossRef] [PubMed]

Spangrude, Gerald J., Shelly Heimfeld, and Irving L. Weissman. 1988. Purification and
Characterization of Mouse Hematopoietic Stem Cells. Science 241: 58–62. [CrossRef]

Spina, Elijah J., Elmer Guzman, Hongjun Zhou, Kenneth S. Kosik, and William C. Smith. 2017.
A MicroRNA-MRNA Expression Network During Oral Siphon Regeneration in Ciona.
Development 144: 1787–97. [CrossRef]

Spradling, Allan, Margaret T. Fuller, Robert E. Braun, and Shosei Yoshida. 2011. Germline
Stem Cells. Cold Spring Harbor Perspectives in Biology 3: a002642. [CrossRef]

Squarzoni, Paola, Fateema Parveen, Laura Zanetti, Filomena Ristoratore, and Antonietta
Spagnuolo. 2011. FGF/MAPK/Ets Signaling Renders Pigment Cell Precursors Competent
to Respond to Wnt Signal by Directly Controlling Ci-Tcf Transcription. Development 138:
1421–32. [CrossRef]

Stolfi, Alberto, and Lionel Christiaen. 2012. Genetic and Genomic Toolbox of the Chordate
Ciona intestinalis. Genetics 192: 55–66. [CrossRef]

Stoner, Douglas S., and Irving L. Weissman. 1996. Somatic and Germ Cell Parasitism in
a Colonial Ascidian: Possible Role for a Highly Polymorphic Allorecognition System.
Proceedings of the National Academy of Sciences USA 93: 15254–59. [CrossRef] [PubMed]

Stoner, Douglas S., Baruch Rinkevich, and Irving L. Weissman. 1999. Heritable Germ and
Somatic Cell Lineage Competitions in Chimeric Colonial Protochordates. Proceedings of
the National Academy of Sciences USA 96: 9148–53. [CrossRef] [PubMed]

Storey, Kenneth B, and Janet M. Storey. 2011. Hibernation: Poikilotherms. In Encyclopedia of
Life Sciences. Chichester: ohn Wiley & Sons, Ltd. [CrossRef]

Strome, Susan, and Dustin Updike. 2015. Specifying and Protecting Germ Cell Fate. Nature
Reviews Molecular Cell Biology 16: 406–16. [CrossRef] [PubMed]

Sugino, Yasuo M., and Mitsuaki Nakauchi. 1987. Budding, Life-Span, Regeneration, and
Colonial Regulation in the ascidian, Symplegma reptans. Journal of Experimental Zoology
244: 117–24. [CrossRef]

Sunanaga, Takeshi, Miho Satoh, and Kazuo Kawamura. 2008. The Role of Nanos Homologue in
Gametogenesis and Blastogenesis With Special Reference to Male Germ Cell Formation in
the Colonial Ascidian, Botryllus primigenus. Developmental Biology 324: 31–40. [CrossRef]

Sutton, Muriel F. 1953. The Regeneration of the Siphons of Ciona intestinalis. Journal of the
Marine Biological Association of the United Kingdom 32: 249–68. [CrossRef]

Sykes, Stephen M., Konstantinos D. Kokkaliaris, Michael D. Milsom, Ross L. Levine, and
Ravindra Majeti. 2015. Clonal Evolution of Preleukemic Hematopoietic Stem Cells in
Acute Myeloid Leukemia. Experimental Hematology 43: 989–92. [CrossRef]

Takamura, Katsumi, Miyuki Fujimura, and Yasunori Yamaguchi. 2002. Primordial Germ
Cells Originate from the Endodermal Strand Cells in the Ascidian Ciona intestinalis.
Development Genes and Evolution 212: 11–18. [CrossRef]

331

http://doi.org/10.1016/j.cell.2020.03.055
http://www.ncbi.nlm.nih.gov/pubmed/32315617
http://doi.org/10.1126/science.2898810
http://doi.org/10.1242/dev.144097
http://doi.org/10.1101/cshperspect.a002642
http://doi.org/10.1242/dev.057323
http://doi.org/10.1534/genetics.112.140590
http://doi.org/10.1073/pnas.93.26.15254
http://www.ncbi.nlm.nih.gov/pubmed/8986797
http://doi.org/10.1073/pnas.96.16.9148
http://www.ncbi.nlm.nih.gov/pubmed/10430910
http://doi.org/10.1002/9780470015902.a0003214.pub2
http://doi.org/10.1038/nrm4009
http://www.ncbi.nlm.nih.gov/pubmed/26122616
http://doi.org/10.1002/jez.1402440114
http://doi.org/10.1016/j.ydbio.2008.08.023
http://doi.org/10.1017/S0025315400011541
http://doi.org/10.1016/j.exphem.2015.08.012
http://doi.org/10.1007/s00427-001-0204-1


Tarjuelo, I., David Posada, Keith Crandall, Marta Pascual, and X. Turon. 2004. Phylogeography
and Speciation of Colour Morphs in the Colonial Ascidian Pseudodistoma crucigaster.
Molecular Ecology 13: 3125–36. [CrossRef]

Tatzuke, Yuki, Takeshi Sunanaga, Shigeki Fujiwara, and Kaz Kawamura. 2012. RACK1
Regulates Mesenchymal Cell Recruitment During Sexual and Asexual Reproduction of
Budding Tunicates. Developmental Biology 368: 393–403. [CrossRef]

Tiozzo, Stefano, Lionel Christiaen, Carole Deyts, Lucia Manni, and Paolo Burighel. 2005.
Embryonic Versus Blastogenetic Development in the Compound Ascidian Botryllus
schlosseri: Insights From Pitx Expression Patterns. Developmental Dynamics 232: 468–78.
[CrossRef] [PubMed]

Tiozzo, Stefano, Federico D. Brown, and Anthony W. De Tomaso. 2008a. Regeneration and Stem
Cells in Ascidians, in: Stem Cells. Dordrecht: Springer Netherlands. [CrossRef]

Tiozzo, Stefano, Ayelet Voskoboynik, Federico D. Brown, and Anthony W. De Tomaso. 2008b.
A Conserved Role of the VEGF Pathway in Angiogenesis of an Ectodermally-Derived
Vasculature. Developmental Biology 315: 243–55. [CrossRef] [PubMed]

Tiozzo, Stefano, Maureen Murray, Bernard M. Degnan, Anthony W. De Tomaso, and Roger P.
Croll. 2009. Development of the Neuromuscular System During Asexual Propagation in
an Invertebrate Chordate. Developmental Dynamics 238: 2081–94. [CrossRef] [PubMed]

Tolkin, Theadora, and Lionel Christiaen. 2016. Rewiring of an Ancestral Tbx1/10-Ebf-Mrf
Network for Pharyngeal Muscle Specification in Distinct Embryonic Lineages.
Development 143: 3852–62. [CrossRef] [PubMed]

Turon, Xavier. 1992. Periods of Non-Feeding in Polysyncraton Lacazei (Ascidiacea:
Didemnidae): A Rejuvenative Process? Marine Biology 112: 647–55. [CrossRef]

Uchida, Nobuko, and Irving L. Weissman. 1992. Searching for Hematopoietic Stem Cells:
Evidence That Thy-1.1lo Lin- Sca-1+ Cells Are the Only Stem Cells in C57BL/Ka-Thy-1.1
Bone Marrow. Journal of Experimental Medicine 175: 175–84. [CrossRef] [PubMed]

Uchida, Nobuko, David W. Buck, Dongping He, Michael J. Reitsma, Marilyn Masek, Thinh V.
Phan, Ann S. Tsukamoto, Fred H. Gage, and Irving L. Weissman. 2000. Direct isolation of
human central nervous system stem cells. Proceedings of the National Academy of Sciences
USA 97: 14720–25. [CrossRef]

Ueno, Hiroo, Brit B. Turnbull, and Irving L. Weissman. 2009. Two-Step Oligoclonal
Development of Male Germ Cells. Proceedings of the National Academy of Sciences USA 106:
175–80. [CrossRef]

Valentine, Page. 2009. Larval Recruitment of the Invasive Colonial Ascidian Didemnum
vexillum, Seasonal Water Temperatures in New England Coastal and Offshore Waters,
and Implications for Spread of the Species. Aquatic Invasions 4: 153–68. [CrossRef]

Vasquez-Kuntz, Kate L., Sheila A. Kitchen, Trinity L. Conn, Samuel A. Vohsen, Andrea N.
Chan, Mark J. A. Vermeij, Christopher Page, Kristen L. Marhaver, and Iliana B. Baums.
2020. Juvenile Corals Inherit Mutations Acquired During the parent’s Lifespan. BioRxiv.
[CrossRef]

332

http://doi.org/10.1111/j.1365-294X.2004.02306.x
http://doi.org/10.1016/j.ydbio.2012.06.006
http://doi.org/10.1002/dvdy.20250
http://www.ncbi.nlm.nih.gov/pubmed/15614778
http://doi.org/10.1007/978-1-4020-8274-0_6
http://doi.org/10.1016/j.ydbio.2007.12.035
http://www.ncbi.nlm.nih.gov/pubmed/18234178
http://doi.org/10.1002/dvdy.22023
http://www.ncbi.nlm.nih.gov/pubmed/19618474
http://doi.org/10.1242/dev.136267
http://www.ncbi.nlm.nih.gov/pubmed/27802138
http://doi.org/10.1007/BF00346183
http://doi.org/10.1084/jem.175.1.175
http://www.ncbi.nlm.nih.gov/pubmed/1346154
http://doi.org/10.1073/pnas.97.26.14720
http://doi.org/10.1073/pnas.0810325105
http://doi.org/10.3391/ai.2009.4.1.16
http://doi.org/10.1101/2020.10.19.345538


Voskoboynik, Ayelet, and Irving L. Weissman. 2015. Botryllus schlosseri, an Emerging Model
for the Study of Aging, Stem Cells, and Mechanisms of Regeneration. Invertebrate
Reproduction & Development 59: 33–38. [CrossRef]

Voskoboynik, Ayelet, Noa Simon-Blecher, Yoav Soen, Baruch Rinkevich, Anthony W. De
Tomaso, Katherine J. Ishizuka, and Irving L. Weissman. 2007. Striving for Normality:
Whole Body Regeneration through a Series of Abnormal Generations. The FASEB Journal
21: 1335–44. [CrossRef] [PubMed]

Voskoboynik, Ayelet, Yoav Soen, Yuval Rinkevich, Amalia Rosner, Hiroo Ueno, Ram Reshef,
Katherine J. Ishizuka, Karla J. Palmeri, Elizabeth Moiseeva, Baruch Rinkevich, and et al.
2008. Identification of the Endostyle As a Stem Cell Niche in a Colonial Chordate. Cell
Stem Cell 3: 456–64. [CrossRef] [PubMed]

Voskoboynik, Ayelet, Norma F. Neff, Debashis Sahoo, Aaron Newman, Dmitry Pushkarev,
Winston Koh, Benedetto Passarelli, H. Christina Fan, Gary L. Mantalas, Karla J. Palmeri,
and et al. 2013a. The Genome Sequence of the Colonial Chordate, Botryllus schlosseri.
ELife 2: e00569. [CrossRef]

Voskoboynik, Ayelet, Aaron M. Newman, Daniel M. Corey, Debashis Sahoo, Dmitry Pushkarev,
Norma F. Neff, Benedetto Passarelli, Winston Koh, Katherine J. Ishizuka, Karla J. Palmeri,
and et al. 2013b. Identification of a Colonial Chordate Histocompatibility Gene. Science
341: 384–87. [CrossRef]

Voskoboynik, Yotam, Aidan Glina, Mark Kowarsky, Chiara Anselmi, Norma F. Neff, Katherine
J. Ishizuka, Karla J. Palmeri, Benyamin Rosental, Tal Gordon, Stephen R. Quake, and
et al. 2020. Global Age-Specific Patterns of Cyclic Gene Expression Revealed by Tunicate
Transcriptome Atlas. BioRxiv. [CrossRef]

Weissman, Irving L. 2000. Stem Cells: Units of Development, Units of Regeneration, and Units
in Evolution. Cell 100: 157–68. [CrossRef]

Weissman, Irving L. 2015. Stem Cells Are Units of Natural Selection for Tissue Formation, for
Germline Development, and in Cancer Development. Proceedings of the National Academy
of Sciences USA 112: 8922–28. [CrossRef]

Wessel, Gary M., Shumpei Morita, and Nathalie Oulhen. 2020. Somatic Cell Conversion to a
Germ Cell Lineage: A Violation or a Revelation? Journal of Experimental Zoology Part B:
Molecular and Developmental Evolution 1: 14. [CrossRef]

Winkley, Konner, Spencer Ward, Wendy Reeves, and Michael Veeman. 2019. Iterative and
Complex Asymmetric Divisions Control Cell Volume Differences in Ciona Notochord
Tapering. Current Biology 29: 3466–77. [CrossRef]

Yoshida, Keita, Akiko Hozumi, Nicholas Treen, Tetsushi Sakuma, Takashi Yamamoto, Maki
Shirae-Kurabayashi, and Yasunori Sasakura. 2017. Germ Cell Regeneration-Mediated,
Enhanced Mutagenesis in the Ascidian Ciona intestinalis Reveals Flexible Germ Cell
Formation from Different Somatic Cells. Developmental Biology 423: 111–25. [CrossRef]
[PubMed]

Zaniolo, Giovanna, and Paola Trentin. 1987. Regeneration of the Tunic in the Colonial Ascidian,
Botryllus schlosseri. Acta Embryology Morphology Experimental 8: 173–180.

333

http://doi.org/10.1080/07924259.2014.944673
http://doi.org/10.1096/fj.06-7337com
http://www.ncbi.nlm.nih.gov/pubmed/17289924
http://doi.org/10.1016/j.stem.2008.07.023
http://www.ncbi.nlm.nih.gov/pubmed/18940736
http://doi.org/10.7554/eLife.00569
http://doi.org/10.1126/science.1238036
http://doi.org/10.1101/2020.12.08.417055
http://doi.org/10.1016/S0092-8674(00)81692-X
http://doi.org/10.1073/pnas.1505464112
http://doi.org/10.1002/jez.b.22952
http://doi.org/10.1016/j.cub.2019.08.056
http://doi.org/10.1016/j.ydbio.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/28161521


Zhang, Tengjiao, Yichi Xu, Kaoru Imai, Teng Fei, Guilin Wang, Bo Dong, Tianwei Yu, Yutaka
Satou, Weiyang Shi, and Zhirong Bao. 2020. A Single-Cell Analysis of the Molecular
Lineage of Chordate Embryogenesis. Science Advances 6: eabc4773. [CrossRef] [PubMed]

Zheng, Tao, Ayaki Nakamoto, and Gaku Kumano. 2020. H3K27me3 Suppresses Sister-Lineage
Somatic Gene Expression in Late Embryonic Germline Cells of the Ascidian, Halocynthia
roretzi. Developmental Biology 460: 200–14. [CrossRef] [PubMed]

Zondag, Lisa E., Kim Rutherford, Neil J. Gemmell, and Megan J. Wilson. 2016. Uncovering the
Pathways Underlying Whole Body Regeneration in a Chordate Model, Botrylloides leachi
Using De Novo Transcriptome Analysis. BMC Genomics 17: 114. [CrossRef]

Zondag, Lisa, Rebecca Clarke, and Megan J. Wilson. 2019. Histone Deacetylase Activity Is
Required for Botrylloides leachii Whole Body Regeneration. Journal of Experimental Biology
222: jeb.203620. [CrossRef]

© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

334

http://doi.org/10.1126/sciadv.abc4773
http://www.ncbi.nlm.nih.gov/pubmed/33148647
http://doi.org/10.1016/j.ydbio.2019.12.017
http://www.ncbi.nlm.nih.gov/pubmed/31904374
http://doi.org/10.1186/s12864-016-2435-6
http://doi.org/10.1242/jeb.203620
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Ascidians as Model Organisms for Developmental Studies 
	Stem Cells and Their Identification 
	Stem Cells in Ascidians 
	Development and Regeneration in Ascidians 
	Development, Regeneration, and Stem Cells in Solitary Ascidians 
	Embryonic Development 
	Regeneration in Solitary Ascidians 
	Regeneration in Ciona 

	Development, Regeneration, and Stem Cells in Colonial Ascidians 
	Embryonic Development 
	Asexual Reproduction 
	Whole-Body Regeneration 
	Tunic and Colonial Circulatory System Regeneration 
	In and Out of Dormancy 
	Stem Cell Aging 
	Stem Cell Competition in Development and Aging 


	Adult Stem Cell Niches 
	Somatic Stem Cell Niches 
	Germ Stem Cells and Their Niches 

	Stem Cells as a Unit of Natural Selection 
	Future Directions on Stem Cells in Ascidians 
	Cell Cultures and Transgenesis 
	Monoclonal and Polyclonal Antibodies 
	Animal Breeding Methodologies 
	Model Species for Studying Stem Cells and Ascidian Biodiversity 
	Stem Cells and Immunity 

	References

