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21.1 HISTORY OF THE MODEL The first biologist who successfully grew and bred

The apparent first description of Botryllus schlosseri colo-
nies is attributed to Rondelet Guillaume (1555), under the
name uva marina. With the increased interest in this spe-
cies, about two centuries later, Botryllus was re-described by
J.A. Schlosser and J. Ellis in a letter (1756) as: “I discovered
a most extraordinary sea-production surrounding the stem
of an old fucus teres [a brown algae]: it was of a hardish,
but fleshy substance . . . of a light brown or ash colour, the
whole surface covered over with bright yellow shining and
star-like bodies”. Later the animal was portrayed by Pallas
(1766) as a zoophyte, that is to say, an animal-plant, and
was named by Pallas Alcyonium schlosseri Pallas (1766).
Linnaeus (1767) defined Botryllus as a soft coral from the
family Alcyoniidae (Pallas 1766; Linnaeus 1767). Following
these authors, Gértner, Bruguiere and Renier ascribed the
animal as Botryllus stellatus (Gértner 1774; Bruguiere 1792;
Renier 1793), and in 1816, the animal got its permanent
name: Botryllus schlosseri (Savigny 1816). In a comprehen-
sive review on this species, Manni et al. (2019) covered a list
of authors who described Botryllus during the 19th century,
and it will not be repeated here. Many of these papers were
written in local languages (Italian, German, French) and
the most comprehensive, as pioneering studies on Botryllus,
are those published by Savigny (1816), Ganin (1870), Giard
(1872) and Della Valle (1881). The famous biologist, zoolo-
gist and gifted painter Ernst Haeckel (1899) created a known
drawing of Botryllus including anatomy.
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Botryllus schlosseri colonies in the lab was Sabbadin in 1955.
This opened a door for other laboratories to adopt Botryllus as
a model in their studies. For the past decades, three main lab-
oratories have been investigating and focusing on Botryllus
schlosseri. These labs are located in California, United States
(Weissman’s lab); Italy (Sabbadin, Ballarin and Manni’s labs);
and Israel (Rinkevich’s Lab). Several important milestones
in the history of this species deal with the Botryllus palleal
budding (asexual reproduction), whole body regeneration and
allorecognition. The first study that described the complex
weekly budding process in this species and the life and death
cycles of Botryllus zooids (blastogenesis) was Spallanzani
(1784). Important milestones in the study of bud development
and life-and-death cycles were published by Metschnikow
(1869), Hjort (1893) and Pizon (1893), Berrill (1941a, 1941b,
1951), Watterson (1945), Sabbadin (1955) and Izzard (1973).
Also, the phenomenon of whole-body regeneration (vascular
budding) in Botryllus was reported by Ganin (1870) and fol-
lowed by Giard (1872) and Herdman (1924).

For allorecognition, the first documentation for fusion/
rejection phenomena between contacting Botryllus colonies
(self/non-selfrecognition) was made by Bancroft (1903). Only
six decades thereafter, basic genetic studies and searches for
allorecognition properties were followed by Sabbadin (1962)
and Scofield et al. (1982) focusing on Botryllus schlosseri,
while other studies evaluated allorecognition in Botryllus
primigenus (Oka and Watanabe 1957, 1960; Taneda and
Watanabe 1982a, 1982b; Taneda et al. 1985). Results were
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intensified following the establishment of allorecognition
assays (Rinkevich 1995) and animal breeding methodolo-
gies (Brunetti et al. 1984; Boyd et al. 1986; Rinkevich and
Shapira 1998). Other studies on allorecognition contributed

FIGURE 21.1 (a) A colony of Botryllus schlosseri (ca, 7 cm length)
collected from a Chioggia, Italy, harbor, which naturally grow on
algae as substrates. The colony is composed of hundreds of zooids
arranged in colonial systems. (b) A diagram representing the four
blastogenic stages that typify a weekly cycle (ca. seven days long).
The green extensions represent the peripheral ampullae and their
attached vasculature. Three generations of modules are shown in
each stage: the mature zooids are colored in red, the primary buds
in yellow and the secondary buds in white. Stage A, the beginning
of a cycle, is signified by the opening of the oral and atrial siphons
of the zooids. Open siphons enable the zooids to feed and breed.
Secondary buds evaginate from the atrial wall of the primary buds.
Primary buds are small and non-functional. Stage B is signified
by visible heart-beats in the primary buds, while secondary buds
develop as closed double-layered structures. In Stage C, primary
buds almost complete development, while secondary buds commence
organogenesis, primary subdivisions are completed and pigment cells
accumulate in their outer epithelium. Stage D (takeover) starts by
closing of the zooids’ siphons and their continuous shrinkage until
completely resorbed. At the same time the primary buds complete
their development and are now fully grown, “waiting” for the
takeover stage to conclude so that their oral siphons will be opened in
the beginning of a new blastogenic cycle, enabling them to feed and
breed. ([a-d] sensu Watanabe 1953 and Lauzon et al. 2002.)
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to the understanding of the initiation, the follow-up and the
biology of chimerism; the involvement of stem cells in the
process; and stem cell parasitism (e.g. Scofield et al. 1982;
Rinkevich et al. 1993, 2013; Stoner and Weissman 1996;
Stoner et al. 1999; Laird et al. 2005a; Corey et al. 2016).

Additional milestones in the research on Botryllus schlos-
seri are the publication of its draft genome, followed by the
sequence of the histocompatibility locus (Voskoboynik et al.
2013a, 2013b).

21.2 GEOGRAPHICAL LOCATION

The colonial tunicate Botryllus schlosseri (Figure 21.1a,
Figure 21.3) is a common shallow-water marine species,
found from the intertidal zone to 200 m depth, above and
under stones; on natural hard substrates; on algae and sea-
weeds; and on artificial substrates such as pilings, floats,
pontoons, wharfs, ropes and ship bottoms (Rinkevich and
Weissman 1991; Miiller et al. 1994; Rinkevich et al. 1998a,
1998b), as well as on motile macroinvertebrates (Bernier
et al. 2009) and on fish (Kayis 2011). This species proba-
bly originated in the Atlantic European and Mediterranean
seas (Van Name 1945; Berrill 1950; Paz et al. 2003; Lépez-
Legentil et al. 2006) and spread globally (Figure 21.2).
Traits like fast adaptation to human-made environmental
conditions (Lambert 2001; Lambert and Lambert 2003)
and assumed high mutation rates acted as surrogates for the
increase of genetic variability in just-established popula-
tions (Reem et al. 2013a). This further promotes the species
invasiveness capacities by assisting pioneering colonies in
quickly spreading in new sites and then their fast integration
as common participants in assemblages of hard-bottom con-
sortia (Lambert and Lambert 1998, 2003; Locke et al. 2009;
Martin et al. 2011).

B. schlosseri is primarily recorded in marinas and harbors
in the northern and southern hemispheres and has become
a cosmopolitan alien species in marine human-made sub-
merged hard substrates (Figure 21.2) (Rinkevich et al. 1998a,
1998b, 2001; Ben-Shlomo et al. 2001, 2006, 2010; Stoner
et al. 2002; Paz et al. 2003; Bock et al. 2012; Reem et al.
2013a, 2013b, 2017; Yund et al. 2015; Karahan et al. 2016;
Nydam et al. 2017). In the northern hemisphere, populations
of B. schlosseri are distributed in all Atlantic coasts from
the southern coast of India (Meenakshi and Senthamarai
2006; 8°22° N latitude, where sea water temperature ranges
from 24 to 29.5°C), to the Norwegian sea ports (>62° N)
with sea water temperatures ranging between 3 and 17°C,
up to Alaska on the west coast of North America and British
Columbia, Canada, and the east coast (Epelbaum et al. 2009),
Japan (Rinkevich and Saito 1992; Rinkevich et al. 1992a),
Korea and more (Figure 21.2). Populations of this species
are further thriving under wide salinity ranges (18-34%;
Epelbaum et al. 2009). In the southern hemisphere, this spe-
cies is thriving in New Zealand (Ben-Shlomo et al. 2001),
Australia and Tasmania (Kott 2005), South Africa (Millar
1955; Simon-Blecher 2003), Chile and Argentina (Figure
21.2) (Orensanz et al. 2002; Castilla et al. 2005; Ben-Shlomo
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FIGURE 21.2 Global distribution of the Botryllus schlosseri five clades (a to e). The global distribution has been contributed by
anthropogenic factors (see geographical location section). (Graphic assistance by Guy Paz.)

et al. 2010). Early suggestions (e.g. Van Name 1945) have
implied that B. schlosseri originated in European waters, a
proposal supported by Reem et al. (2017), while Yund et al.
(2015) proposed that at least one haplotype in clade A (see
the following) is native to the northwest Atlantic. Carlton
(2005) proposed, albeit without supporting documentation, a
possible Pacific origin. It is further assumed that this world-
wide distribution pattern of B. schlosseri is primarily anthro-
pogenic in nature, initiated during the last millennium with
European travelers who sailed and explored the world, and
further enhanced by aquaculture activities (Fitridge et al.
2012; Carman et al. 2016).

The use of the cytochrome oxidase subunit I (COI)
marker for B. schlosseri population structures worldwide
has resulted in the detection of five highly divergent B.
schlosseri clades (termed A—E), leading to the assumption
that B. schlosseri is a complex of five cryptic, and probably
reproductively isolated, species (Bock et al. 2012). Yet Reem
et al. (2017) revealed the possibility of admixture between
individuals from clades A and E within two B. schlosseri
Mediterranean populations, challenging this assumption.
Clade A has emerged as a cosmopolitan, revealing signifi-
cant differentiation patterns between native and invasive
populations (Bock et al. 2012; Lin and Zhan 2016). The
other four COI clades are restricted to the Mediterranean
Sea and Atlantic European waters, with the wider distribu-
tion of clade E that is recorded from both sides of the La

Manche channel and many coasts in the Mediterranean Sea,
and clades B, C and D that are confined to a restricted few
harbors (Figure 21.2). B. schlosseri clade B was found only
in a single site, Vilanova, Spain, and in few samples (L6pez-
Legentil et al. 2006). B. schlosseri clade C was found in just
three sites (Lopez-Legentil et al. 2006; Pérez-Portela et al.
2009). Lopez-Legentil et al. (2006) recorded few clade C
specimens from Vilanova and Fornelos. Pérez-Portela et
al. (2009) collected three samples from Ferrol, 7 km from
Fornelos. This scarcity of data prevents the drawing of fur-
ther conclusions.

21.3 LIFE CYCLE

The life cycle of the Botryllus colony reveals a complex
astogeny (building of a colony body) where the continuous
and synchronous exchange of asexual-derived generations
of basic modules (the zooids in botryllid ascidians) takes
place on a weekly basis, a phenomenon of cyclical death and
rebirth that is called blastogenesis (Figure 21.1b) (Rinkevich
2002a, 2019; Manni et al. 2007, 2014, 2019; Rinkevich et
al. 2013; Tiozzo et al. 2005). Upon accomplishing ontog-
eny, the first established basic module (oozooid) (Figure
21.3b) then commences astogeny, where similarly sized
modules are continuously added in blastogenesis, a process
also known as asexual reproduction (Figure 21.3c, d), dic-
tated in B. schlosseri by synchronous and cyclical asexual
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multiplication processes; each lasts for about one week
(Figure 21.1b) (Rinkevich 2002a, 2019; Manni et al. 2007,
2014, 2019). At the colony level, zooids are arranged in star-
shaped systems, each with a common cloacal siphon in the
center, and when the colony expands, each colonial system
divides into two or more systems, each centered by a cloacal
siphon (Figure 21.3d). The continuous developmental pro-
cess of colonial growth is thus repeatedly interrupted by this
phoenix-like (Rinkevich 2019) death and rebirth cycles of
old and new modules, respectively (Figure 21.1b).

A mature B. schlosseri colony contemporaneously
accommodates three successive generations of modules at
any given time throughout the colony’s lifespan, the zooids
and two generations of buds, all arranged in a hierarchical
subdivision within the colony (Figure 21.1b, Figure 21.4).
The colony increases in size when more than one bud
replaces each zooid of the old generation. The mature func-
tioning modules are the zooids; the most-developed sets
of buds but not yet active modules are the primary buds;
and the youngest generation, the just-budded modules (the
budlets), are the secondary buds (Figure 21.4). The develop-
ment and growth of the three generations of modules are
highly synchronized so that all modules of a certain cohort
are exactly at the same differentiating state (Figure 21.1b)
(Milkman 1967). Although a colony can live for several
months to years, the colonial modules are transient, and the
life span of each module, from onset of secondary bud to
morphological resorption of the mature zooid, is about three
weeks (three blastogenic cycles), whereas the functional-
zooid status is for just one week/blastogenic cycle (Figure
21.1b) (under 20°C; Sabbadin 1955; Manni et al. 2007, 2019).

The budlets are formed and developed from the atrial
wall (the peribranchial epithelium) of the primary buds as
disc-shaped thickenings (Figure 21.4). The bud primordium
curves perpendicularly to the primary bud wall and forms a
small hemisphere and then tilts toward the anterior end of
the primary bud, already establishing the anterior—posterior
and dorsal—ventral axes (Sabbadin et al. 1975; Manni et al.
2007). At the end of the first week of the budlet’s life, hearts
are morphologically recognizable but do not function yet.
Following the takeover stage (see the following) and along
the second week of life, these modules become the primary
buds, where additional organogenesis steps advance toward
fully developed buds (Figure 21.4) (Berrill 1941a, 1941b;
Izzard 1973). Following the next takeover stage and simul-
taneously at the beginning of the third and last week of the
module’s life, they become fully functional zooids, with
open oral siphons, and are able to feed and breed (Figure
21.1b). All developmental stages of the three generations
of modules are coordinated simultaneously, and the young
zooids take over the colony from the older generation of
zooids (morphologically illuminated by opening their oral
siphons) simultaneously with the clearance and morphologi-
cal absorption of the old zooids (Figure 21.1b) (Lauzon et al.
2000, 2002; Manni et al. 2007, 2014; Ballarin et al. 2010).

The takeover phase, 24—36 hours at the end of each blasto-
genic cycle, is the most dramatic astogenic process, where the
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old zooids gradually shrink and are absorbed into the colo-
nial mass until completely disappearing (Lauzon et al. 1992,
2002; Manni et al. 2007; Ballarin et al. 2010). On the cellular
level, the morphological clearance of the zooids is manifested
by whole-zooid apoptosis and phagocytosis processes (Cima
et al. 2003; Ballarin et al. 2010), and cell corpse clearance is
assisted by hyaline amoebocytes and macrophage-like cells
(Cima et al. 2003; Voskoboynik et al. 2002, 2004; Ballarin
and Cima. 2005; Ballarin et al. 2008). Phagocyte digestion
may lead to an oxidative stress, further enhancing zooidal
senescence (Cima et al. 2010). Employing an anti-oxidant
treatment (BHT) on the blastogenic cycle, Voskoboynik et al.
(2004) have pointed to the importance of the macrophages in
triggering apoptosis. The phagocyted materials are than recy-
cled for other energy needs of the colony (Lauzon et al. 2002).

Two major staging methods associated with the complex
development of the three module types within a single blasto-
genic cycle in botryllid ascidians were suggested (Watanabe
1953; Sabbadin 1955; modification of Sabbadin’s method
was suggested by Izzard 1973). The blastogenic cycle is
either divided into four phases (Figure 21.1b) according to
Watanabe (1953), or into 11 stages according to Sabbadin
(1955). Each method has its pros and cons, and scientists use
either method according to their research interests.

Few studies have searched for the molecular machinery
controlling blastogenesis. One specific gene, Athena, was
defined (Laird et al. 2005b) as differentially upregulated
in the takeover stage as compared to the other blastogenic
phases while being transcribed in the developing buds and
absorbing zooids. Knockdown of the gene in Botryllus using
RNAI and antisense morpholinos led to abnormal develop-
mental syndromes of the buds. Further, the Botryllus homo-
logue PL-10 also revealed a cyclical pattern associated with
the blastogenic cycle with lower levels in old zooids as com-
pared to young buds (Rosner et al. 2006). The same applies
to 10 of the genes of the IAP family (a total of 25; Rosner et
al. 2019) that were upregulated at late blastogenic stages C
and D (Figure 21.1b) concurrent with increased expressions
of apoptosis-inducing genes (AIF1, Bax, MCI1) and three
caspases (caspase 2 and two orthologues of caspase 7), as in
the reorganization of the colonial architecture (Rinkevich
et al. 2013; Rosner et al. 2006, 2013, 2019).

When considering the yet-unknown cellular and molecu-
lar pathways which control astogeny in B. schlosseri, it is
of interest to evaluate the operation of astogeny-associated
gene families, as the same gene families may be used in
ontogeny (e.g. Rosner et al. 2014). One of the first genes used
for such comparisons is Pitx (Tiozzo and De Tomaso 2009;
Tiozzo et al. 2005), a developmental regulator involved in
organ development and in left-right asymmetry (Boorman
and Shimeld 2002; Hamada et al. 2002). The Botryllus Pitx
was present in earlier stages of bud development with similar
expression patterns as in the developing embryos, suggest-
ing a parallel role in module/embryo development (Tiozzo
et al. 2005; Tiozzo and De Tomaso 2009). Other tran-
scription factors involved in bud development are FoxAl,
GATAa, GATAD, Otx, Gsc and Tbx2/3 (Ricci et al. 2016a).
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Further research studied the expression along blastogenesis
of three conserved signal transduction pathways, Wnt/B-
catenin, TGF- and MAPK/ERK (Rosner et al. 2014), by
studying representative gene B-catenin (for Wnt/B-catenin
pathway), p-Smad2 and p-Smad1/5/8 (for TGF-p pathway)
and p-Mek1/2 (for MAPK/ERK pathway). Results revealed
that while the same molecular machinery is functioning in
Botryllus schlosseri astogeny and ontogeny, astogenic devel-
opment is not an ontogenic replicate (Rosner et al. 2014).
Blastogenesis (Figure 21.1b) in B. schlosseri holds some
unique characteristics for aging in colonial (modular) organ-
isms that distinguishes this type of aging from aging in uni-
tary organisms (Rinkevich 2017). Some characteristics that
refer to non-random (genetic based) mortality were recorded
in these organisms (Rinkevich et al. 1992b; Lauzon et al.

FIGURE 21.3 (a—d) Life stages of a Botryllus schlosseri colony.
(a) Botryllus begins its life as a mobile larva, composed of a visceral
trunk and locomotory tail. The mobility enables the larva to swim
and find adequate substrate to settle on. (b) At metamorphosis,
the attached larva becomes the first zooid, the oozooid, with open
oral and atrial siphons. On both sides of the oozooid, the new
generation of buds (white arrowheads) are formed and developed.
(c) After a few days, the 0ozooid is resorbed and is replaced by two
new zooids. (d) The numbers of zooids grows over time, forming a
mature colony. The size of a colony differs between colonies and
depends on the number of zooids (see colony in Figure 21.1a for
comparison). (€) A chimera composed of two distinct colonies,
connected via a blood vessel (two arrowheads). The chimera is
formed after a physical contact between the ampullae of both of
colonies (details in “Functional Approaches: Tools for Molecular
and Cellular Analyses”). Scale bars = 0.5 mm.
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2000; Rabinowitz and Rinkevich 2004; Rinkevich 2017).
The phenomena of budding, as well as module senescence,
can be concurrently expressed at three hierarchical levels
of colonial organization: the zooids, ramets and genets,
including the weekly blastogenesis, the whole-genet pro-
grammed life span (Rinkevich et al. 1992b); ageing at the
ramet level (Rabinowitz and Rinkevich 2004); and rejuve-
nilization after acute damage (Voskoboynik et al. 2002).
To further understand Botryllus blastogenesis and aging
at the molecular level, the aging-related heat-shock protein
mortalin was studied (Ben-Hamo et al. 2018). RT-PCR and
in-situ hybridization revealed significant upregulation of
mortalin in colonies during the takeover phase as compared
to other blastogenic phases. Quantitative PCR analyses of
excised buds and zooids showed significantly higher lev-
els of mortalin in buds as compared to functioning zooids.
These findings are in line with literature that demonstrated
lowering levels of mortalin in old organisms as compared
to young organisms (Yokoyama et al. 2002; Kimura et al.
2007; Yaguchi et al. 2007), demonstrating a possible aging
process that is restricted to the modules and associated with
the blastogenic cycle (Ben-Hamo et al. 2018).

21.4 EMBRYOGENESIS

Like the rest of the many colonial tunicates and unlike the
other chordates, Botryllus schlosseri is an ovoviviparous
species (Zaniolo et al. 1987) that reproduces both asexually
and sexually, and colonies are simultaneous hermaphrodites
(Berrill 1950; Rodriguez et al. 2014). The colonies can ran-
domly switch between male and hermaphrodite states fol-
lowing physiological stress or become sterile (Rodriguez
et al. 2016). Yet self-fertilization is eliminated, as male
gonads mature two days following the eggs’ fertilization
by foreign sperm (Milkman and Borgmann 1963; Milkman
1967; Mukai 1977). Nonetheless, self-fertilization was suc-
cessfully achieved under laboratory conditions (Milkman
and Borgmann 1963; Milkman 1967; Rinkevich 1993) and in
the field after surgical or natural separation of a colony into
systems (Sabbadin 1971; Gasparini et al. 2014), document-
ing that in the absence of foreign sperm, self-fertilization
may occur. Late fertilization is prone to embryo resorption
at blastogenesis stage D (the takeover phase) due to larval
delayed development (Milkman 1967, Stewart-Savage et al.
2001). Following metamorphosis of the larva (Figure 21.3a)
into the first established zooid (the oozooid) (Figure 21.3b),
it takes between 8 and 12 blastogenic cycles for the male
gonads to develop and mature (Sabbadin 1971; Sabbadin and
Zaniolo 1979). The female gonads mature afterward, estab-
lishing the hermaphrodite type of B. schlosseri’s sexual
reproduction (Figure 21.4).

The gonads are first observed in the secondary buds. At
onset, a bilateral gonad blastema appears where its medial
part will give rise to the testis and the lateral part to the
ovary. The oocytes and testes develop in the buds’ blastema,
and the oocytes move through several generations of buds
(Sabbadin and Zaniolo 1979). Testes and ovaries are formed
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in the blastema and located in mesenchymal spaces between
the epidermis and the peribranchial epithelium (Mukai 1977,
Sabbadin and Zaniolo 1979). A study on the sister-species,
Botryllus primigenius, showed that in cases where large
oocytes inherited from former generations reach the blastema
cell masses of the bud, part of the blastema is differentiated
into the egg envelope, creating the egg follicle and a follicle
stalk, while the other part of the blastema is differentiated
into the testes. If ova are missing, the cell mass will differenti-
ate into testes only (Mukai and Watanabe 1976). An ovary is
composed of one to four oocytes (Zaniolo et al. 1987) of dif-
ferent sizes and developmental stages (Sabbadin and Zaniolo
1979) and contains a variable number of undifferentiated
cells (Sabbadin and Zaniolo 1979). The globular egg that is
enclosed within the ovum is layered by the chorion (acellu-
lar vitelline coat or egg-membrane) and the inner and outer
follicle cell layers (Zaniolo et al. 1987, Manni et al. 1993)
and is connected to the atrial epithelium by vesicular ovi-
duct. Ovulation of eggs occurs inside the zooids at the onset
of each blastogenic cycle, in blastogenic stage A (Milkman
1967; Rodriguez et al. 2016). During ovulation, the outer fol-
licular layer is peeled off the egg, exposing the internal fol-
licular layer. The outer layer then forms an ephemeral corpus
luteum, and the egg ruptures and moves through the vesicular
oviduct. Each egg hangs on the atrial wall and the epithelium
of the oviduct, and together with the atrial epithelium, a cup-
like “placenta” is formed. The inner follicular layer adheres to
the placenta, forming junctional spots with the oviduct epithe-
lium and the filamentous layer that anchors the layers, ensur-
ing the attachment of the embryo to the parent. The corpus
luteum is resorbed before gastrulation (Zaniolo et al. 1987)
and then the outer follicular layer disintegrates and disappears
(Mukai 1977). Oocytes, primordial germ cells (PGCs) and
germ cells circulate freely in the blood system, temporarily
occupy niches within colonial modules (zooids and buds) and
move between generations of modules (Sabbadin and Zaniolo
1979; Magor et al. 1999; Voskoboynik et al. 2008). During
their journey, PGCs present stemness genes such as BS-Vasa,
BS-DDXI1, y-H2AX, BS-cadherin, phosphor-Smad1/5/8 and
more (Rosner et al. 2013).

A testis (Figure 21.4) is a multilobe structure made of
branched tubes ending in swollen follicles that host the
undifferentiated germ stem cells and all daughter cells
through spermatogenesis and where the most mature cells
are located in the middle of the follicles and the least devel-
oped cells in the periphery (Burighel and Cloney 1997).
Spermatogenesis initiates in blastogenic stage Al. During
testis maturation (blastogenic stage B1), sperm is released
from the atrial siphon, aided by the hydraulic force to be
swept away far from the colony (Milkman 1967; Burighel
and Cloney 1997), so along blastogenic stage Cl, most
of the sperm is already released (Rodriguez et al. 2016).
Several associated gene expressions (e.g. tetraspanin-8,
testis-specific serine/threonine protein kinase-1 and vitello-
genin-1) typify spermatogenesis as Otoancorin, a marker for
developing testes (Rodriguez et al. 2014).
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The cleavage of the ascidian embryo is holoblastic and
bilateral, and the gastrulation occurs by epiboly and invagi-
nation, while the large archenteron (where the notochord is
formed) eliminates the blastocoel. The archenteron prolifer-
ates laterally, growing into a solid band of mesodermal cells
in each side of the body, and, unlike other deuterostomes, in
ascidians, the mesodermal bands do not arise by enterocoely
and do not develop coelomic cavities. The differentiation of
the ectoderm occurs along the mid-dorsal line into a neu-
ral tube where the ectoderm sinks inward and rolls upward,
forming the neural tube. The embryo is developed to a leci-
thotropic, non-feeding larva (Figure 21.3a) that hatches and
swims throughout the oral siphon into the outer world (Berrill
1950; Rodriguez et al. 2016), according to Mukai (1977).

The tadpole larva is divided into a visceral trunk and
locomotory tail (Figure 21.3a). The trunk contains cere-
bral vesicle and viscera. The digestive system that exists
in the larva does not function yet and will remain in the
newly developed oozooid following metamorphosis (Figure
21.3b). The tail is propulsive and contains musculature, the
notochord (a hollow tube that contains extracellular fluid),
dorsal neural tube and an endodermal rudiment, while the
dorsal and the ventral fins on the tail are folds of the larval
tunic. The cerebral vesicle, which is located in the dilated
anterior end of the neural tube, includes the ocellus and
statocyst (Ruppert et al. 2004). The life-span of the swim-
ming larva is short (less than one hour), following which the
larva attaches to a substrate, aided by three anterior adhe-
sive papillae and metamorphoses. The tail is retracted and
absorbed, resulting in the loss of the notochord, dorsal hol-
low nerve cord, the musculature and the endodermal rudi-
ment. The area between the adhesive papillae goes through
a massive growth, resulting in a rotation of the body by 90°,
positioning the siphons upward (opposite to the substrate).
Then the atrium expands, enclosing the anus and the phar-
ynx. The oozooid gives rise to the first zooid (Figure 21.3c),
which, following several blastogenic cycles, will form a
colonial entity (Figures 21.1a, 21.3d) (Ruppert et al. 2004).

21.5 ANATOMY

Botryllus schlosserti, like all other ascidians in the subphy-
lum Tunicata, lacks the typical chordate features while pos-
sessing in the larval stage the essential chordate traits of a
hollow dorsal nerve cord, a notochord, pharyngeal pouches
and a tail (Berrill 1935; Ruppert et al. 2004).

Botryllus schlosseri colonies vary in color phenotypes,
ranging from yellow, orange and brown to blue, green, gray
and more. The intensity of colors and variation in coloration
may be affected by age and environmental state of the col-
ony (Milkman 1967; Lauzon et al. 2000), but the animal’s
basic color patterns are based on genetics (Sabbadin 1977).
The sizes of Botryllus colonies are variable and can range
from a few millimeters to several centimeters, depending on
the number of zooids in a colony, from few to thousands
(compare Figure 21.1a to Figure 21.3d) (Chadwick-Furman
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and Weissman 1995). From the anatomy point of view,
a Botryllus schlosseri colony can be defined according to
three levels of body organizations: the entire colony/genet
level, the level of the system/ramet and the level of the mod-
ules (Rinkevich 2017). The following text considers the
Botryllus anatomy at each level of organization.

The colonial mass (the genet, as well as each separated
ramet) of Botryllus schlosseri is composed of a different
number of modules (the zooids; in diverse developmental
stages), which are embedded in the tunic and are connected
to each other through a ramified blood system. The tunic is
a gelatinous-like, fibrous, transparent extra-cellular matrix
(Figure 21.1a, Figure 21.3) (Zaniolo 1981). It contains mainly
carbohydrates and also proteins and motile cells (Smith and
Dehnel 1971; Richmond 1991; Ruppert et al. 2004). A cel-
lulose-like polymer named tunicin is abundant in the tunic.
Tunicates are the only known animals that have a unique
ability to produce cellulose-like materials using a cellulose-
synthase (Nakashima et al. 2004, 2008; Inoue et al. 2019).
The tunic envelops the zooids with a thin, dense cuticle layer
that covers the entire tunic (Zaniolo 1981). Three types of
test cells are found in the tunic. The first and most abundant
cell type is the vacuolated motile cells, defined by filopo-
dia that are homogeneously distributed in the tunic (Izzard
1974; Zaniolo 1981; Hirose et al. 1991; Hirose 2009). The
other two test cell types are fusiform cells that are usually
found adjacent to vessel walls and fibrocytes that have pseu-
dopodia and are spread in the tunic (Zaniolo 1981; Hirose et
al. 1991; Hirose 2009). In addition, diverse types of blood
cells infiltrate and found in the tunic (Ruppert et al. 2004;
Hirose 2009). The tunic and the test cells form together a
complex connective-like tissue (Nakashima et al. 2008).

A ramified vasculature system is embedded in the tunic
(Berrill 1950; Ruppert et al. 2004) and connects between
all zooids. Each blood vessel in the network is made of an
epithelium that connects to the zooids. The blood system
of the zooids is open and contains lacunae across organs
(Milkman 1967; Gasparini et al. 2007). The tunic vessels
are uniquely lined by epidermis and epidermal basal lamina
(Ruppert et al. 2004). The vessels are terminated in ampul-
lae, numerous swollen thickening endings, sausage-like
structures (Figure 21.4), located in the external boundaries
of the tunic that help the colony to attach to or glide on the
substrate (Katow and Watanabe 1978). The blood flows due
to the contraction of both the zooids’ hearts and the ampullae
(Milkman 1967). The ampullae are the organs for primary
physical contact sites in allorecognition and are the areas
for self/non-self recognition between colonies (more details
in section “Functional Approaches: Tools for Molecular and
Cellular Analyses”) (Katow and Watanabe 1980; Rinkevich
and Weissman 1987a, 1987b).

The zooids are embedded within the tunic, in accordance
with the Botryllus-specific pattern formation, as circular,
star-like structures, each termed a system, ergo the epithet
“star-ascidian” for Botryllus (a colony with two systems is
shown in Figure 21.3d). Each system contains up to 10-12
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zooids, and the numbers of systems/zooids in colonies vary,
depending on free substrate space, environment conditions
and colony vitality (Chadwick-Furman and Weissman 1995;
Lauzon et al. 2000). The atrial siphons of the grouped zooids
open into a common atrial chamber.

It is customary to separate (sub-clone) the colony into
systems using a simple surgical procedure. When the sepa-
ration is carried out properly, the separated systems, termed
ramets, recover rapidly. Sub-cloning is a common procedure
carried out in laboratories due to its experimental advan-
tage in receiving a number of genetic-identical repeats (sub-
cloning methodologies in Rinkevich and Weissman 1987a;
Rinkevich 1995).

The zooids in Botryllus are divided into three groups
according to their developmental stages, the zooids, the
primary buds and the secondary buds (Figure 21.4; more
on module development in the life cycle section). Here we
will reveal the anatomy of the mature modules, since the
buds are going through diverse stages of organogenesis. In
a typical zooid, the soma is delineated by the body wall,
the mantle, formed by the epidermis that contains connec-
tive tissue, blood vessels/lacunae and muscle strands. The
zooid is oval, over 1 millimeter in length, and contains two
openings: the oral (branchial or buccal) siphon, which is the
mouth and is also used as the sperm/larvae doorway (Berrill
1950; Rodriguez et al. 2016), and the atrial siphon, which
is an excretion site. The oral siphon is adorned with eight
tentacles (four long and four short), leading to a pharynx,
which is the branchial sac (Berrill 1950). Tunicates are fil-
ter-feeders, a process executed by the branchial sac (Figure
21.4), attaining their food from the seawater by intake of
water through periodic contraction of the body wall. Food is
filtered through the branchial sac by dedicated ciliatic cells
arranged in slits named stigmata. This organ also partici-
pates in respiration process. Planktonic food is captured by
the mucus in the branchial sac and then collected and trans-
ported via the cilia to the digestive system located in the vis-
ceral cavity, started from the pharynx, to the esophagus, the
stomach, the U-shaped gut and last the atrium and outside
the body through the atrial siphon (Berrill 1950). Botryllus,
like other tunicates, lacks conventional nephridia. Instead,
ammonia is released by diffusion, while other by-products
such as uric acid and calcium oxalate are stored in special-
ized cells named nephrocytes that accumulate in various tis-
sues (Ruppert et al. 2004)

The nervous system is composed of a cerebral gan-
glion and a neural (pyloric) gland. The cerebral ganglion
is a rounded hollow ‘“brain” located in a connective tissue,
where the stemming nerves connect to the branchial siphon
and to musculature (Ruppert et al. 2004). The pyloric gland
is a hollow blind-sac stemming from the basal region of the
stomach, branching over the wall of the intestine and ending
in ampullae, and is involved in the evaluation of environ-
mental signals (Burighel et al. 1998). A monoclonal anti-
body that is specific to the cells of the pyloric gland has been
developed (Lapidot et al. 2003), a unique tool in research.
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FIGURE 21.4 A close-up back-side photo of a colony growing on a
glass slide, superimposed (in the center) with illustration describing
the anatomy of the three generations of colonial modules. The zooid
(z) is the mature module, and to the left of it is a primary bud (pb)
marked with two secondary buds (sb) that appear as small round
protrusions. The endostyle (en) is illustrated as elongated organ and
is clearly seen in the zooid and in the primary bud. The branchial
sac (bs) is composed of the endostyle and the stigmata, represented
here by numerous oval-like thin structures. Zooids may contain
testes (t) and an egg (e). “s” refers to the stomach. Blood vessel
endings, the ampullae (a), are also marked as swollen structures at
the periphery of the colony. Scale bar = 0.5 mm.

The heart is a long, tube-shaped structure made of a simple
epithelium and striated muscle. The blood flows through the
heart thanks to peristaltic movement waves. The zooids’
heartbeats are synchronized for the rate and direction of
flow. The hearts beat together so that the blood flows in the
same direction for a few seconds and then stop and continue
to beat in the opposite direction.

In the dorsal part of the zooid, a long, tube-like organ
named the endostyle (Figure 21.4) is composed of eight
zones, even and odd, where the odd zones have cilia and are
in charge of mucus propelling, while the even zones mani-
fest secretion (Burighel and Cloney 1997). The endostyle
is a vertebrate thyroid homologue that further synthesizes
and secretes thyroid hormones used for iodine metabolism
(Ogasawara et al. 1999). In addition, it serves as a transient
niche for hematopoietic stem cells (Voskoboynik et al. 2008)
and is highly functional in feeding, secreting a mucus net
aiding the branchial sac to capture food particles (Holley
1986; Burighel and Cloney 1997).

21.6 GENOMIC DATA

Using a novel high-throughput method for eukaryotic
genome sequencing, a draft genome of Botryllus schlosseri
from Monterey, California, possessing 27,000 estimated
genes and 38,730 putative protein-coding loci, was pub-
lished in 2013 (Voskoboynik et al. 2013a). Former genomic
analyses using flow cytometry elucidated a genome size
of 725 Mb (De Tomaso et al. 1998), based on 16 haploid
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chromosomes (according to Colombera 1963) or 13 (accord-
ing to Voskoboynik et al. 2013a). About 65% of the B.
schlosseri draft genome is composed of repeating segments,
summing up to 6,601 repetitive families, each with three
copies or more. A particular group of 1,400 large inter-
spersed repeat gene families that are over 1 kb in length are
located at dispersed genomic regions, with >10% that each
possess >100 copies, and are found in several chromosomes.
The average size of a gene is 3.6 kbp, and the average size of
an exon is 170 bp. In order to estimate the protein-encoding
genes, transcriptome sequence data were constructed from
19 B. schlosseri colonies. The transcriptome was com-
pared to the list of the putative proteins, revealing at least
30% matches that support the sequenced genome validity
(Voskoboynik et al. 2013a). Further, to evaluate the Botryllus
phylogenetic relationships with other taxa, Voskoboynik et
al. (2013a) compared 521 nuclear gene sequences (40,798
aligned amino acids) with homologous sequences from 14
other model species, including six vertebrates, a tunicate, a
cephalochordate, an echinoderm, an insect, two cnidarians,
a sponge and a choanoflagellate. Meta-analysis supported the
prevailing notion that Botryllus, as a tunicate, belongs to the
phylum Chordata. The predicted proteomics of Botryllus,
which was compared with vertebrate proteomics, revealed
high homologies: 77% with human, 85% with chicken
and 86% with frog, suggesting a common ancestor. Also,
Botryllus is the only protochordate that carries genes related
to pregnancy-specific-glycoproteins (PSGs) (Voskoboynik
et al. 2013a). The browser of the Botryllus genome is found
at either of these links: http:/botryllus.stanford.edu/botryl-
lusgenome/ or http://hegemon.ucsd.edu/bot/.

Mitochondrial genome sequencing (Voskoboynik et al.
2013a) revealed 14,928-bp-long mtDNA that includes 24
tRNAs, 2rRNAs and 13 proteins. This composition of proteins
and nuclear acids is typical to tunicate mitochondrial genes.
The sequences of the 13 putative proteins in the Botryllus
mtDNA were further subjected to phylogenetic analyses and
were compared to 66 organisms, including tunicates, verte-
brates, cephalochordates, xenoturbellides, hemichordates,
echinodermates and two outgroups (arthropods and mol-
lusks), suggesting, as with the nuclear gene phylogenetics, a
common ancestor with vertebrates. Results further demon-
strated high substitution rates of nucleotides in tunicates and
that the stolidobrancian tunicates (including Botryllus) create
a monophyletic group (Voskoboynik et al. 2013a).

Gao et al. (2018) developed a large resource of Botryllus
single-nucleotide polymorphism (SNP) using restriction site-
associated DNA (RAD) tag sequencing, revealing 14,119
SNPs that are available for use. The SNPs served as markers
to evaluate population genetic characteristics in Botryllus.

Studying Botryllus within diverse areas of interest such
as astogeny of colonial organisms (blastogenesis; Manni et
al. 2007, Ben-Hamo et al. 2018; Manni et al. 2019), regen-
eration (including whole-body regeneration; Rinkevich
and Weissman 1990; Voskoboynik et al. 2007; Rinkevich
and Rinkevich 2013; Rosner et al. 2019), allorecognition
and population genetics gained informative genomic data,
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partially unveiling the cryptic biology underlying these phe-
nomena. The following paragraphs summarize the central
publications on the genomic data.

Blastogenesis has been well characterized in Botryllus
both anatomically and ontogenically (Manni et al. 2019;
Manni et al. 2014; Sabbadin et al. 1975; Izzard 1973; Berrill
1941a, 1941b). Recent years have yielded novel insights on
the molecular processes underlying blastogenesis (Franchi
et al. 2017, Campagna et al. 2016; Ricci et al. 2016a;
Rodriguez et al. 2014; Rinkevich et al. 2013; Rosner et al.
2014, 2019; Qarri et al. 2020). Transcriptomes of three
major stages along the Botryllus blastogenic cycle (mid-
cycle, the pre-takeover and the takeover phases; Campagna
et al. 2016; available at http://botryllus.cribi.unipd.it) have
revealed 11,337 new genes, of which 581 transcripts were
determined with complete open reading frames. Many
sequences emerged as genes involved in apoptosis activa-
tion, de-activation and regulation (Campagna et al. 2016).
Analyzing the differential expression for fertile vs. infertile
B. schlosseri colonies, Rodriguez et al. (2014) revealed a set
of genes that are differentially expressed in every blastogen-
esis stage analyzed. The highest numbers of differentially
expressed genes were found in early stages, many of which
are homologous to vertebrates. These genes have conserved
roles in organism fertility (Rodriguez et al. 2014).

Ricci et al. (2016b) constructed transcriptomics librar-
ies from epithelial tissues of developing buds and from
non-developing buds and revealed differentially expressed
gene expressions in the developing bud epithelial tissues
that are associated with regeneration and stem cell func-
tions and homologous to genes in other model organisms.
Further sets of unknown genes were elucidated, indicating
possible specific genes and functions associated with bud-
ding in B. schlosseri colonies (Ricci et al. 2016b), while in
other cases, such as in response to reactive oxygen species
(ROS) that emerge during the takeover stage (Cima et al.
1996; Voskoboynik et al. 2004), five transcripts for antioxi-
dant defense enzymes [SOD (superoxide dismutase), GCLM
(glutamyl-cysteine ligase modulatory subunit), GS (gluta-
thione synthase), GPx3 and GPx5 (two glutathione peroxi-
dases)] were identified (Franchi et al. 2017).

Allorecognition in botryllid ascidians is manifested when
two or more genotypes come into physical contact with
each other, resulting in either fusion (chimera formation)
or rejection (see more in “Functional Approaches: Tools for
Molecular and Cellular Analyses”). To assess the repertoire
of differentially expressed genes during rejection, Oren et
al. (2007) constructed expressed sequence tag (EST) librar-
ies where allogeneic challenged colonies were compared
to naive counterparts and revealed dozens of specifically
expressed genes homologous to genes involved in diverse
immunological processes. The list includes stress proteins,
pattern recognition receptors, complement proteins, prote-
ases and protease inhibitors, cell adhesion and coagulation
proteins, cytokine-related proteins, programmed cell death
and proteasome-related proteins (Oren et al. 2007). Then
Oren et al. (2010) elucidated transcriptional differences

393

between the genotypes involved in the allogeneic rejection
processes, the partner that displays the points of rejection
(PORs; rejected partner) and the rejecting partner “caus-
ing” the PORs. Microarray and complementary qPCR
assays revealed two distinct transcriptional landscapes for
“rejected” vs. “rejecting” colonies in the same allogeneic
assay. In the “rejected” colonies, 87% of the ESTs were
downregulated as compared to the “rejecting” partner show-
ing only minor changes (0.7%) in the allogeneic assay. In
the “rejected” transcriptome, three functional groups were
downregulated substantially: protein biosynthesis, cell
structure and motility and immune-related genes, overall
depicting the inhibition of response components rather than
enhancement of immunologic responses (Oren et al. 2010).

Studies were further engaged with the Botryllus regen-
eration abilities and the roles of stem cells in this process
(Braden et al. 2014; including whole-body regeneration;
Rinkevich and Weissman 1990; Voskoboynik et al. 2007,
Rinkevich and Rinkevich 2013; Rosner et al. 2019).
According to these studies, stem cells circulate the blood
system of the colonies and are confined to dedicated stem
cell niches as the niches adjacent to the endostyle. Stem cells
play a pivotal role in budding de novo of new generations
of modules and in regeneration according to their genomic
signatures. Three presumed stem cell populations were
described in Botryllus (CP25, CP33 and CP34), and their
expressed genes overlap with those of the mouse hematopoi-
etic stem cells (Rosental et al. 2018).

21.7 FUNCTIONAL APPROACHES: TOOLS FOR
MOLECULAR AND CELLULAR ANALYSES

Colonial tunicates such as Botryllus schlosseri express
unique biological phenomena and are valuable models for
variety of research fields, yielding novel discoveries and
functional tools in the research. We detail an overview of
three main tools that can be applied for diverse studies.

21.7.1 A MobDEL FOR CHIMERISM

The first research tool is the use of Botryllus schlosseri as
an accessible model system for allorecognition, primarily
for chimera formation. Chimerism is the biological state
where an organism is composed of cells originating from
two genetically distinct conspecifics and is based on the
capacity for morphological fusions between these organisms
(Figure 21.3e). Artificial chimerism (performed in research
institutions) is being achieved in model organisms such as
frogs (Volpe and Earley 1970), rats (Fang 1971) and mice
(Eichwald et al. 1959), established by uniting allogeneic cells
during early embryonic stages or via surgical interventions in
adults. These systems have proved an indispensible tool for
a variety of research fields, such as hematology (Abkowitz et
al. 2003), immunology (Liu et al. 2007), aging (Conboy et al.
2013) and more. Although parabiosis is an important system
for studies, two main challenges keep it from being used on a
wide scale in biology. First, growing public concern in recent
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years delegitimizes the use of adult parabionts in experi-
mental settings, and second, the traumatic protocols cause
enormous stress that may influence the results of the studies.
Botryllus chimerism may alleviate these challenges.

Botryllid ascidians possess a unique type of immunity
(allorecognition system) that may reveal the evolutionary
routes for vertebrate immune systems (Magor et al. 1999;
Weissman et al. 1990; Cooper et al. 1992; Rinkevich 2004,
2005a), as well as chimerism, revealing evolutionary and
ecological aspects for this phenomenon (Rinkevich 2005b).
Interest in B. schlosseri immunity has centered on allogeneic
recognition and its consequences, as pairs of colonies that
meet naturally (or in the laboratory) either anastomose con-
tacting ampullae to form a vascular parabiont (Figure 21.3e)
or develop cytotoxic lesions in the contact zones (termed
points of rejection; Sabbadin and Astorri 1988; Teneda et al.
1985; Rinkevich and Weissman 1987a, 1987b, 1987c, 1991;
Weissman et al. 1990; Rinkevich 1992, 1996, 1999a). In
many cases, pairs of colonies that fused or rejected each other
retreat, growing from their points/areas of contact (Rinkevich
and Weissman 1988). B. schlosseri chimeras were widely
recorded in the field (Ben-Shlomo et al. 2001), most likely
the outcome of co-settlement aggregates of histocompatible
kin colonies (Grosberg and Quinn 1986). Once colonies fuse,
a second allorecognition phenomenon begins which leads to
the morphological elimination (resorption) of one partner in
the chimera (Rinkevich and Weissman 1987a, 1987b, 1987c,
1989; 1992a, 1992b; Sabbadin and Astorri 1988), termed allo-
geneic or chimeric resorption (Rinkevich 2005a) and based on
a highly complex and polymorphic organization of histocom-
patibility alleles, revealing a clear hierarchy in the resorption
phenomenon (Rinkevich 1993; Rinkevich et al. 1993). Yet a
mild stress may change resorption directionality in B. schlos-
seri chimeras by expressing a non-genetic type of apoptotic
pathways (Rinkevich et al. 1994).

One of the most interesting outcomes of chimerism in
B. schlosseri are the phenomena of somatic/germ cell par-
asitism (Sabbadin and Zaniolo 1979; Pancer et al. 1995;
Stoner and Weissman 1996; Magor et al. 1999; Stoner et
al. 1999; Rinkevich and Yankelevich 2004; Simon-Blecher
et al. 2004). Somatic and germ cell parasitism in chimeric
B. schlosseri colonies are recognized when the soma and/
or the gonads do not reflect equal contributions by the part-
ners involved and are further recorded in “forced chime-
ras” established between allogeneic noncompatible partners
(Rinkevich and Weissman 1998; Simon-Blecher et al. 2004).
Germ cell parasitism in this system is fixed, reproducible,
reveals hierarchical arrangements and, above all, is sexually
inherited (Stoner et al. 1999; Rinkevich and Yankelevich
2004). In contrast, somatic cell parasitism, while reproduc-
ible and hierarchical, has not been characterized by the trait
of sexual inheritance through a pedigree (Stoner et al. 1999).
It may thus be concluded that somatic and germ cell parasit-
ism are unlinked phenomena (Stoner et al. 1999; Magor et al.
1999; Rinkevich and Yankelevich 2004) and that for both
types of cell parasitism, the chimeric entity enables foreign
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somatic and germ stem cells to hitchhike within the “winner”
genotypes without being visible to natural selection forces
that act on the winner genotypes (Rinkevich 2002a, 2002b,
2004a, 2004b, 2011a), part of the proposed “costs” for chi-
merism (Rinkevich 2002b, 2005b, 2011a). Yet several studies
that evaluated “costs” and “benefits” predictions for chime-
rism in B. schlosseri revealed two major benefits, the shifts
of the somatic constituents within chimeras in accordance
with changes in environmental conditions and the expres-
sion of the heterosis phenomenon in chimeras, occurred
via scrutinizing against genotypes that are less adapted to
adverse environmental conditions (Rinkevich 1993, 2005b;
Rinkevich et al. 1993; Rinkevich and Yankelevich 2004).
This attests to the indispensable tool of B. schlosseri in the
study on chimerism, allorecognition (see also Oren et al.
2010, 2013) and the evolution of immunity.

21.7.2  AccessiBLE REGENERATION/AGING
STEM CELL-MEDIATED SYSTEM

Scientific efforts that have been made over the years to
study the biology of stem cells in vertebrates and have led
to important understanding in the roles of stem cells in
regeneration and aging (Conboy et al. 2015; Singer 2016;
Bacakova et al. 2018; Busque et al. 2018; Keyes and Fuchs
2018). Since stem cells play a crucial role in regenerative
abilities and aging of multi-cellular organisms, some con-
sider these two phenomena opposite correlated and bounded
by stem cell fitness (Conboy et al. 2015; Singer 2016; Keyes
and Fuchs 2018). In comparison to the vast knowledge
gained on stem cells in vertebrates, little is known on the
function of stem cells in invertebrates (Vogt 2012; Ballarin
et al. 2018). As opposed to vertebrates, invertebrates have
impressive abilities to regenerate their bodies. Some hypoth-
eses suggest reasoning for the gradual loss of regenerative
abilities from invertebrates to vertebrates (Rinkevich and
Rinkevich 2013; Luisetto et al. 2020). Botryllus schlosseri
is an optimal model for studies of adult stem cells, regen-
eration and aging (Rosner et al. 2006, 2007, 2013, 2019;
Voskoboynik et al. 2007, 2008, 2009; Rosner and Rinkevich
2007; Rinkevich 2011b; Rinkevich et al. 2013; Munday et
al. 2015; Voskoboynik and Weissman 2015; Rinkevich 2017;
Ben-Hamo et al. 2018; Qarri et al. 2020). Asexual budding
cycles (blastogenesis) include de novo whole body regenera-
tion every week throughout the life of colonies (more info
in life-cycle section). In addition to the weekly death and
growth cycles (Rinkevich 2019), Botryllus is able to perform
vascular budding of new modules after amputating all exist-
ing modules except tunic and blood vessels (Sabbadin et al.
1975; Voskoboynik et al. 2007) and following major stress
phenomena, including irradiation (Rinkevich and Weissman
1990; Voskoboynik et al. 2002, 2004; Qarri et al. 2020).
Stem cells were further defined as units of selection of the
species (Laird et al. 2005a; Rinkevich et al. 2009; Weissman
2015). Thus, Botryllus is a unique, omnipotent model organ-
ism for studies of regeneration, aging and stem cell biology.
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21.7.3  AccessiBLE IN ViTRO INVERTEBRATE CULTURES

In vitro approaches in research have advanced scientific dis-
ciplines, yet, in spite of significant efforts invested, they have
not been successful in obtaining stable in vitro tissue cul-
tures from any marine invertebrate, including from Botryllus
(Rinkevich 1999b, 2005¢c, 2011b; Grasela et al. 2012). In
spite of these failures, several primary cultures were devel-
oped successfully from embryos and larvae (Rinkevich
and Rabinowitz 1994) and epithelial cell cultures from pal-
leal buds (Rinkevich and Rabinowitz 1997, Rabinowitz
and Rinkevich 2003, 2004, 2011; Rabinowitz et al. 2009).
These in vitro approaches revealed that abrogating the in
vivo colonial homeostasis resulted in extended life span and
developmental features not recorded along blastogenesis. For
example, extirpated buds (in vitro organ cultures) at blasto-
genesis stages B to D attached to the bottoms developed novel
spheres (up to 1 mm diameter), and then they developed epi-
thelial monolayers on substrates for the next ten days, about a
fivefold increase in life expectancy under in vitro conditions.
Further, instead of the apoptotic death of cells under normal
blastogenesis (Lauzon et al. 2002), the in vitro death of epi-
thelial monolayers was necrotic (Rabinowitz and Rinkevich
2004). Results revealed the unexpected regenerative power
of isolated blastogenic stage D zooids (at the takeover phase
process) under in vitro conditions that developed almost three
times more epithelial monolayers than blastogenetic stages B
and C buds, with a higher order of magnitude in monolayer-
to-sphere ratio (Rabinowitz and Rinkevich 2004, 2011), and
the vast majority of these stage D buds developed epithelial
monolayers directly, without forming spheres. Generally
speaking, Rabinowitz et al. (2009) showed enhanced expres-
sions of actin, PL10, P-MEK, MAP-kinase, Piwi and cad-
herin in extirpated buds and monolayers, exhibiting de novo
emergent stemness signatures.

21.8 CHALLENGING QUESTIONS BOTH IN
ACADEMIC AND APPLIED RESEARCH

Botryllus schlosseri presents unique biological phenomena
which are highly valuable to several fields in biology (Rinkevich
2002a; Manni et al. 2007; Voskoboynik and Weissman 2015;
Manni et al. 2019). Yet studies on Botryllus are engaged with
challenges that have not yet been solved. In the following, we
will overview three major research challenges.

21.8.1 BREEDING IN THE LABORATORY

In spite of the growing scientific interest in using Botryllus
schlosseri as a model organism in a wide range of scientific
disciplines, only three laboratories worldwide hold colo-
nies in captivity (in California, at Hopkins Marine Station,
Stanford University; in Italy, at the University of Padova;
and in Israel, at the National Institute of Oceanography,
Haifa). In some other laboratories, such as in Japan
(Shimoda Marine Station), some B. schlosseri colonies
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were held in the past. All these sites commonly have access
to seawater facilities, while the methodologies of animal
maintenance differ (e.g. in Israel, Rinkevich and Shapira
1998; in California, Boyd et al. 1986; in Italy, Brunetti et
al. 1984). One of the challenges holding back development
of brood stocks for research is therefore the development
of methodologies and facilities for inland maintenance of
the animals. For example, the use of artificial seawater
has not yet been reported in the literature, and the current
only way to hold stocks of breeding, healthy and fertile
Botryllus colonies over time is the use of fresh seawater, in
most cases using running seawater systems.

21.8.2 LACK OF SUFFICIENT MOLECULAR
ResearcH Tools

For esoteric model organisms such as Botryllus schlosseri, one
major obstacle is the lower efforts dedicated to developing ade-
quate molecular tools by research laboratories and commer-
cial companies, in contradiction to the investment in molecular
tools for “popular” model organisms. Even basic tools, such
as specific antibodies for Botryllus, cannot be commercially
supplied and should be prepared in the lab, a time- and money-
consuming process. Another struggle is the current failure to
produce transgenic Botryllus or apply CRISPR gene editing on
this species. These burdens slow the progress of research on
Botryllus and can be eased if more laboratories will join the
community of Botryllus schlosseri researchers.

21.8.3 LAck oF INBRED STRAINS/LINES

In popular models, a variety of inbred lines and strains of ani-
mals are available, including strains that are being used as
models for specific diseases and deficiencies. At the moment,
there is no single inbred strain or line of Botryllus, and the
diverse laboratories obtain the animals from their geographic
marine locations, revealing high variations between animals.
The lack of common strains for research may harm the abil-
ity to compare between studies due to variations between and
within Botryllus ecotypes that stem from sampling different
geographic locations and/or different Botryllus clades.
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