
DRUG DISCOVERY

TODAY

DISEASE
MODELS

Tunicates: A model organism
to investigate the effects of
associated-microbiota on the
production of pharmaceuticals
Anelize Bauermeistera,*, Paola Cristina Brancoa,
Luciana Costa Furtadoa, Paula Christine Jimenezb,
Leticia Veras Costa-Lotufoa, Tito Monteiro da Cruz Lotufoc,*
aDepartamento de Farmacologia, Instituto de Ciências Biomédicas, Universidade de São Paulo, São Paulo, SP, 05.508-000, Brazil
bInstituto do Mar, Universidade Federal de São Paulo, Santos, SP, 11.070-100, Brazil
cInstituto Oceanográfico, Universidade de São Paulo, São Paulo, SP, 05508-120, Brazil

Drug Discovery Today: Disease Models Vol. 28, 2019

Editors-in-Chief
Jan Tornell – AstraZeneca, Sweden
Andrew McCulloch – University of California, SanDiego, USA

Animal Models for Exploring the Microbiome
Ascidians are marine invertebrates closely related to

vertebrates. These animals have been studied to ad-

dress complex processes, including evolution of the

immune system and developmental biology. As holo-

bionts, housing millions of bacteria in a close relation-

ship that drives adaptive fitness to environmental

conditions, ascidians are successful invaders and domi-

nant components of the benthic communities. Further,

tunicates and their associated microbiota are recog-

nized as producers of chemical structures with phar-

macological potential, and over 1000 such molecules

have been described so far. This review covers aspects

of ascidian biology that make them promising model

organisms in various fields and important for drug

discovery.
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Introduction
Tunicates (or urochordates) are marine invertebrate filter

feeders belonging to the phylum Chordata, which also

includes cephalochordates and vertebrates. The presence of

a notochord is the main shared character, or synapomorphy,

that groups these organisms into the same phylum. Ascidians

(class Ascidiacea), popularly known as sea squirts, are the

most speciose class of tunicates, with about 3000 species

described so far. They can be found throughout marine
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environments, from shallow to deep waters [1]. Tunicates are

currently considered the closest relatives of vertebrates [2,3],

suggesting that they are a good model organism for develop-

mental and evolutionary studies, particularly regarding

the immune system. As filter-feeders, ascidians are highly

exposed to environmental factors such as pathogens. There-

fore, their immune system should be complex and well-

structured. The tunic, a living tissue containing a complex

structure based on a cellulosic matrix, is considered the first

barrier against pathogens and predators. The oral siphon and

pharynx function as the main immune organs, and can detect

foreign material and activate the immune system [4].

As both shelter and source of nutrients, these organisms

can provide an attractive environment for the development

of a diverse and abundant microbiota. The increasing atten-

tion to the microorganisms associated with animal hosts, as

well progress in our knowledge of their roles and mutual

interactions, led to the establishment of the holobiont para-

digm [5]. Within marine animals, ascidians have been con-

sidered and studied as a holobiont system, in which the

invertebrate harbors a diverse assemblage of microorganisms.

The microbiota of ascidians is still poorly known, as most of

these microorganisms cannot be detected through typical

culture methods. Recent advances in metagenomic techni-

ques have allowed deeper investigation of the associated-

microbiota in holobionts. Nonetheless, the relationship

between ascidians and their microbiota has not yet been

thoroughly investigated, and their effects on the host im-

mune system are mostly unknown.

Along with sponges and bryozoans, ascidians can avoid

fouling and predation by producing secondary metabolites.

They are therefore considered a source of new chemical

structures with remarkable pharmacological potential, with

over 1000 such molecules described so far [6,7]. Trabectedin

and plitidepsin are the only two compounds already ap-
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phylogeny of chordates according to Kocot, et al. [10], showing Chodata in the doted
ascidian and its body divisions, representing a host for a microbial community. Ascidia
compounds with remarkable pharmacological potential.
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proved for clinical use in cancer therapy, but there are others

in clinical trials.

More recently, the production of some of the metabolites

described from ascidians was attributed to associated bacteria

embedded in the tunic matrix, in a syntrophic association

with the tunicate [8,9]. In general, symbiotic bacteria produce

compounds that can be used by their host, especially in some

kind of defensive function, including combating pathogens,

deterring predators, and for photoprotection. Fig. 1 shows (a)

pictures of some ascidians our research group has studied; (b)

the position of ascidians (Ascidiacea) in the phylogeny of

chordates; and (c) a representative scheme of ascidian body as

a host of a microbial community, and moreover, how this

holobiont system can be translated into complex chemical

structures. However, several questions regarding ascidian-

associated microbiota still remain unanswered. Therefore,

this review addresses the tunicates as model organisms from

different points of view, including (i) a brief overview of the

evolution and development of the immune system in a

microbial context; (ii) consideration of the relationship be-

tween this invertebrate and its associated microbiota, focus-

ing on functional aspects; and, finally (iii) the resulting

chemical diversity and pharmaceutical potential of such

molecules.

Ascidians as a model organism for investigation of the
evolution of the immune system
As the closest living relatives of vertebrates among the chor-

dates [2,11], tunicates are a good example of simplification of

the body as an adaptation to their sessile filter-feeding habits.

The group has many peculiarities that puzzled naturalists for

a long time. For instance, ascidians lose most of their chor-

date characters as adults, since their bodies are encapsulated

by a tissue with a unique cellulose matrix and vacuoles filled

with sulfuric acid. In addition, many species can accumulate
Drug Discovery Today: Disease Models
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metals such as vanadium, chromium and molybdenum in

their hemolymph cells [12].

The ascidian body division and organ structures vary

according to the taxon concerned. The class was typically

divided into three orders based mainly on the structure of the

pharynx (Aplousobranchia, Phlebobranchia and Stolidobran-

chia). This scheme has been partially challenged by more

recent phylogenetic reconstructions with larger taxon sam-

pling and full genome data, proposing Thaliacea as a clade

nested within ascidians [10]. Ascidian species may also be

solitary or form colonies, and this latter form of organization

seems to have evolved multiple times within the Ascidiacea.

As a sessile benthic animal, ascidians soon became a model

for studying embryogenesis, as some species are easily reared

in the laboratory and have interesting biological traits [13]. A

model organism must have a set of features that makes them

suitable for the study of complex processes. In this case,

ascidians are particularly appropriate, not only due to their

phylogenetic position, but also because of their simplicity.

Hence, the solitary species Ciona intestinalis and Ciona robusta

were chosen by many researchers as models for developmen-

tal studies. Their zygotes and blastomeres are fairly large and

easily handled [14]. In addition, the complete process of

embryogenesis is fast, occurring in about 18 h from the zygote

to a fully developed larvae [15].

The interest in ascidians as biological models spans other

aspects as well, such as immunology and regenerative biolo-

gy. Regarding regeneration processes studies, Ciona spp. have

been assessed for over a century [16]. Botryllus schlosseri and

other colonial Styelidae have been also studied, and different

regeneration processes have been shown for these animals,

including whole body regeneration promoted by stem cells

[17,18].

The immune system of ascidians has been extensively

investigated over the last few decades. Despite their close

relationship with vertebrates, tunicates rely only on innate

immunity, lacking any long-term immunological memory

[4]. In this context, Ciona spp. have also been frequently used

as a model for immunological studies. Another species, Halo-

cynthia roretzi, has been further indicated for investigations

with this focus particularly due to their large bodies and

considerable hemolymph volume, being farmed in Japan

and Korea as a seafood delicacy. Other relevant models for

these types of studies are botryllids, especially Botrylloides

violaceus and B. schlosseri. The latter is among the only colo-

nial ascidians reared in laboratory for scientific studies. In

fact, the mechanisms of allorecognition was particularly well-

studied in botryllid ascidians [19].

The various tissues and organs of the ascidians are differ-

ently challenged in terms of the immune response. The outer

layer of protection is conferred by the tunic, which remains in

direct contact to the environment, but in a more passive

manner [4]. The oral syphon and pharynx, however, are
under extreme immune pressure due to the continuous influx

of seawater for alimentary and respiratory purposes. The

perforated pharynx is generally the largest organ in an ascidi-

an, being spacious enough to host not only microorganisms,

but also large animals such as shrimps, worms and copepods.

Ascidians have a varied immune repertoire, including immu-

nocytes, such as phagocytes and other cell types containing

cytotoxic activity due to the presence of peptides and phe-

noloxydase [20]. Non-self recognition is also an important

aspect of the immune biology of these animals, relying

mostly on lectins and major histocompatibility complex

molecules. More recently, the presence of a hematopoietic

system homologous to those of vertebrates have also been

described, where a myeloid cell lineage is generated in the

endostyle. Additionally, ascidians produce myeloid phago-

cytes and other lineages typical of invertebrates, such as

amebocytes and large phagocytes [21]. In the last decade,

many other species were added to the list of biological

models, and the range and depth of knowledge regarding

the mechanisms controlling development and the immune

response has grown exponentially.

The immune system of ascidians is also involved in their

associations with bacteria. In the gut, variable region-

containing chitin-binding proteins (VCBP) are relevant to

recognize and maintain the microbiome [22]. Moreover, as

in mammals, the mucus lining the intestine is rich in chitin

fibrils that bind to VCBPs and are produced during embryo-

genesis evenbeforetheystart feeding.VCPBs, inturn, influence

biofilm formation associated with the mucus, thus modulating

the development and composition of the microbiota by

favoring certain lineages, such as Pseudoalteromonas sp. and

Shewanella sp. [23]. Yet, the interplay of the microbiome and

immune system, as well as their potential adaptive role for the

ascidian, especially as producers of toxic secondary metabo-

lites, is not well understood. Furthermore, a wide range of these

compounds act as anti-viral agents or as repellents against

foulants, predators, and competitors [4], conferring the animal

additional immune protection, because some of the com-

pounds are produced by tunicate hemolymph cells [24].

Ascidians as marine holobionts
The holobiont concept has recently emerged as a new field in

biology, in which macroorganisms and their associated-mi-

crobial community are considered complex ecosystems. Ac-

cordingly, the host and its associated-microbiota establish

relationships, contributing to each other with defense, nutri-

tion, protection, immunity and development of the host. The

microbial community directly influences the function and

even health of such ecosystem unit, therefore, they should be

considered together for investigations regarding biological,

ecological and evolutionary aspects [25].

In the marine environment, holobionts are further inte-

grated into larger communities, such as coral reefs or kelp
www.drugdiscoverytoday.com 15
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forests. The water increases microbial connectivity and chem-

ical signaling between organisms in any aquatic environ-

ment. Particularly in the case of filter-feeding animals, they

are continuously exposed and surrounded by seawater and

microbes. As holobionts, ascidians can provide an attractive

environment for the development of diverse and abundant

microbiota. Its tunic is composed mainly of polysaccharides –

there is a carbohydrate polymer called tunicin, an animal

cellulose – and proteins – such as collagen, elastin, pseudoe-

lastin and/or hydroxypyroline [26]. The ecological niche

promoted by tunicates can be a rich source of nutrients for

the development of microorganisms.

There are few studies describing the intimate relationships

between ascidians and their microbiota. One example is the

ammonia-oxidizing archaea, that perform nitrogen recycling

processes through nitrification. This recovery happens

through ammonia resulting from nitrogenous ascidian pro-

cesses. Ascidians provide nitrogen input and promote an

oxygen-rich environment protected from high radiation in

shallow reefs [27], maintaining the nitrogen cycle. In return,

microorganisms may offer their host with growth factors,

enzymes for digestion, secondary metabolites for the defense

and nutrition, besides supporting them in colonizing new

environments, especially those with pollutants or heavy

metals [28,29]. Another example is related to metal accumu-

lation in ascidians. Although not well understood, there are

some evidences of the involvement of bacteria in such pro-

cess. Two bacterial genera, Pseudomonas and Ralstonia, were

found in high abundance into vanadium-rich ascidians, par-

ticularly in the pharynx, which is a tissue involved in vana-

dium absorption [30]. In addition, cyclic peptides produced

by bacteria isolated from ascidians have shown metal chelat-

ing properties, suggesting their involvement in metal trans-

porting or accumulation.

Symbiosis between didemnid-tunicates and the cyanobac-

teria Prochloron spp. is the most well-documented interaction

among these organisms. The microorganism, which may

establish different degrees of association with the inverte-

brate – from a simple biofilm in the tunic to intracellular

symbiosis – provides the host with fixed C and recycles N, and

is frequently essential for its survival. Besides its nutritional

function, this symbiosis seems to be also driven by the

secondary metabolism of the cyanobacterium, as shown by

production of antioxidant mycosporine-like amino acids by

Prochloron didemni in favor of Lissoclinum patella, allowing its

host survival under high UV conditions [31]. However, even

in this case, phylogenetic analyses indicate no co-evolution

or co-speciation between symbiont and host [32,33]. In con-

trast, the other symbiotic relationship kept by L. patella with

the Alphaproteobacteria Candidatus Endolissoclinum faul-

kneri, the likely producer of cytotoxic macrolides

patellazoles, appears to be based on different grounds. These

uncultivable bacteria show excessive genome reduction, i.e.,
16 www.drugdiscoverytoday.com
loss of non-essential genes and a sizable cut of the genome

occupied by the patellazole gene cluster. These are convinc-

ing signs of long-term maintenance of the relationship and,

moreover, that secondary metabolism of the microbe is

somehow indispensable for the symbiosis [34,35]. In fact,

the didemnid-Prochloron symbiosis was also studied as a

model to assess how this interaction may drive the metabolic

diversity. In this case, cyanobactin gene clusters were com-

pared among various Prochloron lineages from different

didemnid hosts, showing that core peptides and enzymes

may be swapped in the biosynthetic pathway, leading to

functional modifications in the final product. This mecha-

nism enables an accelerated alteration of secondary metabo-

lism, when compared to a typical evolutionary process of a

specialized biochemical pathway [36].

The ascidian microbiome
In the past, the ascidian microbiome was studied using classi-

cal approaches, isolating associated microorganisms in labo-

ratory conditions. However, it has been generally accepted

that, by using culture-dependent techniques, only a small

fraction of microorganisms can be assessed. Bacteria, archaea

and fungi have been isolated from ascidians. Among these

taxa, bacterial phyla are the most abundant, with a high degree

of diversity. In fact, six bacterial phyla have already been

reported, including Actinobacteria (18 genera from 12 fami-

lies), Proteobacteria (16 genera from 11 families), Firmicutes (6

genera from 4 families), Cyanobacteria (2 genera from 2

families), Bacteroidetes (2 genera from 2 families) and Verru-

comicrobia (1 genus). Three fungal phyla were also described,

including Ascomycota (24 genera from 17 families), Zygomy-

cota (2 genera from 2 families) and Basidiomycota (1 genus).

The development of advanced molecular biology techni-

ques, based on metagenomics and community sequencing

libraries, has allowed a more representative overview of the

microbiota of holobiont systems [37]. In general, Proteobac-

teria is by far the most abundant bacterial phyla described in

ascidians, representing more than half of the total microbiota

in most ascidians assessed by methods such as next-genera-

tion sequencing. This phylum is diversified among ascidians,

where Alpha- and Gammaproteobacteria are the classes most

frequently detected. Beta- and Deltaproteobacteria have also

been described in some ascidians, at lower abundance. Sev-

eral additional bacterial phyla have been found in different

ascidian species, including Actinobacteria, Bacteroidetes,

Cyanobacteria, Firmicutes and Spirochaetes [38,39].

A species-specific core-microbiome, not yet well defined,

can be found in a particular ascidian species during all of its

life stages, as well as across different individuals, even from

different geographical regions. Samples of ascidians from the

Aplousobranchia, Phlebobranchia, and Stolidobranchia

orders obtained from California, Florida, Papua New Guinea,

Vanuatu, and Fiji were compared for their microbiome, and
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the resulting cluster analyses showed significant grouping

based on host species, in which variation of the group was not

correlated to the geographical location, but, in fact, to the

species themselves [38]. Another study with the ascidian

Didemnum fulgens showed the presence of stable and unique

bacterial communities composed mainly by Alpha and Gam-

maproteobacteria, as well as by a few Cyanobacteria and

Acidobacteria, at least, partially inherited by their progeny

by vertical transmission despite temperature variation [40]. A

core community for Styela plicata and Herdmania momus was

also observed, including microorganisms with capabilities of

ammonia oxidization, carbon fixing and metal chelating

[28]. In this case, the core community accounts only for

approximately 0.1% of bacterial OTUs, but with an expressive

abundance of 26–36.2% of the sequence reads. In contrast, a

dynamic and abundant community (>20% of OTUs reads)

related to location and season was also observed [28].

Source of compounds with pharmacological interest
Tunicates have long been known to yield remarkable com-

pounds with noteworthy pharmacological potential. To date,

more than 1000 chemical structures isolated from these organ-

isms have been described [41]. Among these, over 70% of them

are alkaloids, including indole alkaloids as the most abundant

(around 50%), followed by pyrocridine (�20%), beta-carboline

(�8%) and indolocarbazole (staurosporines) (�5%). Overall,

several alkaloids have shown anticancer properties, which

makes ascidians as promising sources of such compounds. In

fact, more than 60% of compounds isolated from ascidians

reported between 1994 and 2014 have been described for their

anticancer properties [7].

A very good example of the pharmacological potential of

alkaloids from tunicates are the cytotoxic tetrahydroisoqui-

noline alkaloids named ecteinascidins (ETs), isolated from

Ecteinascidia turbinata in 1969 [42], which marks the begin-

ning of chemical investigation of these organisms. Interest-

ingly, the complete structure elucidation of such molecules

was only achieved about 20 years later [11], due to their high

complexity. Among the most active substances, ecteinascidin

743 or ET-743, better known now as trabectedin, was revealed

to be cytotoxic against a great variety of cell lines and xeno-

graft models, with motivating results obtained for sarcoma

models. Trabedtedin was developed by PharmaMar and ap-

proved for the treatment of advanced soft tissue sarcoma in

2007 and, later, for relapsed ovarian cancer [43]. In this

context, it is only fair to credit this unique natural molecule,

trabectedin, for paving the way and confirming the pharma-

cological potential of ascidians, as it was the first marine

natural product to be approved for clinical use as anticancer

drug.

Another interesting class of molecules is peptides, which

actually comprise only 4% of the chemical classes described

from tunicates. Nevertheless, they have been proved to be
pharmacologically very relevant. This is the case of the

didemnins, cyclic depsipeptides isolated from extracts of

Trididemnum solidum. Didemnim B, particularly, showed rel-

evant anticancer, immunomodulatory and antimicrobial ac-

tivities [44]. This molecule entered clinical trials in 1986 as

the first truly marine natural compound to achieve such a

status, however elevated toxicity and lack of efficacy had it

withdrawn from trials by mid-1990s [45]. Nevertheless, an

analog of didemnin B, known as aplidin or plitidepsin,

obtained from Aplidium albicans emerged with encouraging

results, since it showed higher potency and lacked cardio-

toxicity. Aplidin entered clinical trials in 1999, directly

benefiting from preclinical and clinical data generated in

studies with didemnin B and has been approved, in 2018,

for the treatment of refractory multiple myeloma when as-

sociated with dexamethasone, in Australia [46,47].

Tunicates are also a rich source of compounds with anti-

infectious properties, as nearly 21% of molecules have been

recognized for their antibacterial, antiviral and antiproto-

zoal activities. Interestingly, butenolides, antibacterial lac-

tones isolated from Pseudodistoma antinboja showed a

selective activity against Gram-positive bacteria, actually

giving better response in comparison to the currently ap-

proved drugs vancomycin and linezolid, being effective also

against drug-resistant strains [48]. Moreover, albopuncta-

tone, an anthrone-anthraquinone isolated from Didemnum

albopunctatum was described with antimalarial activity against

chloroquine-resistant strains of Plasmodium falciparum [49].

However, despite promising results, no anti-infectious substance

derived from tunicates has reached clinical trials.

Despite the unquestionable pharmacological potential

of compounds isolated from tunicates, there are strong

evidences that nearly 8% of secondary metabolites origi-

nally described from ascidians are, in fact, produced by

associated microorganisms [48]. However, indirect evi-

dences hint their involvement in many more [50]. Numer-

ous metabolites that have been initially discovered from

ascidians are similar or even alike compounds later isolated

from bacteria [6]. Table 1 presents a list of compounds

firstly sourced from ascidians that are indeed produced

by their associated bacteria. Furthermore, the table also

includes a description of the pharmacological properties

attributed to each metabolite and an explanation of their

biological function for the host. Trabectedin, for instance,

firstly sourced from E. turbinata [51], has been recently

demonstrated by meta-omic approaches that it is actually

produced by the obligatory symbiotic, yet uncultivable,

Gammaproteobacteria Candidatus Endoecteinascia fru-

mentensis [52]. Another example can be illustrated by

didemnin B originally isolated from T. solidum [44], which

was then found in extracts obtained from the free-living

Alphaproteobacteria Tristella mobilis and T. bauzanensis

[53]. Although these bacteria have not been necessarily
www.drugdiscoverytoday.com 17
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Table 1. Secondary metabolites produced by associated-microorganisms originally described from ascidians, their pharmaco-
logical properties and putative biological function.

Metabolite Ascidian Microorganism Pharmacological
property

Putative biological function of metabolite Ref.

Didemnin B
(Cyclic peptides)

Trididemnum solidum Tristella mobilis and
T. bauzanensis

Anti-cancer
properties, however
high toxicity.

Deterrent of predators. Tests with fish predators showed
regurgitation when fed with mosquito larvae (mimicking
ascidian larvae) containing synthetic analogs of Didemnin B.

[55]

Ascidiacyclamide
(cyanobactin)

Lissoclinum patella Prochloron spp. Cytotoxicity against
tumor cell lines

It was isolated and characterized as a biscopper(II) complex
of ascidiacyclamide. This complex has particular affinity for
carbonate, which suggests that it could be involved in the
activation and transport of CO2 in specific biochemical
processes.

[56]

However, cyanobactins, in general, present metal-chelating
properties, which suggest that they could be involved in
metals transport and storage, or detoxification, once
concentration of metals in ascidians are usually much
higher than in the sea water.

Rossinone and
Meridianins

Aplidium fuegiense, A.
falklandicum A.
meridianum and
Synoicum adareanum

Possibly of
bacterial origin

Cytotoxicity and
kinase inhibitory
activity

Chemical defense (deterrent) against predators (sea star
Odontaster validus and amphipod Cheirimedon femoratus).
Some meridianins also showed a potential activity against a
sympatric bacterial fouling.

[57]

Patellazoles Lissoclinum patella Candidatus
Endolissoclinum
faulkneri

Cytotoxicity against
HCT-116 tumor cells

The genome of this proteobacteria is extremely reduced,
and therefore it cannot live independently of the ascidian.
However, the genes involved in production of patellazoles
were maintained, which suggests a strong relationship
between the organisms. The strong cytotoxicity indicates
that these compounds may have a protective role.

[58]

Divamides Didmnum molle Prochloron didemni Anti-HIV The biological role of divamides in ascidians is still
unknown. The anti-viral property and the antibiotic activity
of analogs (lanthipeptides) suggests that divamides can be
involved in protection against pathogens, such as bacteria
and virus.

[59]
linked to the ascidian, the biosynthetic gene cluster of

didemnins has been elucidated within the genome of

T. mobilis [54], offering compelling indication that a mi-

crobial association would be in play, when the didemnins

were firstly obtained among the invertebrate tissues.

Concluding remarks
Ascidians have long been considered model organisms for

studies that range from developmental biology to immune

system evolution and function. As filter-feeders, with a large

perforated pharynx, these organisms are suitable hosts for a

diverse associated biota, including both macro and micro-

organisms. This potentially rich microbiome is directly relat-

ed with a diversified chemical profile. In fact, ascidians have

been regarded as rich sources of compounds with varied

pharmacological properties. More recently, many studies

revealed that most of the interesting secondary metabolites

are, in fact, produced by associated microorganisms, especial-

ly bacteria. Hence, the ecological and biological aspects of

ascidians seem to have favored associations with microorgan-

ism capable of producing toxic compounds.
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With the emergence of the holobiont paradigm, these

animals also became interesting models to assess the inter-

play between host and its microbiome components, in order

to understand how this chemical diversity evolved in an

adaptive context. Recent improvements on techniques such

as metagenomics, as well as metabolomics, microscopy and

single-cell approaches, have taken an imperative role in the

investigation of holobionts. Nevertheless, despite the contin-

uous progress and increasing number of researchers dedicated

at assessing a wide range of questions concerning the rela-

tionship between microbes, hosts and metabolome, there are

still lots of crucial blanks to fill. Therefore, interdisciplinary

approaches directed towards the investigations of holobiont

models are strongly encouraged to address comprehensively

knowledge to many different fields.
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Estado de São Paulo (FAPESP) process n� 2018/24865-4, 2017/



Vol. 28, 2019 Drug Discovery Today: Disease Models | Animal Models for Exploring the Microbiome
09022-8, 2017/18235-5, 2017/11948-6, 2015/17177-6; Con-

selho Nacional de Desenvolvimento Cientı́fico e Tecnológico

(CNPq); and Coordenação de Aperfeiçoamento de Pessoal de

Nı́vel Superior (CAPES). LVCL and TMCL are CNPq researcher

fellows. The authors thank Felipe Antunes Calil for his help

with Figures.

References
[1] Shenkar N, Swalla BJ. Global diversity of Ascidiacea. Plos One 2011;6(6).

[2] Delsuc F, Brinkmann H, Chourrout D, Philippe H. Tunicates and not

cephalochordates are the closest living relatives of vertebrates. Nature

2006;439(7079):965.

[3] Laumer CE, Fernandez R, Lemer S, Combosch D, Kocots KM, Riesgo A,

et al. Revisiting metazoan phylogeny with genomic sampling of all phyla.

Proc R Soc B Biol Sci 2019;286(1906).

[4] Franchi N, Ballarin L. Immunity in protochordates: the tunicate

perspective. Front Immunol 2017;8.

[5] Simon JC, Marchesi JR, Mougel C, Selosse MA. Host-microbiota

interactions: from holobiont theory to analysis. Microbiome 2019;7.

[6] Schmidt EW, Donia MS. Life in cellulose houses: symbiotic bacterial

biosynthesis of ascidian drugs and drug leads. Curr Opin Biotechnol

2010;21(6):827–33.

[7] Palanisamy SK, Rajendran NM, Marino A. Natural products diversity of

marine ascidians (Tunicates; Ascidiacea) and successful drugs in clinical

development. Nat Prod Bioprospect 2017;7(1):1–111.

[8] Piel J. Metabolites from symbiotic bacteria. Nat Prod Rep2009;26(3):338–62.

[9] Steinert G, Taylor MW, Schupp PJ. Diversity of actinobacteria associated

with the marine ascidian Eudistoma toealensis. Mar Biotechnol 2015;17

(4):377–85.

[10] Kocot KM, Tassia MG, Halanych KM, Swalla BJ. Phylogenomics offers

resolution of major tunicate relationships. Mol Phylogenet Evol

2018;121:166–73.

[11] Rinehart KL, Kishore V, Bible KC, Sakai R, Sullins DW, Li KM. Didemnins

and tunichlorin - Novel natural-products from the marine tunicate

Trididemnum solidum. J Nat Prod 1988;51(1):1–21.

[12] Goodbody I. The physiology of ascidians. Advances in marine biology,

Vol. 12. Elsevier; 1974. p. 1–149.

[13] Corbo JC, Di Gregorio A, Levine M. The ascidian as a model organism in

developmental and evolutionary biology. Cell 2001;106(5):535–8.

[14] Meinertzhagen LA, Okamura Y. The larval ascidian nervous system: the

chordate brain from its small beginnings. Trends Neurosci 2001;24(7):401–10.

[15] Dehal P, Satou Y, Campbell RK, Chapman J, Degnan B, De Tomaso A, et al.

The draft genome of Ciona intestinalis: Insights into chordate and

vertebrate origins. Science 2002;298(5601):2157–67.

[16] Jeffery WR. Closing the wounds: One hundred and twenty five years of

regenerative biology in the ascidian Ciona intestinalis. Genesis 2015;53(1):48–65.

[17] Rinkevich B, Shlemberg Z,Fishelson L. Whole-body protochordate regeneration

from totipotent blood-cells. P Natl Acad Sci USA 1995;92(17):7695–9.

[18] Brown FD, Keeling EL, Le AD, Swalla BJ. Whole body regeneration in a colonial

ascidian, Botrylloides violaceus. J Exp Zool Part B 2009;312B(8):885–900.

[19] De Tomaso AW. Allorecognition polymorphism versus parasitic stem

cells. Trends Genet 2006;22(9):485–90.

[20] Ballarin L. Immunobiology of compound ascidians, with particular reference

to Botryllus schlosseri: state of art. Invertebrate Surviv 2008;5(1):54–74.

[21] Rosental B, Kowarsky M, Seita J, Corey DM, Ishizuka KJ, Palmeri KJ, et al.

Complex mammalian-like haematopoietic system found in a colonial

chordate. Nature 2018;564(7736):425.

[22] Dishaw LJ, Cannon JP, Litman GW, Parker W. Immune-directed support

of rich microbial communities in the gut has ancient roots. Dev Comp

Immunol 2014;47(1):36–51.

[23] Dishaw LJ, Leigh B, Cannon JP, Liberti A, Mueller MG, Skapura DP, et al.

Gut immunity in a protochordate involves a secreted immunoglobulin-

type mediator binding host chitin and bacteria. Nature communications

2016;7:10617.
[24] Pisut DP, Pawlik JR. Anti-predatory chemical defenses of ascidians: secondary

metabolites or inorganic acids? J Exp Mar Biol Ecol 2002;270(2):203–14.

[25] Dittami S, Arboleda E, Auguet J-C, Bigalke A, Briand E, Cárdenas P, et al. A

community perspective on the concept of marine holobionts: state-of-

the-art, challenges, and future directions. arXiv preprint; 2019.

[26] Hirose E, Kimura S, Itoh T, Nishikawa J. Tunic morphology and cellulosic

components of pyrosomas, doliolids, and salps (thaliacea, urochordata).

Biol Bull 1999;196(1):113–20.

[27] Kuhl M, Behrendt L, Trampe E, Qvortrup K, Schreiber U, Borisov SM, et al.

Microenvironmental ecology of the chlorophyll b-containing symbiotic

cyanobacterium Prochloron in the didemnid ascidian Lissoclinum

patella. Front Microbiol 2012;3:402.

[28] Dror H, Novak L, Evans JS, Lopez-Legentil S, Shenkar N. Core and dynamic

microbial communities of two invasive ascidians: can host-symbiont

dynamics plasticity affect invasion capacity? Microb Ecol 2019;78(1):170–

84.

[29] Evans JS, Erwin PM, Shenkar N, Lopez-Legentil S. Introduced ascidians

harbor highly diverse and host-specific symbiotic microbial assemblages.

Sci Rep 2017;7(1):11033.

[30] Ueki T, Fujie M, Romaidi, Satoh N. Symbiotic bacteria associated with

ascidian vanadium accumulation identified by 16S rRNA amplicon

sequencing. Marine Genom 2019;43:33–42.

[31] Hirose E, Ohtsuka K, Ishikura M, Maruyama T. Ultraviolet absorption in

ascidian tunic and ascidian-Prochloron symbiosis. J Mar Biol Assoc UK

2004;84(4):789–94.

[32] Hirose E, Neilan BA, Schmidt EW, Murakami A. Enigmatic life and

evolution of Prochloron and related cyanobacteria inhabiting colonial

ascidians. Bacteriol Res Dev 2009;161–89.

[33] DoniaMS,FrickeWF,PartenskyF,CoxJ,ElshahawiSI,WhiteJR,etal.Complex

microbiome underlying secondary and primary metabolism in the tunicate-

Prochloron symbiosis. P Natl Acad Sci USA 2011;108(51):E1423–32.

[34] KwanJC,SchmidtEW.Bacterialendosymbiosis inachordatehost: long-termco-

evolution and conservation of secondary metabolism. Plos One 2013;8(12).

[35] Kwan JC, Donia MS, Han AW, Hirose E, Haygood MG, Schmidt EW.

Genome streamlining and chemical defense in a coral reef symbiosis. P

Natl Acad Sci USA 2012;109(50):20655–60.

[36] Lin Z, Torres JP, Tianero MD, Kwan JC, Schmidt EW. Origin of chemical

diversity in Prochloron-tunicate symbiosis. Appl Environ Microbiol

2016;82(12):3450–60.

[37] Piel J. Approaches to capturing and designing biologically active small

molecules produced by uncultured microbes. Annu Rev Microbiol

2011;65:431–53.

[38] Tianero MD, Kwan JC, Wyche TP, Presson AP, Koch M, Barrows LR, et al.

Species specificity of symbiosis and secondary metabolism in ascidians.

ISME J 2015;9(3):615–28.
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