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Synopsis  In polymorphic organisms, a single genome is deployed to program numerous, morphologically distinct body plans
within a colony. This complex life history trait has evolved independently within a limited subset of animal taxa. Reconstructing
the underlying genetic, cellular, and developmental changes that drove the emergence of polymorphic colonies represents
a promising avenue for exploring diversifying selection and resulting impacts on developmental gene regulatory networks.
Doliolids are the only polymorphic chordate, deploying a single genome to program distinct morphs specialized for locomotion,
feeding, asexual, or sexual reproduction. In this review, we provide a detailed summary of doliolid anatomy, development,
taxonomy, ecology, life history, and the cellular basis for doliolid polymorphism. In order to frame the potential evolutionary
and developmental insights that could be gained by studying doliolids, we provide a broader overview of polymorphism. We
then discuss how comparative studies of polymorphic cnidarians have begun to illuminate the genetic basis of this unusual
and complex life history strategy. We then provide a summary of life history divergence in the chordates, particularly among

doliolids and their polymorphic cousins, the salps and pyrosomes.

Overview of polymorphism

Polymorphic colonies are composed of individuals,
termed morphs, castes, or zooids, that exhibit an array
of distinct body types. The best-known representatives
of such colonies are found in the social insects. In these
colonies, asexual reproduction produces genetically
similar individuals that take on distinctive caste-specific
morphologies that are generally induced by environ-
mental inputs (Abouheif 2021). Polymorphic colonies
also occur within a limited set of marine invertebrate
taxa, including the cnidarians, bryozoans, and tunicates
(Harvell 1991; Hiebert et al. 2021). However, marine
invertebrate and social insect forms of polymorphism
are fundamentally distinct in relation to two criteria.
First, marine polymorphic colonies often consist of
individual zooids that are physically integrated. This
property is clearly illustrated in bryozoans, in which
highly distinctive zooids specialized for feeding, de-
fense, or reproduction form branching or sheet-like
colonies (Simpson et al. 2017; Schack et al. 2019).
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Second, these marine colonies are produced through
asexual budding and therefore they are isogenic, mean-
ing that a single genome is shared by all of the distinct
morphs in a colony. Along with the bryozoans, isogenic
polymorphism is frequently observed in a subset of
cnidarian taxa, including Hydroida and Siphonophora
(Beklemishev et al. 1969; Harvell 1994). Outside of
cnidarians and bryozoans, isogenic polymorphism is
extremely rare. Remarkably, one of these rare exceptions
is found in an invertebrate chordate clade, the doliolids
(Gibson and Paffenhoffer 2002; Piette and Lemaire
2015).

Exploration of isogenic polymorphism
may provide fundamental insights into
developmental genetics and evolution
Investigations into the genetic basis of isogenic poly-
morphism have the potential to reveal fundamental
principles of developmental gene regulatory network

© The Author(s) 2024. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.

For permissions, please e-mail: journals.permissions@oup.com

20z JoquiadaQ GQ UO J8sn Aleiqi Jejuad 8ousios ieeH BPLOIH JO N Aq G8YZ 1/ //SSZL/S/79/o101e/qol/wo0 dno olwepese)/:Sdjy WOy papeojumoq


https://orcid.org/0000-0001-5478-0522
mailto:bdavids1@swarthmore.edu
mailto:journals.permissions@oup.com

1256

(GRN) structure and function. Mutations that impact
the functional output of developmental GRNs are
thought to drive trait acquisition, particularly in cases
that involve major changes in morphology (Figs. 1A
and B) (Shubin et al. 2009; Davidson 2010; Peter
and Davidson 2011; Richardson 2022; Cutter 2023).
In contrast, the acquisition of isogenic polymorphism
must include mutations that generate multiple, alternate
functional outputs of developmental GRNs (Fig. 1C),
along with mutations that alter GRN architecture, so
that these distinct developmental programs can be
deployed at the appropriate life history stages or in
appropriate regions of the colony (Harvell 1994; Lidgard
et al. 2012). Thus, the study of isogenic polymorphism
has the potential to address fundamental questions
about architectural principles that dictate GRN func-
tion, robustness, and versatility. How are polymorphic
gene networks structured to ensure robust execution
of each developmental program while maintaining the
versatility required for execution of multiple programs?
Are there specific structural elements of GRNs that
are more versatile, allowing them to be deployed
in multiple, distinct programs vs. other structural
elements that are more constrained, preventing them
from contributing to program re-deployment?

Investigations into the acquisition of isogenic poly-
morphism also have the potential to illuminate princi-
ples of diversifying selection. In monomorphic organ-
isms, alterations in developmental programs result in
novel phenotypes within the population that are sub-
jected to selection. Intriguingly, in polymorphic organ-
isms multiple, distinct phenotypes (morphs) present in
each individual are subjected to selection. Thus, the
study of isogenic polymorphism has the potential to
shed light on antagonistic selection between morphs
(positive selection in regards to one morph is countered
by potential negative impacts on the fitness of another
morph) (Goedert and Calsbeek 2019). Further studies
of isogenic polymorphic organisms will complement
related studies of polyphenic social insects (Stern 2000;
Linksvayer et al. 2012; Bonasio 2014; Pyenson and
Rehan 2024) along with more widespread and better
characterized instances of dimorphism, including sex-
ual dimorphism (Williams and Carroll 2009; Herpin
and Schartl 2015) or life history dimorphism between
larval and adult forms (Aguirre et al. 2014; Truman
2019; Yamakawa et al. 2019). Integration of these
efforts will represent a powerful platform for exploring
the impact of antagonistic selection on dimorphic or
polymorphic traits along with associated impacts on
the cellular and genetic mechanisms that produce these
traits.

C.]. Pickett et al.

Studies of isogenic polymorphism in the
siphonophores

To date, the most progress on understanding polymor-
phic traits from a morphological and genetic perspec-
tive comes from work on siphonophores. Isogenic poly-
morphism within the siphonophores is strikingly rep-
resented by Physalia physalis, commonly referred to as
the Man-O-War (Munro et al. 2019). These colonial or-
ganisms produce seven distinct isogenic zooids through
asexual budding. These include a large pneumatophore
(the float) specialized for locomotion, gastrozooids
and tentacular palpons specialized for feeding and
prey capture, respectively, and four additional zooids
(gonophore, palpons, nectophores, and jelly polyps)
that form a detachable reproductive structure (the
gonodendron). However, recent studies have focused
on other siphonophore species that are easier to collect
and culture (Dunn and Wagner 2006). Intriguingly, the
developmental mechanisms generating polymorphic
siphonophore colonies are highly diverse (C. Carre
1967; Carre 1969; Carre and Carre 1991; D. Carre
1967; Siebert et al. 2015). Thus, comparative studies
within siphonophores have the potential to reveal
conserved, potentially ancestral mechanisms driving
the emergence of polymorphism in this clade along
with elucidating how these mechanisms have diverged.
A number of studies have examined micro-anatomical
differences between zooids using modern techniques
but this approach has only been applied to a limited
subset of polymorphic siphonophore species (Mackie
1960; Carre 1969; Bardi and Marques 2007; Church et
al. 2015; Siebert et al. 2015). Additionally, some insights
have been gained regarding the identity, location, and
potency of stem cell lineages that generate different
z00ids (Siebert et al. 2015). More recent work has lever-
aged RNA sequencing (RNA-seq) to investigate poly-
morphism in these lineages. Extensive RNA sequencing
of siphonophore transcriptomes has generated a robust
understanding of phylogenetic relationships in this
clade (Munro et al. 2018). Furthermore, studies of RNA-
seq data have begun to illuminate differences in gene
expression that may underlie phenotypic differences
between zooids, laying the groundwork for deciphering
the regulatory mechanisms that dictate zooid-specific
expression patterns (Siebert et al. 2011; Plachetzki et
al. 2014; Sanders et al. 2014; Macrander et al. 2015;
Sanders and Cartwright 2015). Most recently, Munro
and colleagues conducted a large-scale comparative
RNA-seq analysis incorporating zooid-specific tran-
scriptomes from seven siphonophore species (Munro
et al. 2022). Critically, they refined their comparative
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Fig. | Acquisition of non-polymorphic traits vs. polymorphic traits. (A) Chordate phylogeny. (B) Schematic depicting the acquisition of
divergent phenotypes in two species (B and C) that share a recent common ancestor (A, see text). (C) Top: Schematic depicting the
acquisition of polymorphism from a nonpolymorphic ancestor D (also represented in panel A) along with multiple morph-specific
phenotypes (P’ vs. P” vs. P’’). On the bottom of this figure panel,a doliolid colony is used to illustrate different morphs.

analysis approach to allow them to normalize expres-
sion across these transcriptomes, eliminating potential
noise resulting from differences in sequencing depth
and overall data quality. They also incorporated a
novel approach, species branch filtering, for enhanced
identification of orthologous gene sets. These combined
approaches allowed them to identify zooid-specific
expression patterns in each species and productively
compare these patterns across species. Through this
analysis, they identified 349 zooid/tissue-associated
genes that were enriched for a subset of presump-
tive functions, including embryonic development and
morphogenesis. These genes included orthologs to
signaling and transcription factors (such as WNT3A,
FGF20, SOX21, and FOXL1I) that were uniquely and
consistently expressed in specific types of zooids
across all or most of the species that were exam-

ined. They also identified shifts in zooid-associated
gene expression patterns that may have contributed
to evolutionary divergence of zooid developmental
programs.

The deployment of single-cell RNA sequencing
(scRNA-seq) promises to provide transformative
insights into the evolutionary emergence and
diversification of isogenic polymorphism within the
siphonophores and other taxa. Recently developed
approaches  for  cross-species, phylogenetically
informed comparative analysis (Liang et al. 2015;
Musser et al. 2021; Tanay and Sebé-Pedrds 2021; Gilbert
et al. 2022; Mah and Dunn 2024) will be essential in
using this technique to investigate GRN structure
and function in isogenic polymorphic colonies and
explore the evolution of this complex and fascinating
life history strategy.
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Life history divergence in the chordates

The phylum Chordata includes the vertebrates and
two invertebrate lineages, the cephalochordates and
tunicates (Figs. 1A and 2). Cephalochordates and most
vertebrates have a monomorphic life history, with larval
or juvenile stages that are morphologically similar to the
adults. In contrast, tunicates often employ a biphasic
(dimorphic) life history strategy in which fertilized
eggs develop into distinct free-swimming tadpole-like
larvae, which subsequently settle and metamorphosize
into sessile filter-feeding adults (Karaiskou et al. 2015).
Current phylogenies place the cephalochordates as
sister to all other chordates with tunicates sister to
the vertebrates (Delsuc et al. 2006). According to cur-
rent models, tunicate metamorphosis arose secondarily
after divergence from the tunicate/vertebrate shared
ancestor (Paris and Laudet 2008; Fodor et al. 2021).
Thus, tunicate larvae are no longer considered to be
homologous to either the larvae or adults of other
chordates.

The roughly 5,000 known tunicate species have
been traditionally subdivided into three major clades
based on morphology and life history: the Ascidiacea,
Thaliacea, and Appendicularia (Fig. 2; DeBiasse et
al. 2020). Molecular phylogenetic and phylogenomic
studies have challenged the validity of this arrangement
as Thaliacea, the pelagic group that includes doliolids,
is consistently recovered as nested within the benthic
clade that contains Ascidiacea (Fig. 2; Swalla et al. 2000;
Delsuc et al. 2018).

Ascidians are characterized by pelagic non-feeding
tadpole larvae that metamorphosize into sessile, vase-
like, filter-feeding adults. The ascidians include both
solitary and colonial forms and include two major, phy-
logenetically distinct taxa, Phlebobranchia and Stoli-
dobranchia. Phylogenomic evidence has recently chal-
lenged the monophyly of the solitary Phlebobranchia,
which appears to encompass Aplousobranchia, a lin-
eage that is almost entirely colonial (Swalla et al.
2000; Delsuc et al. 2018; DeBiasse et al. 2020). This
is particularly important as Phlebobranchia includes
Ciona robusta, the primary model tunicate species,
which has been subjected to extensive characterization,
including comprehensive single-cell RNA sequencing
of embryonic stages (Cao et al. 2019; Zhang et al.
2020; Fiuza and Lemaire 2021; Bump and Lubeck
2023).

Appendicularians and thaliaceans are exclusively
pelagic. The Appendicularians have a body plan that
closely resembles the tadpole larvae of other tuni-
cates. Recent studies indicate that Appendicularians
arose from a metamorphic, ascidian-like ancestor

C.]. Pickett et al.

(Stach et al. 2008; Onuma and Nishida 2022) and have
undergone extensive gene loss associated with the loss
of the ancestral, biphasic life history (Ferrandez-Roldan
etal. 2021; Marti-Solans et al. 2021). Thaliaceans are di-
vided into three orders: the pyrosomes (Pyrosomatida),
salps (Salpida), and doliolids (Cyclomyaria), all of which
form colonies for part or all of their life cycle (Fig.
3; Godeaux and Harbison 2003; Piette and Lemaire
2015). Salps form chain-like colonies that participate
in alternating, semi-independent asexual and sexual
generations (Fig. 3A). A single asexually reproductive
oozooid buds to produce a long chain of sexually
reproductive blastozooids. This chain detaches to form
an independent monomorphic colony. Hermaphroditic
blastozooids often carry a single embryo, which will
be released and develop into an oozooid to reinitiate
the cycle. Thus, salps can be considered dimorphic
as they have distinct asexual and sexual zooids. Self-
fertilization within the colony is facilitated by staggered
gametogenesis, younger blastozooids first producing
eggs, which are fertilized by sperm produced subse-
quently as blastozooids mature (Lambert 2005; Piette
and Lemaire 2015).

Pyrosomes are sock-like colonies consisting of
many physically linked but physiologically independent
zooids (Godeaux 1957; Alié et al. 2021; Lilly et al. 2023).
Pyrosome colonies are derived from a cyathozooid that
produces a chain of four primary buds (primary ascid-
iozooids) before being resorbed by the forming colony.
The primary ascidiozooids produce chains of composite
buds that mature into asexual or sexually reproductive
secondary ascidiozooids that constitute the bulk of the
colony (Fig. 3B) (Godeaux 1957). Thus, pyrosomes
can be considered isogenic polymorphs, as a single
individual produces three distinct morphs. Secondary
ascidiozooids are hermaphroditic and exhibit staggered
gametogenesis similar to that observed in salps (Bone
1998). As detailed below, doliolids have a more complex
and highly polymorphic life history consisting of four
morphologically distinct adult forms (Figs. 3C and 4A)
(Barrois 1885; Neumann 1906; Paffenhofer and Koster
2011).

Although each thaliacean order is characterized
by many unique, taxon-specific traits, phylogenetic
analyses indicate that Thaliacea is monophyletic (Stach
and Turbeville 2002; Tsagkogeorga et al. 2009; Delsuc
et al. 2018; Braun et al. 2020; DeBiasse et al. 2020).
Phylogenetic analyses also indicate that doliolids are
sister to the rest of the Thaliacea (DeBiasse et al.
2020). However, further sequencing and analyses will
be required to generate a robust and detailed thaliacean

phylogeny.
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Fig. 2 Model for major life history changes within the chordates. Lettered circles indicate hypothesized major gains or losses of life history

traits as labeled on the lower right.

Doliolid taxonomy and anatomy

Doliolids are the only family (Doliolida) in the order
Cyclomyaria, as originally described by Quoy and
Gaimard (1834). They are characterized by a barrel-
shaped body encircled by a series of muscular hoops
(Doliolum: Latin barrel) (Fig. 4). The anterior end of
this barrel is an incurrent (buccal) siphon and the
posterior end is an excurrent (cloacal) siphon. The
inside of the barrel is bisected by a branchial septum
on which there are a number of ciliated gill slits,
similar in morphology and function to the pharyngeal
gill slits of other tunicates (as illustrated in the draw-
ings of a phorozooid, gonozooid, and early nurse in
Fig. 4A). Ciliary flow generated by these slits creates a
feeding current and also propels them slowly forward.
Contraction of the circumferential muscles allows them
to move rapidly away from aversive stimuli. The most
recent classification places doliolids into two suborders:
the Doliolidina with a regular barrel-like body encir-
cled by 8-9 muscle bands, and the Doliopsidina with
more globular bodies containing only 5 muscle bands
(Godeaux 2003; Godeaux and Harbison 2003). Each of
these sub-orders is subdivided into two families (the

Doliolidina include Doliolidae and Doliopsididae, while
the Doliopsidina include Doliopsidae and Paradoliopsi-
dae). Excepting the Doliolidae, each of these families
contains only one genus and three or less species. There
are currently ~75 known doliolid species and most of
these species are assigned to one of the four genera
within the Doliolidae (Dolioloides, Doliolina, Dolioletta,
and Doliolum).

Collection and identification of doliolid species is
challenging because they are fragile and likely to be
damaged when collected from the plankton. Indeed,
many of these species (including all of the Doliopsidina
species) are represented by a single life history stage.
Additionally, because doliolids are extremely difficult
to culture, species are often represented by free-living
zooids that cannot be rigorously categorized (Godeaux
and Harbison 2003). Molecular sequencing can be
used to bypass this issue, but currently the broad-
est effort only included sequencing of mitochondrial
cytochrome oxidase 1 subunit fragments from seven
Doliolidae species (Garic and Batistic 2022). As pre-
dicted by morphological characteristics (Godeaux 1998;
Godeaux 2003), molecular phylogenetics supported
two Doliolum species and two Dolioletta species as
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Fig. 3 Clade-specific life-history patterns in the thaliaceans. Simple schematics comparing life history patterns in (A) salps, (B) pyrosomes,
and (C) doliolids. Asexual budding or sexual reproduction represented by labeled arrows. Buds and zooid types labeled on the bottom of

the figure. See text for details.

monophyletic groups, while two Doliolina species were
not found to be monophyletic (Fig. 5) (Garic and
Batistic 2022). Mitochondrial genomic sequencing was
performed for Doliolum nationalis (Yokobori et al.
2005), but no nuclear genomes have been published for
any doliolid species.

Doliolid ecology

Doliolids inhabit nearly all open-water marine envi-
ronments (Bone 1998; Deibel and Paffenhofer 2009).
Although doliolids are particularly abundant in conti-
nental shelf upwellings or in sub-tropical and tropical
regions, some species are found in the Mediterranean,
north Pacific, and north Atlantic oceans (Bone 1998;
Gibson and Paffenhofer 2000). While the majority of
described species inhabit the euphotic surface waters of
the epipelagic zone, several species have been discov-
ered to occupy the aphotic twilight zone (Bone 1998;
Deibel and Paffenhofer 2009). A recently discovered,
putatively carnivorous species of doliolid, Pseudusa

bostigrinus, was found at depths of over 1800 meters
(Robison et al. 2005).

Doliolids can undergo planktonic blooming to gener-
ate remarkably dense populations. For example, Dolio-
letta gegenbauri sexual zooids (gonozooids) have been
recorded at densities of up to 1000 individuals/m™!
during favorable bloom conditions (Deibel 1985; Deibel
and Lowen 2012; Paffenhofer 2013). Due to the abun-
dance of doliolids and their pervasive distribution, they
make substantial contributions to planktonic food webs
and carbon cycling in numerous marine ecosystems
(Gibson and Paffenhofer 2000; Takahashi et al. 2015;
Walters et al. 2019b; Frischer et al. 2021).

Doliolid development and larval
morphology

Doliolids are also the only thaliacean order in which a
presumably ancestral tadpole-like larval stage has been
retained. Remarkably, doliolid development remains
very poorly characterized. There are only a handful
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Fig. 4 Doliolid polymorphism and larval diversity. (A) lllustration representing the life history of Dolioletta gegenbauri (Quoy and Gaimard
1834) adapted from Walters et al. (2019b). A mature nurse, lacking digestive organs, contains a cadophore with feeding zooids
(trophozooids, in yellow) and developing carrier zooids (phorozooids, in green). Mature phorozooids are released, and host developing
sexually reproductive gonozooids (in blue). Hermaphroditic gonozooids detach from the phorozooid upon maturity. Once fertilized, a
zygote develops into a tadpole-like larva, which undergoes metamorphosis into an oozooid/early nurse. (B) Drawings of diverse doliolid
larvae, including early and metamorphosizing Doliolina mulleri larvae (left hand panels) along with early and metamorphosizing Doliolum
denticulatum larvae (right hand panels), adapted from Godeaux 2003 (Godeaux 2003). All representations in A and B lateral views, anterior

to the left, cv indicates the caudal vesicle, and rs indicates the rostrum.

of original reports regarding doliolid larvae and fewer
describing embryonic development for an extremely
limited set of species (Neumann 1906; Neumann et al.
1913; Braconnot 1964; Braconnot 1968; Godeaux 2003).
Thus, many developmental stages and fundamental
processes remain uncharacterized. One of the best-
studied doliolid species is Dolioletta gegenbauri. In D.
gegenbauri, fertilization was suggested to occur exter-
nally (Braconnot 1968), while fertilization in Doliolum
nationalis and Doliolum denticulatum was inferred to
be internal (Braconnot 1964, 1977). The mode of
fertilization has not been proposed for other doliolids.
Due to difficulty in culturing doliolid embryos, only

a few embryonic stages have been observed, and
thus cleavage patterns remain poorly characterized
(Braconnot 1971a, 1971b; Godeaux 2003). Unlike the
other thaliaceans (salps and pyrosomes), in which
embryos develop directly into an adult primary zooid,
doliolid embryos develop into tadpole-like larvae that
are morphologically similar to ascidian larvae (Fig.
4) (Braconnot 1964; Braconnot 1968). As in ascidian
larvae, doliolid larval tails contain a notochord flanked
by muscle cells, but they lack a dorsal nerve cord
and ventral endodermal strand (Godeaux 1957). Inter-
estingly, development occurs in a follicular envelope
that is initially wrapped tightly against the embryo
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Fig. 5 Doliolid phylogeny. Phylogenetic tree of sequencing data
from six doliolid species. Adapted from Garic and Batistic (2022).

but expands to varying degrees as larva develops
(Fig. 4B) (Braconnot 1968). In contrast to most solitary
ascidians, doliolid larvae initiate metamorphosis prior
to tail resorption, leading to the morphogenesis of an
adult body (oozooid) in the larval trunk (Braconnot
1964; Braconnot 1968). In this respect, doliolid larvae
resemble those of many colonial ascidians (Chia 1977;
Karaiskou et al. 2015). Intriguingly, the atrial chamber
is formed by bilateral invaginations that fuse to form a
single aperture, similar to the process of atrial siphon
formation in phlebobranchs. As development proceeds,
this adult rudiment expands into the barrel-shaped
primary oozooid body, and the tail begins to contract,
leading to highly inefficient larval locomotion (Lacalli
1999). Within a short period of time (often less than
2 days), the larval tail is resorbed, completing metamor-
phosis. The 0ozooid then hatches from the follicular
envelope and begins feeding (Braconnot 1968). Doliolid
larval morphology is highly variable (Fig. 4B) (Godeaux
2003). Some species have a caudal vesicle between the
trunk and the tail (cv in Fig. 4B, top left). Other species
exhibit an anterior protrusion (rostrum) similar to the
stolons that serve as a stalk for sessile adult ascidians
after settlement and metamorphosis (rs in Fig. 4B, top
right).

Doliolid life history

Doliolids have a highly complex, polymorphic life
history bearing some similarities to that of other
thaliaceans (Figs. 3C and 4A). In addition to a larval
stage, doliolids have four distinct adult morphs
(oozooids/nurses, trophozooids, phorozooids, and
gonozooids). After metamorphosis is complete,
the resulting oozooid matures into a nurse that is
specialized for locomotion and asexual reproduction.

C.]. Pickett et al.

During nurse maturation, an asexually reproductive
structure called the cadophore emerges at the dorsal,
posterior end of the body. Buds on this stalk-like
structure mature into feeding zooids (trophozooids)
and asexual, “carrier” zooids (phorozooids). As
trophozooids mature, much of the nurse digestive
system, including the branchial septum, ventral
endostyle, and gut tube degenerate. During early stages
of nurse maturation, two rows of buds form on each
side of the cadophore and develop into trophozooids,
which are characterized by a simplified spoon-shaped
body with a large oral aperture and numerous gill slits
for feeding. Trophozooids are connected to the colonial
vasculature by a short peduncular stalk, presumably
allowing distribution of nutrients to the nurse and
other developing zooids. Later, two medial rows of
buds begin to differentiate into phorozooids, which
have the characteristic barrel-shaped doliolid body and
are also attached to the cadophore by a peduncular
stalk. Cadophores can reach over 15cm in length and
carry hundreds of mature trophozooids and immature
phorozooids (Paffenhéfer and Koster 2011). Once the
phorozooids are fully mature and beginning to feed,
they separate from the colony and nourish developing
gonozooid buds on their peduncular stalks (Figs. 4A
and 6C). A small colony itself, the free-swimming
phorozooid may facilitate the development of dozens
of gonozooid buds, as dictated by nutrient availability
(Paffenhofer and Gibson 1999). After the gonozooids
have developed a characteristic doliolid barrel-like
morphology and are themselves feeding, they are
released. Up to eleven juvenile gonozooids can be
released from a mature phorozooid in a single day
(Paffenhofer and Gibson 1999). As the hermaphroditic
gonozooids feed and mature, they begin to differentiate
gonadal tissues. Mature gonozooids have been reported
to disperse six eggs per day in laboratory conditions
(Walters et al. 2019a).

This summary is based on a few species of doliolids
in which a full life history has been characterized.
However, isolated stages collected from other, poorly
characterized doliolid species exhibit divergent zooid
morphologies and may also participate in divergent life
history strategies (Godeaux 2003).

The cellular basis of doliolid
polymorphism

Doliolid polymorphism can be considered to consist of
two morphs produced directly by a fertilized egg (larva
and oozooid/nurse) plus three additional morphs that
are produced through asexual budding (trophozooids,
phorozooids, and gonozooids). The only studies that
touch on the cellular origins of these budded zooids
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were published over 100 years ago and are based
solely on microscopy of fixed specimens (Uljanin 1884;
Barrois 1885; Neumann 1906; Sedgwick 1909). As
recorded in these early papers, all three of the budded
zooids can be traced back to clusters of stem cells
(referred to as probuds) that are produced by the nurse.
In particular, these probuds appear to arise by “strobila-
tion,” pinching off from the end of an elongated organ
referred to as a stolon that is positioned on the ventral
side of the nurse just posterior to heart. Morphologi-
cally similar stolon organs are found in both pyrosome
cyathozooids and primary ascidiozooids along with salp
00zooids, and all of these organs participate in asexual
budding (Fig. 3). However, in Dolioletta gegenbauri,
the resulting probuds appear to undergo a remarkable
migration around the nurse body to the dorsal side
and then posteriorly towards the cadophore (Fig. 6A
and B). This migration appears to be assisted by cells
called phorocytes. Once they arrive at the cadophore,
probuds separate into five distinct streams (Fig. 6B
and C). These include two lateral streams that mature
into trophozooids, two medial streams that mature
into phorozooids, and a midline stream of probuds
that attach to the developing peduncle of immature
phorozooids and subsequently mature into gonozooids
(Fig. 6C) (Uljanin 1884; Barrois 1885; Neumann 1906;
Sedgwick 1909). The mechanisms dictating probud
migration have not been characterized and there is also
no data on when or how probuds become differentially
specified to form distinct zooids.

Outlook

The doliolids represent a promising model for exploring
fundamental questions regarding isogenic polymor-
phism. The many potential avenues of exploration can
be grouped into two major categories of questions and
associated approaches.

Questions regarding genetic and cellular
mechanisms underlying isogenic
polymorphism

Which genes are expressed in a zooid-specific manner?
How is zooid-specific gene expression regulated? How
were developmental gene networks altered to permit
redeployment of one genome for multiple develop-
mental programs? Do some zooids contain novel cell
types, tissues, or organs, or are zooid-specific structures
produced by remodeling of ancestral structures? How
were ancestral cell lineages redeployed to generate novel
morphs? At what point does the fate of stem cells used
for asexual budding of distinct morphs diverge? What
signals or cues drive this divergence?
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Polymorphic cell lineages (Dolioletta gegenbauri)
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Fig. 6 Distinct probud lineages produce feeding, carrier, and sexual
zooids. (A) Depiction of a mature D. gegenbauri nurse, red box
indicates the posterior trunk region as detailed in the next panel.
(B) Probuds produced by a ventral stolon migrate to the dorsal,
posterior cadophore, adapted from Barrois (1885). Black box
indicates the proximal end of the cadophore, as detailed in the
next panel. (C) In the proximal end of the cadophore, there are
three spatially distinct lines of maturing probuds, including two
lateral lines of maturing trophozooid buds (in yellow), two medial
lines of maturing phorozooid buds (in green), and a midline of
gonozooid probuds (in blue). Boxed regions indicate the peduncle
of a maturing phorozooid, as detailed in the last two panels. Note
that gonozooid buds (blue) produced by the nurse stolon attach to
this peduncle and then begin to mature once the phorozooid is
released (last panel).

Approaches to address these questions

Studies of isogenic polymorphism in the siphonophores
(Dunn and Wagner 2006; Siebert et al. 2015; Munro et
al. 2018; Mah and Dunn 2024) provide a roadmap for
studying related processes in the doliolids. In particular,
phylogenetically informed analysis of RNA sequencing
data can be used to identify shared zooid-specific genes
in multiple, related polymorphic species. These results,
particularly zooid-specific transcription or signaling
factor gene expression, can guide efforts to identify
potential regulatory pathways mediating zooid-specific
expression and to reconstruct underlying gene regula-
tory networks. These efforts could be greatly enhanced
by use of single-cell resolution RNA sequencing of
isolated cells or tissues, referred to as scRNA-seq or
spatial transcriptomics, respectively (Klein et al. 2015;
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Cao et al. 2019; Rao et al. 2021; Jiang et al. 2024).
These efforts could be further enhanced by deployment
of single-cell resolution chromatin profiling assays
such as scATAC-seq (Sinha et al. 2021; Grandi et al.
2022). The presence of spatially and temporally distinct
probud lineages in the nurse cadophore represents an
extraordinary opportunity to deploy these methods.
In particular, single-cell RNA sequencing of probuds
isolated from different regions along the migratory
route from the stolon to the cadophore (Fig. 6B) or
in medial to lateral regions of the cadophore (Fig. 6C)
would permit the reconstruction of gene expression tra-
jectories driving divergent specification of trophozooid
vs. phorozooid vs. gonozooid buds. High-resolution
spatial transcriptomics could achieve a similar result.

Ideally, in-lab culturing would be employed to
generate samples required for sequencing analyses and
comparative embryology. Currently, Dolioletta gegen-
bauri is the only doliolid species for which robust in-
lab culturing methods have been developed (Walters
et al. 2019b). Modiflying and refining these methods
to culture additional doliolid species will be essential.
In the meantime, multiple species of nurses with
sufficiently intact cadophores can be readily collected
from the plankton and subjected to RNA-seq or
scRNA-seq analyses. Genomic sequencing to refine
doliolid taxonomic relationships and development of
appropriate tools to analyze this RNA-sequencing data
in relation to these phylogenetic data will be essential
to this effort (Mah and Dunn 2024). We have initiated
this project through genomic sequencing and zooid-
specific RNA-sequencing in the species Dolioletta
gegenbauri.

Questions regarding the evolutionary
acquisition and divergence of isogenic
polymorphism

What form of polymorphism was present in the most
recent common ancestor of the thaliaceans? How was
polymorphism acquired in a presumably colonial ascid-
ian to produce this common ancestor? How did a more
elaborate mode of polymorphism arise in doliolids (or
was this trait lost in the other thaliaceans)? How did
polymorphism diverge within the doliolids? How did
selection drive the acquisition and diversification of
polymorphism? How has antagonistic selection been
resolved in doliolids and other thaliaceans?

Approaches to address these questions

Comparative RNA-sequencing, as detailed in the pre-
vious section would provide a powerful platform for
deciphering many of these evolutionary questions.

C.]. Pickett et al.

In order to fully address questions regarding initial
emergence of polymorphism in either thaliaceans or
doliolids, this effort would have to be extended to
include multiple salp and pyrosome species along with
at least one colonial phlebobranch species that can
serve to root these analyses in regards to the pre-
sumptive, pre-polymorphic ancestor of the thaliaceans.
Comparative microanatomical observations of budding
in colonial aplousobranch ascidians, salps, pyrosomes,
and doliolids indicate that they share some potentially
homologous features. In particular, as summarized by
Alié et al. (2021), they all appear to produce asexually
reproductive strands by outpocketing of the pharynx.
Thus, Alié et al. refer to this mode as “pharyngeal bud-
ding” and point out that although these structures are
called “stolons” in the classic literature, they are distinct
from the stolonic budding observed in other ascidians.
Instead, as proposed numerous times in the classic
literature, thaliacean budding may be derived from an
ancestral form of epicardial budding that is retained
in many colonial aplousobranch ascidians (Bonnevie
1896; Brien 1928; Berrill 1935; Godeaux 1957; Ivanova-
Kazas 1967). The placement of both aplousobranch
and thaliaceans within a large, polyphyletic clade of
phlebobranchs may reflect the presence of epicardial
budding in a colonial phlebobranch ancestor that was
subsequently lost in solitary phlebobranch lineages
(Fig. 2). Exploring this model will require in-depth
comparative studies of epicardial budding, including
high-resolution delineation of gene expression, cell
types, and molecular pathways in a range of thaliaceans
and colonial phlebobranchs. In considering the emer-
gence of a more elaborate polymorphic life history in
the doliolids, it is striking that all thaliaceans have both
sexual and asexual adult morphs. Thus, it may be that
the shared thaliacean ancestor had a relatively simple,
three-part life history, including a tadpole larval stage
(as seen in doliolids and most tunicates), a primary
zooid that reproduces asexually through epicardial bud-
ding (as seen in all thaliaceans), and secondary sexual
zooids (as seen in salps). According to this scenario,
the salps and pyrosomes lost the tadpole larval stage
and the pyrosomes also acquired two additional zooids,
a secondary asexual zooid and a tertiary composite
(sexual/asexual) zooid. In relation to doliolids, this
scenario requires the acquisition of three key divergent
traits: (1) a novel feeding zooid (the trophozooids),
(2) an additional novel zooid specialized for carrying
and dispersing sexual buds (the phorozooids), and
(3) a composite mode of stolonic budding in which
the primary zooid (the nurse) serves as the origin
for carrier, feeding,and sexual buds. The comparative
genomic and RNA sequencing efforts outlined above
would provide the basis for distinguishing between
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this scenario and many potential alternative models
regarding the divergence of polymorphism within the
thaliaceans.

Deciphering the potential role of antagonistic selec-
tion on morph-specific trait acquisition would involve
comparative microanatomical studies of zooid mor-
phology across multiple doliolid species (as mentioned
in the previous section) along with a more in-depth
analysis examining trait variation among individuals.
Complementary sequencing studies could be used to
assess genetic correlations between traits. These data
could be used to begin testing predictions regarding the
possible influence of antagonistic selection on genetic
correlation, particularly in regards to morph-specific
traits (Goedert and Calsbeek 2019). The development of
higher throughput in-lab culturing would be required
for directly assessing potential antagonistic selection
associated with morph-specific traits across a suitably
high number of individuals (Goedert and Calsbeek
2019).

Doliolids and their thaliacean cousins are an enigma,
a fascinating living puzzle that we only now have the
tools to decipher. Exploring the elaborate life history
of these fragile and beautiful animals has the potential
to provide fundamental insights into the architecture of
the gene networks that program development and how
these networks are restructured to drive diversification
within our own chordate phyla. Unraveling this puzzle
also promises to illuminate fundamental principles
of antagonistic selection that impact a much broader
group of organisms with sexual or life history dimor-
phism. Additionally, a deeper knowledge of thaliacean
life history will inform our understanding of the critical
role these organisms play in marine ecology. It is not
clear how many of the highly diverse doliolid and
other thaliacean species recorded in the classic literature
remain extant. Some of these species may already have
been lost due to global warming and rapid degradation
of marine environments. Thus, there is an urgent
need to study and conserve these obscure and unique
organisms before they are lost.
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