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Key developmental pathways and gene networks underlie the formation of
sensory cell types and structures involved in chemosensation, vision and
mechanosensation, and of the efferents these sensory inputs can activate. We
describe similarities and differences in these pathways and gene networks in
selected species of the three main chordate groups, lancelets, tunicates, and
vertebrates, leading to divergent development of olfactory receptors, eyes, hair
cells and motoneurons. The lack of appropriately posited expression of certain
transcription factors in lancelets and tunicates prevents them from developing
vertebrate-like olfactory receptors and eyes, although they generate alternative
structures for chemosensation and vision. Lancelets and tunicates lack
mechanosensory cells associated with the sensation of acoustic stimuli, but
have gravisensitive organs and ciliated epidermal sensory cells that may (and
in some cases clearly do) provide mechanosensation and thus the capacity to
respond to movement relative to surrounding water. Although functionally
analogous to the vertebrate vestibular apparatus and lateral line, homology is
questionable due to differences in the expression of the key transcription factors
Neurog and Atoh1/7, onwhich development of vertebrate hair cells depends. The
vertebrate hair cell-bearing inner ear and lateral line thus likely represent major
evolutionary advances specific to vertebrates. Motoneurons develop in
vertebrates under the control of the ventral signaling molecule hedgehog/
sonic hedgehog (Hh,Shh), against an opposing inhibitory effect mediated by
dorsal signaling molecules. Many elements of Shh-signaling and downstream
genes involved in specifying and differentiating motoneurons are also exhibited
by lancelets and tunicates, but the repertoire of MNs in vertebrates is broader,
indicating greater diversity in motoneuron differentiation programs.
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Introduction

The comparative study of the nervous system and associated
sensory structures can provide insight into the evolution of the
molecular pathways governing their development and function.
Chordates (lancelets, tunicates, and vertebrates) share several key
structural features in this regard, including a notochord, a dorsal
neural tube, and a dorsal opening of the rostral neural tube that
forms the neuropore (Figure 1). Beyond this, there are additional
similarities and some significant differences in the organization
and development of sensory and efferent systems, which require
elucidation at the molecular level. Recent genetic insights are
beginning to facilitate evolutionary comparisons of these
systems in the three chordate groups (Marlétaz et al., 2018;

Poncelet and Shimeld, 2020; Marletaz et al., 2023; Roure
et al., 2023).

Lancelets have only two main central nervous system (CNS)
divisions, whereas tunicates have up to four (Takahashi and
Holland, 2004) and vertebrates have at least five including the
unique rostral extension comprising the bipartite telencephalon
(Figure 1). The relative lengths of the notochord and neural tube
differ; in lancelets the notochord extends beyond the rostral and
caudal ends of the neural tube, in tunicates the neural tube extends
rostrally beyond the notochord (Miyamoto and Crowther, 1985;
Søviknes et al., 2007; Søviknes and Glover, 2008; Dong et al., 2009),
and in all vertebrates the notochord ends near the midbrain-
hindbrain boundary, so that the entire prosencephalon extends
rostrally beyond the notochord (Welsch et al., 1998; Satoh et al.,

FIGURE 1
The evolution of gene expression in chordates, shown schematically here in lancelets, ascidian tunicates (represented by Ciona) and vertebrates. All
three chordate groups exhibit partially overlapping expression of Foxg, Emx, Otx, Irx, and Fgf orthologs. In some cases the vertebrate gene names are used
in all 3 panels for comparison, but we emphasize that these represent the corresponding gene orthologs in lancelets and tunicates (which may have
different names in these taxa, particularly in cases where multiple orthologs exist in vertebrates). Lancelets do not express a Dmbx ortholog in the
neural tube. In ascidian tunicates, Dmbx ortholog expression coincides with the caudal limit of Irx3 ortholog expression and Foxg ortholog expression
extends rostral to the neuropore. In vertebrates, Dmbx expression extends rostral to the Irx3 expression domain to define the midbrain, while the
forebrain and the olfactory placode are Foxg1-positive. In lancelets, Gbx ortholog expression overlaps with Pax2/5/8 ortholog and most of Irx3 ortholog
expression. Ascidian tunicates have no Gbx ortholog but have a relationship between Pax2/5/8 and Pax4/6 ortholog expression domains comparable to
vertebrates. In vertebrates, the Otx expression domain abuts the Gbx expression domain. Together, these data show that certain gene expression
domains are topographically conserved (Hox, Otx), whereas others show varying degrees of overlap (Foxg, Dmbx). It is conceivable that the evolution of
nested expression domains of transcription factors is causally related to the evolution of specific neuronal features around the MHB. In vertebrates, the
abutting domains of Otx2 and Gbx2 expression at the MHB stabilize the expression of Fgf8 (lower right), which in turn stabilizes the expression of Wnt1
and engrailed (En1). Mutation ofOtx2, Gbx2, Fgf8, Lmx1b orWnt1 eliminates the MHB. Pax2/5/8 is also expressed at the MHB, whereas Dmbx expression
starts immediately rostral to the MHB (in the midbrain) to later expand into the hindbrain and spinal cord. Experimental work has demonstrated that the
development of vertebrate motor centers in the midbrain and upper hindbrain depends on the formation of the MHB. Ant. Neur. Plate; anterior neural
plate boundary; MHB, midbrain/hindbrain boundary; Olf. Placode, olfactory placode. Modified after (Takahashi and Holland, 2004; Glover et al., 2018; Liu
and Satou, 2019; Benito-Gutiérrez et al., 2021; Roure et al., 2023).
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2014; Witten and Hall, 2022; Fritzsch et al., 2023). In addition,
distinct developmental lineages generate neural crest, placodes, eyes,
and taste buds in vertebrates, but not in lancelets or tunicates
(Moody and LaMantia, 2015; Holland, 2020; Elliott et al., 2022;
Fritzsch and Martin, 2022; Adameyko, 2023; Zine and
Fritzsch, 2023).

In terms of neuron numbers, some tunicates have a greatly
miniaturized CNS, containing about 177 neurons in the larva of the
ascidian Ciona (Ryan et al., 2018; Holland, 2020), and about
130 neurons in the appendicularian Oikopleura (Søviknes et al.,
2005; Nishida et al., 2021). In contrast, the lancelet has about
20,000 neurons whereas vertebrates have a wide range of neuron
numbers [from about 600,000 in lamprey up to 86 billion in humans;
(Holland, 2020; Lent et al., 2012; Von Bartheld et al., 2016; von
Twickel et al., 2019)].

Vertebrates generate a variety of cranial sensory structures
derived from the ectodermal placodes, including (in rough
rostro-caudal order) the olfactory, anterior pituitary, lens,
trigeminal and otic and epibranchial placodes. In addition, the
vertebrate neural crest gives rise to cells that delaminate from the
dorsal neural tube to emigrate and establish a range of peripheral cell
types and structures including sensory and autonomic ganglia. Bona
fide placodes and neural crest are not found in lancelets and
tunicates, although in tunicates two proto-placodal ectodermal
domains have been identified that give rise to some peripheral
sensory cells and may be homologous with the vertebrate
placodes (Schlosser, 2015).

Tunicates as a group exhibit a wide range of genome sizes, up to
800–900 million base pairs (Mbp) in some species (Naville et al.,
2019; Plessy et al., 2023), while other species have remarkably small
and compact genomes (as low as 70–170 Mbp) (Denoeud et al.,
2010). Lancelets have about 520 Mbp (Miyamoto and Crowther,
1985; Søviknes et al., 2007; Søviknes and Glover, 2008; Dong et al.,
2009; Marlétaz et al., 2018) while vertebrates can have up to about
3,000 Mbp (Fodor et al., 2020; Holland, 2020; Marletaz et al., 2023).
A major difference between lancelets and tunicates on the one hand
and vertebrates on the other is the genome reshaping that followed
two rounds of whole genome duplications (WGD) that occurred
early in the vertebrate lineage, (Holland and Daza, 2018; Marlétaz
et al., 2018; Simakov et al., 2022), with a thirdWGD having occurred
in teleosts (Marletaz et al., 2023).

Many CNS patterning genes are common among chordates
(Schlosser, 2015; Glover et al., 2018; Holland, 2020; Liu and
Satou, 2020; Holland and Holland, 2021). However, their
utilization differs across the chordate lineages. For example, Otx
and Gbx interact to pattern the anteroposterior (AP) axis of the
vertebrate CNS, but this interaction is only partly evident in
lancelets, and the Gbx gene appears to be absent in Ciona, the
most studied tunicate species (Figure 1). Dmbx is central in
establishing the midbrain in vertebrates, but evidently plays a
different role in lancelets and tunicates [Figure 1; (Takahashi and
Holland, 2004; Glover et al., 2018)]. Expression of Pax4/6 and Pax2/
5/8 and their orthologs in respectively more anterior and more
posterior regions of the CNS differs in vertebrates, lancelets and
tunicates (Figure 1). In vertebrates, WNT and BMP signaling
contributes to anteroposterior patterning during neural induction
[Figure 1; (Meinhardt, 2015; Kozmikova and Kozmik, 2020;
Chowdhury et al., 2022; Roure et al., 2023)] and is also

important for patterning dorsal structures of the brain stem and
spinal cord, where it acts in concert with Lmx1a/b and Gdf7 to
induce the roof plate and the choroid plexus (Glover et al., 2018;
Chizhikov et al., 2021; Elliott et al., 2022). Detailed analysis shows
differences in the expression ofWnt genes of lancelets, tunicates and
vertebrates (Somorjai et al., 2018; Roure et al., 2023), and the
existence of a Gdf7 ortholog is currently unclear in lancelets and
tunicates (Kozmikova and Yu, 2017; Winkley et al., 2020; Fodor
et al., 2021). The expression of Fgf8/17/18 and their orthologs also
differs markedly across the chordate lineages, relating to the
prosencephalon and the midbrain/hindbrain isthmus in
vertebrates (Watson et al., 2017; Jahan et al., 2021), to the
cerebral vesicle in lancelets and to the visceral/caudal ganglion in
tunicates (Figure 1). Hox genes have been essential for the
evolutionary elaboration of the caudal neural tube that has
created the rhombencephalon of vertebrates (Glover et al., 2018;
Holland, 2020). Lancelets have a single Hox gene cluster, which has
been duplicated twice to form 4 clusters in vertebrates (Holland and
Holland, 2022), whereas tunicates have lost several Hox genes that
are otherwise shared by lancelets and the Parahoxazoa [placozoans,
cnidarians and bilaterians; (Seo et al., 2004; Ryan et al., 2010; Schultz
et al., 2023)]. In vertebrates, Atoh1 is expressed dorsally from the
spinal cord to the brainstem, including the cerebellum (Bermingham
et al., 2001). Cross-interaction between Neurog1/2 and Atoh1
(Fritzsch et al., 2006) influences development of the otic placode
(Neurog1, Atoh1) and epibranchial neurons (Neurog2, Atoh1) in
vertebrates (Fritzsch and Elliott, 2017; Zhang and Xu, 2023; Zine and
Fritzsch, 2023). Neither an otic nor an epibranchial placode have
been described in lancelets or tunicates, although a potentially
homologous posterior proto-placode has been proposed in
tunicates. Expression of the lancelet Atoh1 ortholog has not been
described in the CNS [only within mesoderm; (Chowdhury et al.,
2022)], whereas expression of the tunicate Atoh1 ortholog in
tunicates is linked to the development of putative hair cells in
the circumoral region (Tang et al., 2013) and their associated
sensory neurons (Stolfi et al., 2015; Manni et al., 2018).

As in the CNS, the gene regulatory networks (GRN) governing
the development of chemosensory, visual and mechanoreceptive
cells and structures show some fundamental similarities but also
important differences. Despite evidence for similar gene circuits in
tunicate and vertebrate neural lineages (Ryan et al., 2018; Liu and
Satou, 2020), absence of an early and broad expression of Foxg in
tunicates contrasts with vertebrates, where Foxg1 is essential for the
development of olfactory organs, eyes, epibranchial neurons, and
ears (Ermakova et al., 2019; Liu and Satou, 2019; Dvorakova et al.,
2020; Zine and Fritzsch, 2023). Lancelets and tunicates have
chemoreceptors, but these are not organized into an olfactory
organ as seen in vertebrates. Lancelets, and tunicates that exhibit
vision, have photoreceptors (Vopalensky et al., 2012) associated with
supporting cells in primitive eye structures, but not a multilayered
retina as in vertebrates. Indeed, developing tunicate eyes lack an
Atoh pro-ortholog expression like the Atoh7 expression that is
critical for creating vertebrate retinal ganglion neurons (Ryan and
Meinertzhagen, 2019; Wu et al., 2021; Fritzsch and Martin, 2022).
Lancelets have putative mechanosensory cells but evidently none
associated with acoustic mechanosensation (Lacalli, 2004; Wicht
and Lacalli, 2005), and at least some tunicates develop cells with a
morphology similar to vertebrate hair cells and with a distinct
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neuronal innervation (Rigon et al., 2013; Manni et al., 2018)
(reviewed in Anselmi et al., 2024, in press). In contrast to these
overt differences in sensory structures and cells, all three chordate
taxa have motoneurons that innervate peripheral muscle used to
generate body movements, although the manner in which this
innervation is achieved can differ substantially (Søviknes
et al., 2007).

In summary, substantial structural and cellular differences
among lancelets, tunicates and vertebrates in the sensory systems
for olfaction, vision and sensory/hair cell-mediated
mechanoreception are beginning to be correlated with differences
in the molecular networks governing the respective developmental
specification and differentiation processes. On the efferent side,
motoneurons are a highly conserved neuron type, yet exhibit a
variety of target innervation modes. Lancelets, tunicates and
vertebrates may share some elements of a common molecular
framework for the generic specification of motoneurons, but this
has been elaborated in vertebrates to create additional
motoneuron subtypes.

We note that, to ensure distinction between gene and protein
abbreviations, we use throughout this review the convention used
for rodents (gene abbreviations are italicized with first letter in upper
case and subsequent letters in lower case, protein abbreviations are
not italicized, and all letters are in upper case).

The olfactory system is prominent in
vertebrates but less developed in
lancelets and tunicates

The origin of G-protein coupled olfactory receptors (OR) genes
can be traced back to the latest common ancestor of chordates,
including lancelets, which have over 30 OR genes, comparable to
lampreys (Niimura, 2009; Niimura, 2012). No orthologues of OR
receptors have been found in tunicates, despite the presence of
putative chemoreceptors in the oral region (Veeman et al., 2010; Kaji
et al., 2016).

In vertebrates, the olfactory epithelium (OS) contains
progenitors that give rise to distinct classes of olfactory sensory
neurons (OSN), vomeronasal sensory neurons (VSN) and GnRH
(gonadotropin releasing hormone)-expressing neurons that control
the hypothalamic-pituitary-gonadal axis (Causeret et al., 2023). ORs
are expressed by the OSN, whose axons projection to and establish
glomeruli with second order neurons within the olfactory bulbs in
the telencephalon (Fritzsch et al., 2019; Poncelet and Shimeld, 2020;
Elliott et al., 2022; Zhu et al., 2022). Since their discovery (Buck and
Axel, 1991), OR genes have been found in all vertebrates including
fish, amphibians, reptiles, birds, and mammals. They comprise the
largest vertebrate gene family, with up to 2,000 genes and hundreds
of OR pseudogenes (Zhang and Firestein, 2002; Niimura and Nei,
2007; Niimura et al., 2020; Policarpo et al., 2023).

The olfactory epithelia (OE) and the olfactory bulb (OB) develop
from the olfactory placode and the telencephalon, respectively
(Fritzsch and Elliott, 2022; Imai, 2022). The olfactory placode is
one of the cranial sensory placodes that give rise to several
specialized sensory organs [OE, auditory and vestibular organs
(Moody and LaMantia, 2015; Schlosser, 2021)]. A set of
transcription factors, including Eya/Six, Pitx, Otx2, Pax4/6, and

Emx2 regulate the induction of the olfactory placode. Additionally,
retinoic acid (RA), FGF8, SHH, and BMP4 secreted from adjacent
mesenchymal cells define the axes of the OE and induce nasal cavity
formation (Moody and LaMantia, 2015; Poncelet and Shimeld,
2020). These factors together trigger the upregulation of specific
genes required for the generation of olfactory sensory neurons [e.g.,
Sox2, Ascl1, Neurog1, Neurod1, and Foxg1; (Panaliappan et al., 2018;
Dvorakova et al., 2020; Bayramov et al., 2022; Roure et al., 2023)].
Specific microRNAs also play a critical role in the differentiation of
these neurons (Kersigo et al., 2011).

Detailed analysis in Ciona has revealed the origin of the tunicate
neuropore [Figure 2; (Veeman and Reeves, 2015)], which becomes
confluent with the opening of the gut (Veeman et al., 2010) and is
fused with the mouth orifice. This structural arrangement resembles
that related to the embryonic origin of olfactory structures in
vertebrates. Nevertheless, although tunicates possess oral
chemoreceptors, they appear to lack bona fide homologs of the
OE and OB (Niimura, 2012; Schlosser, 2021a). A similar anatomical

FIGURE 2
The neuropore (Np) in lancelets and tunicates (represented by
the ascidianCiona) forms an opening that connects the neurectoderm
and the ectoderm. In vertebrates, the neuropore is transient andmarks
the point at which the neuroectoderm extends rostrally to form
the forebrain (Fb), which appears to be unique to vertebrates. The
olfactory placode (Olf), another vertebrate invention, develops rostral
to the forebrain, and contains primary olfactory neurons that project
to the forebrain. Neither lancelets nor tunicates have an olfactory
system per se but have individual chemosensory cells that in lancelets
likely express olfactory receptors. Note that in tunicates the neuropore
has a collateral opening to the gut. In lancelets, the extension of the
notochord prevents the formation of such a collateral opening.
Vertebrates develop a structure in the embryonic oral ectoderm called
Rathke’s pouch (Rp), which forms the hypophyseal placode (Hy) that
exhibits a unique interaction with the CNS at the hypothalamus. *
indicates the mouth opening. Modified after (Veeman et al., 2010;
Winkley et al., 2020; Schlosser, 2021a).

Frontiers in Cell and Developmental Biology frontiersin.org04

Fritzsch and Glover 10.3389/fcell.2024.1340157

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1340157


relationship between neuropore and oral cavity is prevented in
lancelets by the rostrally extended notochord [Figures 1, 2; (Ota
and Kuratani, 2006)]. This structural intervention may be a
contributing factor to the lack of a vertebrate-like olfactory
system, since it could prevent inductive cell-cell interactions
between gut and neural tube (Moody and LaMantia, 2015;
Touhara et al., 2016; Schlosser, 2018; Holland, 2020; Poncelet
and Shimeld, 2020). Although lancelets have no distinctive
olfactory organ (Figure 2), they do have cells expressing OR
genes near the mouth and along the lateral body wall (Niimura,
2012; Poncelet and Shimeld, 2020; Schlosser, 2021a).

GnRH is a marker across chordates for the anlage that give rise to
the vertebrate adenohypophysis and olfactory structures and their
potential homologs in lancelets and tunicates (Bassham and
Postlethwait, 2005; Poncelet and Shimeld, 2020). The expression in
tunicates of Eya/Six, which is necessary for olfactory development in
mouse (Xu et al., 1997; Riddiford and Schlosser, 2016; Xu et al., 2021),
initially suggested a potential evolutionary link to the vertebrate
olfactory system (Bassham and Postlethwait, 2005). However,
expression of Foxg1 suggests that this likely only relates to
peripheral olfactory structures. Foxg1, which is important for the
development of the olfactory neural plate and olfactory bulb in
vertebrates (Kersigo et al., 2011; Dvorakova et al., 2020), is only
expressed at the anterior margin of the tunicate neural plate, where it
is involved in the development of sensory neurons, but does not
appear to be involved in the development of second-order neurons
[Figure 1; (Panaliappan et al., 2018; Dvorakova et al., 2020; Liu and
Satou, 2020; Benito-Gutiérrez et al., 2021; Zhang et al., 2021; Roure
et al., 2023)]. Thus, despite some similarity between tunicates and
vertebrates in the expression of GnRH, Eya/Six and Foxg (Roure et al.,
2023), and of additional specific genes in GnRH-positive receptor cells
(Touhara et al., 2016; Poncelet and Shimeld, 2020), it is unclear
whether tunicates develop a homolog of the vertebrate olfactory
placode or olfactory bulb (Cao et al., 2019). In this regard lancelets
show greater similarity to vertebrates, as Eya/Six and Foxg are
expressed in the lancelet sensory vesicle, part of the CNS (Figure 1).

In summary, neither lancelets nor tunicates possess a vertebrate-
like olfactory system, but lancelets have OR-gene expressing
receptors that may be homologous to vertebrate olfactory
receptors, and tunicates develop GnRH-positive cells that may be
homologous to vertebrate vomeronasal receptors. Only vertebrates
have the extraordinarily extensive repertoire of OR genes and the
elaborate synaptic interactions between olfactory sensory axons and
central target neurons that form the glomeruli in the olfactory bulb.
A more in-depth comparative review of olfactory system evolution
can be found in (Poncelet and Shimeld, 2020).

Evolving the visual system: from
primitive photoreceptive structures in
lancelets and tunicates to the eyes of
vertebrates

Opsins are central to phototransduction and provide one basis
for understanding evolution of the visual system in chordates
(Lamb, 2020; Moraes et al., 2021; Roberts et al., 2022). Opsins
evolved together with the regulatory gene Pax6, which drives the
development of eyes across animal phyla, in many cases through

interaction with retinoic acid (RA) signaling (Fuhrmann, 2010;
Lamb, 2013; Schwab, 2018). A total of 21 opsin genes has been
identified in lancelets (Pergner and Kozmik, 2017), and these code
for highly variable opsin proteins, generating a diversity comparable
to that in vertebrates. Comparison to the vertebrate opsin gene
family has provided information on duplications and gene loss
events in lancelets (Pantzartzi et al., 2018). By contrast, the
tunicate Ciona has only 3 opsin genes, which have sequence
similarity to the vertebrate visual opsins (Kusakabe et al., 2001;
Terakita, 2005; Ryan and Meinertzhagen, 2019; Pisani et al., 2020).

Potential evolutionary relationships between vertebrate eyes and
pineal gland on the one hand and lancelet photoreceptive organs on
the other have been reviewed in some detail recently (Pergner et al.,
2020). Lancelets have four photosensitive organs, the frontal eye and
the lamellar body (a presumed homolog of the vertebrate pineal
gland), both of which contain ciliary photoreceptors, and the Joseph
cells and the dorsal ocelli, both of which contain rhabdomeric
photoreceptors. The frontal eye exhibits several similarities to the
vertebrate retina, including specific gene expression domains
comparable to vertebrate counterparts (Pergner and Kozmik,
2017). Pax6, considered a master regulator for eye formation, is
expressed in the regions giving rise to all four of these photosensitive
organs (Glardon et al., 1998). Cells associated with the frontal eye
express the photoreceptor- and opsin-related transcription factors
Pax2/5/8, Six3/6, Otx, Mitf as well as melanin synthesis genes
[Figure 3; (Lamb et al., 2007)] and opsins (Vopalensky et al.,
2012). Each photoreceptor cell in the frontal eye has a ciliary
process that extends out of the neuropore, and an axonal
projection to the CNS (Lacalli et al., 1994; Pergner and Kozmik,
2017) that may mediate further synaptic connections to
motoneurons (Lacalli, 2018; Schlosser, 2021). In contrast to the
frontal eye and lamellar body, the Joseph cells and dorsal ocelli
express melanopsin, suggesting homology to vertebrate non-visual
circadian photoreceptors (Gomez Mdel et al., 2009). Despite the
clear presence of functional photoreceptors in all these structures,
none of them approaches the complexity of constituent cell types
found in the vertebrate retina and pineal gland. A potential
explanation is the duplication of the Atoh pro-ortholog to create
the Atoh1 and Atoh7 genes in vertebrates, the latter of which is
critical for creating vertebrate retinal ganglion neurons, and the lack
of Neurod and Otx gene expression in the photoreceptive organs of
lancelets, which is critical for creating vertebrate rods and cones
(Ryan and Meinertzhagen, 2019; Wu et al., 2021; Chowdhury et al.,
2022; Fritzsch and Martin, 2022).

In tunicates, ciliated photoreceptors associated with adjacent
pigment cells have been described in many species, although
appendicularian tunicates such as Oikopleura lack a visual organ
entirely (Konno et al., 2010; Kourakis et al., 2019; Braun et al., 2020;
Glover, 2020; Winkley et al., 2020; Olivo et al., 2021). In Ciona, the
ocellus is made up of a cup-shaped pigment cell, 3 lens cells (not
homologous to the vertebrate lens), and a number of photoreceptor
cells that comprise 3 morphologically distinct groups (Olivo et al.,
2021). Some of the photoreceptor cells are adjacent to pigment cells
such that light detection by these is directional, and some are
displaced from the lens cells and thus react primarily to
unfocused light. The photoreceptor cells have an outer segment
with multiple lamellae and each connects directly to neurons in the
adjacent sensory vesicle that mediate photic responses (Lacalli and
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Holland, 1998; Konno et al., 2010; Razy-Krajka et al., 2012; Braun
and Stach, 2019; Ryan and Meinertzhagen, 2019). In addition to
opsins, Ciona also expresses the protein arrestin, a homolog of
vertebrate β-arrestin which regulates opsin-based G-protein
signaling to temporally curtail photoreceptor responses,
suggesting that this function may be conserved from tunicates to
vertebrates (Nakagawa et al., 2002; Kawano-Yamashita et al., 2011).
In the salp Thalia, the blastozooid stage has a horseshoe-shaped set
of pigmented cells adjacent to photoreceptor cells that are split
among three cups that contain transparent transient lens cells and
point in different directions (Barnes, 1971; Lacalli and Holland,
1998; Konno et al., 2010; Braun and Stach, 2017; Winkley et al.,
2020). Small nerve branches connect these primitive eyes to the
brain (Ryan et al., 2018; Braun and Stach, 2019).

Pax6 is expressed in the ocellus of Ciona (Irvine et al., 2008), but
as in lancelets, other genes associated with vertebrate retinal neuron
specification are not, including Atoh7, Neurod1 and Otx2 (Ryan and
Meinertzhagen, 2019; Wu et al., 2021; Fritzsch and Martin, 2022).
Another bHLH gene important for retinal development in

vertebrates, Atoh8 (Cao et al., 2019) is expressed in the sensory
ganglion domain of Ciona, but is not clear whether it is eventually
expressed in the ocellus [Atoh8 is not expressed in the brain, only the
retina, in vertebrates; (Negrón-Piñeiro et al., 2020a; Rawnsley et al.,
2013; Divvela et al., 2022)]. It may be that the larger repertoire
within certain key gene families generated through WGD in
vertebrates (for example, duplication of an Atoh pro-ortholog to
generate Atoh1 and Atoh7) may have facilitated an increase in cell
type and photoreceptive organ diversity (Fritzsch et al., 2010;
Holland and Daza, 2018). A more limited gene repertoire might
thus explain the less elaborate differentiation of eye-related cells and
structures in tunicates.

Pax6 is also expressed in the rostral CNS of appendicularian
tunicates like Oikopleura (Cañestro and Postlethwait, 2007), but
does not drive the formation of photoreceptors or any eye-like
organ. Since retinoid signaling is an important factor promoting eye
development in vertebrates (Cvekl and Wang, 2009), the
evolutionary loss of all components of the retinoid signaling
system in Oikopleura (Cañestro and Postlethwait, 2007) might

FIGURE 3
Comparison of lancelet, tunicate, and lamprey (vertebrate) photoreceptive organs. (A) Lancelets have a frontal eye (A’)with photoreceptor cells that
contain visual pigments and that have a simple cilium but without lamellae. The cilium extends into the central lumen of the terminal sac towards the
neuropore (NP) (A”). Note that the notochord (pink) extends beyond the rostrum (transverse section view). (B) Ascidian tunicates have ciliated
photoreceptors with an outer segment of lamellae (B’, B”). Photoreceptors can be organized into asmany as three distinct clusters, some associated
with pigment cells in certain species (B”). Note that the notochord (pink) does not extend to the level of the transverse section. (C) Lampreys have two
photoreceptive organs: the pineal/parapineal and the retina (C). Photoreceptor cells in both organs exhibit ribbon synapses (C). Axonal projections to the
brain arise either directly (pineal/parapineal) or indirectly via ganglion cells (RGCs) in the retina, which also contains bipolar, horizontal and amacrine cells
that process visual inputs. The eye is moved by three sets of extraocular muscles (inset). Note that vertebrates express distinct bHLH genes (Atoh7,
Neurod1, (C’)) in the developing eye. Expression of orthologs of these genes has not been demonstrated near the eyes in lancelets (A’) or tunicates (B’).
Atonal is required for eye development in flies and has evolved into multiple distinct Atoh, Neurod and Neurog genes in vertebrates. Modified after (Eakin
and Kuda, 1970; Barnes, 1971; Eakin, 1973; Fritzsch and Collin, 1990; Fritzsch et al., 1990; Lacalli et al., 1994; Collin et al., 2009; Braun and Stach, 2017;
Marlétaz et al., 2018; Suzuki and Grillner, 2018; Braun and Stach, 2019; Cao et al., 2019; Elliott et al., 2022; Elliott et al., 2021; Martin et al., 2021; Baker and
Brown, 2018).
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explain the absence of photoreceptors in appendicularian tunicates
despite expression of Pax6.

In summary, although lancelets, tunicates and vertebrates share
opsins and arrestins as basic molecular components for
phototransduction, and Pax6 appears to be a common driver of
photoreceptor development in all three (except for appendicularian
tunicates), we lack enough information to relate the lancelet frontal
eye and the multiple tunicate eyes to the bilateral eyes and pineal
gland of vertebrates [Figure 3; (Lamb, 2013; Lamb, 2020; Fritzsch
and Martin, 2022)]. The main difference is the absence of certain
genes, particularly Atoh7 and Neurod1, which are required for eye
and pineal gland development in vertebrates. Moreover, the
complete lack of photoreceptors despite Pax6 expression in
appendicularian tunicates requires a molecular explanation.

Evolving hair cells and connecting them
to the CNS

Hair cells are believed to have evolved as a retained phenotype
from the common ancestor of choanoflagellates and metazoans. In
this idea, the motility-enabling flagellum-microvilli complex has
been converted to a mechanosensory device and the basic

choanoflagellate cell type has given rise to a sensory cell within a
synaptically-coupled neural circuit (Caicci et al., 2013; Fritzsch and
Straka, 2014; Fritzsch and Elliott, 2017; Colgren and Burkhardt,
2022; Van Le et al., 2023). An important line of inquiry has been to
determine whether lancelets and tunicates have hair cells that are
homologous to the hair cells of vertebrates, which are found in the
vestibular and cochlear sensory organs and in the lateral line
neuromasts of vertebrates. For such homology to hold, it should
be possible to find ciliated secondary sensory cells (sensory cells that
do not have an axon, but receive synapses from primary sensory
cells) in lancelets and tunicates.

Lancelets have primary sensory cells (sensory cells with axons
that project to the CNS) widely distributed in the skin (Poncelet and
Shimeld, 2020; Holland and Holland, 2022). Among these, a unique
group in the corpuscles de Quatrefages extend neurites into the
dorsal entry points of the first and second nerves (Fritzsch, 1996;
Wicht and Lacalli, 2005). In addition, there are two types of widely
distributed solitary sensory cells in the skin, type I and type II
[Figure 4; (Wicht and Lacalli, 2005; Schlosser, 2021a)], each with a
central kinocilium surrounded by microvilli, which are branched in
the type II sensory cells. The type I sensory cells are primary sensory
cells. The type II sensory cells have been suggested to be secondary
sensory cells (sensory cells that do not have a centrally projecting

FIGURE 4
Comparison of some lancelet, tunicate, and vertebrate mechanosensory receptors. Lancelets have three types of ectodermally derived putative
mechanosensory cells: the cells of the corpuscles de Quatrefages (associated with nerves 1 and 2), the type I epidermal sensory cell, which is a primary
sensory cell with an axonal extension into the CNS, and the type II epidermal sensory cell, which is likely a secondary sensory cell that may be innervated
by central neurons that have widespread axon terminations in the skin. Neither Neurog nor the Atoh1/7 pro-ortholog (NeuroD/Atonal-related gehe)
have been linked to development of these cells (Neurog is only expressed in the notochord, expression of NeuroD/Atonal-related has not been described
in the CNS). The ascidian tunicate Ciona has putative mechanosensory cells in the epidermis that have axons that can extend into the CNS (and thus
appear to be primary sensory cells) or are innervated by bipolar tail neurons with central axons that extend to reach the visceral ganglion. Expression of
Neurog and of the Atoh1/7-pro-ortholog (Atonal) is involved in the development of these cells. Vertebrates have sensory neurons located in peripheral
sensory ganglia whose development depends on the expression of Neurog1 followed byNeurod1; these have peripheral axons that eithermay ormay not
contact secondary sensory cells, and central axons that project into the spinal cord and the brainstem. The brainstem receives afferent input from
electroreceptor (ELL) and lateral line (LL) sensory neurons that connect peripherally to Atoh1+ secondary sensory (hair) cells in the body wall, and from
auditory and vestibular sensory neurons that contact hair cells in the inner ear (gray), which is unique to vertebrates. Modified after (Tang et al., 2013; Stolfi
et al., 2015; Holland and Daza, 2018; Manni et al., 2018; Holland, 2020; Zhao et al., 2020; Elliott et al., 2021; Fritzsch, 2021).
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axon) with short basal processes (Wicht and Lacalli, 2005)
(Figure 3). Although the type II sensory cells are well positioned
for mechanoreception and on morphological grounds have the
appearance of hair cells, it is not yet clear whether they function
as hair cells. Extensive RNA sequencing characterization has shown
that the origin of the lancelet epidermal sensory cells is inconsistent
with homology to neural crest-derived sensory ganglion neurons of
vertebrates (Schlosser, 2021; Chowdhury et al., 2022; Zine and
Fritzsch, 2023); indeed, there are no overt ganglia associated with
lancelet afferent nerves (Fritzsch andNorthcutt, 1993). Further work
is needed to assess whether the origin of the type II sensory cells is
homologous to the vertebrate placodes that give rise to the
vestibular, auditory or lateral line hair cells.

In tunicates, peripheral ciliated sensory neurons have been
described at larval and adult stages in ascidians (such as Ciona),
thaliaceans and appendicularians (such as Oikopleura). In Ciona,
these include the larval caudal and trunk epidermal neurons (CENs
and TENs) and the papilla neurons (PNs). CENs and TENs are
ciliated and have axons extending to the nerve cord, and thus appear
to be primary sensory cells. CEN and TEN axons contact each other
and/or central bipolar relay neurons in the CNS [Figure 4; (Tang
et al., 2013; Stolfi et al., 2015; Manni et al., 2018; Ryan et al., 2018;
Piekarz and Stolfi, 2023)]. In ascidians the CENs and TENs are
positioned peripherally along the length of the body in a way that is
reminiscent of the vertebrate lateral line, and they originate from
neurogenic regions of the ectoderm (the neurogenic midlines) that
are reminiscent of the postotic placodes that give rise to lateral line
neuromasts and sensory neurons in teleosts. However, since they
appear to be primary sensory cells, the potential homology would be
to the sensory neurons in the lateral line ganglia, not to the hair cells
of the lateral line neuromasts.

Despite the connectional similarity between the central bipolar
neurons in Ciona (that synapse with the CENs and TENs) and
vertebrate sensory neurons in dorsal root, vestibular and cochlear
ganglia, it is unclear whether these are homologous [Figure 4;
(Schlosser, 2021a; Fritzsch, 2021)]. Moreover, a developmental
origin in tunicates homologous to the otic placode that gives rise
to the vertebrate inner ear and most of the neurons in its associated
ganglia (Schlosser, 2021; Zine and Fritzsch, 2023) has not been
demonstrated.

The PNs are ciliated peripheral neurons that extend axons
towards the sensory vesicle. At early larval stages some PNs
synapse onto RTENs peripheral to the sensory vesicle; it is
unclear whether later growing PN axons do the same or extend
into the sensory vesicle (reviewed in Anselmi et al., 2024, in press).
PNs have a combined chemosensory and mechanosensory
function, responding to chemical cues that are known to
promote substrate attachment, and to mechanical stimulation
which upon substrate contact triggers metamorphosis to the
adult sessile stage (Hoyer et al., 2024). The PNs develop from
the anterior neurogenic zone.

The appendicularian tunicateOikopleura bears a bilateral pair of
secondary sensory cells (the Langerhans receptors) each with a long,
modified ciliary structure. These have been shown to have a
mechanosensory function (Bone and Ryan, 1979; Holmberg,
1986), and are therefore potentially homologous to vertebrate
hair cells. But their embryonic origin and molecular patterning
have not been assessed.

Ascidian, thaliacean and appendicularian tunicates also have
ciliated secondary sensory cells in the circumoral region in free-
swimming forms (larval ascidians and thaliaceans and larval and
adult appendicularians), and in the coronal organ in both free-
swimming (appendicularian) and sessile and pelagic (ascidian and
thaliacean) adult forms (Engelmann and Fritzsch, 2022) (reviewed
in Anselmi et al., 2024, in press). These are potentially homologous
to vertebrate hair cells. However, there is great diversity among
tunicate species in the organization of cilia in these cells, which is
different from that of vertebrate hair cells in the inner ear and lateral
line. The secondary sensory cells of the tunicate coronal organ have a
central kinocilium with surrounding stereocilia, whereas the cilia
bundle of vertebrate hair cells has a distinct axis with the kinocilium
at one extreme and stereocilia arrayed in decreasing lengths towards
the other extreme (the kinocilium subsequently degenerates in
mammalian cochlear hair cells, but the axis of graded stereocilia
height remains). In both tunicates and vertebrates the cilia are
bound to each other by link proteins, strongly indicative of a
similar mechanosensory function. Indeed, in some tunicate
species, the secondary sensory cells in the coronal organ have
been demonstrated physiologically to have a mechanoreceptive
function, but it is unclear whether all are mechanoreceptive or
alternatively chemoreceptive (or both) (Caicci et al., 2013; Manni
et al., 2018; Poncelet and Shimeld, 2020; Engelmann and Fritzsch,
2022; Van Le et al., 2023) (reviewed in Anselmi et al., 2024, in press).
A cladistic analysis has suggested a monociliated cell as the ancestral
form giving rise to the diverse forms exhibited in tunicate coronal
organs (Rigon et al., 2013).

The coronal organ derives from the stomodeal portion of the
anterior proto-placode in tunicates, a structure that has been
suggested to be potentially homologous to one or more of the
posterior vertebrate placodes (otic and/or lateral line) that give
rise to hair cells. However, this potential homology remains to be
proven, as there are some discrepancies in gene expression relative to
vertebrate placodes during their development (reviewed in Anselmi
et al., 2024, in press).

In vertebrates, the Atoh1 gene plays a pivotal role in specifying
the hair cell phenotype. A single atonal/lin-32/Atoh bHLH gene is
found in Protostomia (fly, D. melanogaster; nematode, C elegans).
This gene has been conserved in Deuterostomia, and duplicated in
vertebrates to generate the genes Atoh1 and Atoh7. In lancelets and
tunicates, potential orthologs are the NeuroD/Atonal-related gene
and the single Atonal gene, respectively. Atonal is expressed in the
coronal organ of tunicates (Rigon et al., 2018). Of additional
relevance with respect to sensory cell and neuron diversity are
the genes Neurod (4 in vertebrates, 1 NeuroD/Atonal-related in
lancelets, two potential orthologs in Ciona),Neurog (3 in vertebrates,
1 in lancelets, 1 in Ciona), and Olig (3 in vertebrates, 2 in lancelets,
evidently absent in Ciona) (Simionato et al., 2007; Negrón-Piñeiro
et al., 2020b). In vertebrates, Neurog1/2 and Neurod1 are associated
with the emergence of distinct peripheral sensory cells (under the
control of Atoh1) and of sensory neurons in sensory ganglia (direct
action of Neurog1/2 and Neurod1) (Fritzsch, 2021).

Expression of NeuroD/Atonal-related in the lancelet nervous
system has not been described (Simionato et al., 2007; Holland et al.,
2008; Holland, 2020; Zhao et al., 2020; Chowdhury et al., 2022). In
tunicates, Neurog and Atonal are expressed in the nerve cord and
peripheral sensory cells (Tang et al., 2013; Stolfi et al., 2015; Cao
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et al., 2019; Ryan and Meinertzhagen, 2019). It is currently not
known whether the specification of secondary mechanosensory cells
(both putative and definitive) in tunicates depends on expression of
Atonal in the way the specification of hair cells depends on Atoh1 in
vertebrates.

In summary, there are clear distinctions among putative
mechanosensory cells and their sources of innervation in
lancelets (epidermally derived primary sensory cells that project
to the CNS), tunicates (epidermally derived primary sensory cells
that project to the CNS and epidermally derived secondary sensory
cells innervated by neurons in the CNS), and vertebrates (placode-
derived secondary sensory cells that are innervated by placode- and
neural crest-derived sensory neurons within sensory ganglia). Atoh
gene ortholog expression appears to be a common feature in tunicate
and vertebrate mechanosensory cells (Atonal in tunicates, Atoh1 in
vertebrates), but it is unclear if this is shared by lancelets. The
recruitment (in some cases preceded by duplications) of additional
genes governing differentiation of mechanoreceptors and associated
sensory neurons is related to the more complex organization of
mechanosensory systems in vertebrates, exemplified by the highly
specialized vestibular and cochlear organs and their ganglia
(Figure 4). A central element in this evolutionary elaboration has
been the creation in vertebrates of dedicated placodal anlage (otic
placode for auditory and vestibular, post-otic for lateral line) that
give rise to peripheral mechanosensory structures bearing hair cells.

Molecular specification of
motoneurons and diversity of
neuromuscular organization

In the vertebrate posterior neural tube, sonic hedgehog (SHH)
acts as a graded morphogen emanating from the notochord and
floor plate to promote the formation of ventral progenitor
domains, one of which (pMN) gives rise to all motoneurons.
WNT proteins and bone morphogenetic proteins (BMPs)
emanating from the dorsal neural tube generate an opposing
gradient that inhibits ventral progenitor formation and MN
differentiation (Roure et al., 2023). The action of these
opposing gradients, coupled with reciprocal repressive
interactions between progenitor domain-defining transcription
factors, leads to well defined and restricted progenitor
populations, and is the basis for the localization of MNs in the
ventral neural tube [later migrations can posit some MNs more
dorsally; (Briscoe and Novitch, 2008)]. Except for the p3 ventral
progenitor domain (which gives rise to V3 interneurons), the
action of SHH is not a direct induction of ventral progenitor
fates, but rather inhibition of the intracellular protein GLI3, which
acts to repress ventral progenitor fates. It has been shown that MNs
can still be generated in the absence of SHH and GLI3, indicating
that MNs can be specified through another pathway that is
normally repressed by GLI3. In this case, however, MNs and
other (interneuronal) cell type precursors are intermingled
instead of being organized into discrete anatomical populations.
It has been proposed that the SHH signaling pathway has achieved
a necessary status during vertebrate evolution to ensure that
ventral progenitor domains are properly patterned in the face
of increasing neuronal numbers.

Once specified, differentiation of MNs in vertebrates involves
the expression of several genes, including the transcription factor
genes Nkx6.2, Olig, Isl1, and Mnx, and culminating in the
expression of choline acetyltransferase (ChAT) and the
vesicular acetylcholine (ACh) transporter (vAChT), key
components of the machinery for synthesizing and utilizing
ACh as a neurotransmitter.

Lancelets and tunicates express hedgehog (Hh) genes
homologous to vertebrate Shh (1 gene in lancelets, 2 in
Ciona), as well as Wnt and Bmp genes dorsally (Shimeld,
1999; Lin et al., 2009; Hudson et al., 2011; Ryan et al., 2018;
Benito-Gutiérrez et al., 2021). In both lancelets and vertebrates,
HH/SHH is expressed ventrally (in both notochord and floor
plate) together with Patched (PTC) and Smoothened (SMO),
transmembrane proteins that transduce the HH/SHH signal,
and with GLI and SUFU proteins that mediate SHH-elicited
transcriptional events. However, in Ciona expression of Hh1 and
Hh2 is spatially limited to the ventral nerve cord (absent in the
notochord) and temporally limited there to early (pre-hatching)
stages. PTC, SMO and GLI are also expressed, indicating that the
main components of the HH-signaling pathway are present
during the generation of MNs (Imai et al., 2009; Islam et al.,
2010). However, MNs are still generated in the absence of Hh
expression, suggesting that MN specification relies on a non-HH-
mediated removal (spatially or temporally) of Gli expression
(Hudson et al., 2011; Di Gregorio, 2020; Ren et al., 2020).
This is similar to the situation created by double knockout of
Shh and Gli3 in vertebrates. Since only a handful of MNs are
generated in tunicates, the role of Shh/Hh in creating a
dorsoventrally restricted domain of MN progenitors may not
be as important in tunicates as in vertebrates, and therefore may
have been relaxed to the point that HH-signaling has been
eliminated as a necessary factor for MN specification.

Lancelets have two types of motoneurons, dorsal (branchial)
and ventral (somatic) (Fritzsch and Northcutt, 1993; Lacalli and
Kelly, 2003; Wicht and Lacalli, 2005). There is a noticeable left/
right asymmetry and an incomplete overlap of most rostral
motoneurons (Ren et al., 2020). Lancelets have a single Nkx6
gene, two Olig genes and a single Islet gene (Jackman et al., 2000;
Ren et al., 2020), which probably have comparable functions to
the mammalian orthologues (Delás and Briscoe, 2020). Both MN
types express Nkx6, OligA and Islet, but the latter does not appear
to be expressed in more posterior MNs (Jackman et al., 2000; Ren
et al., 2020). As in vertebrates, MN specification in lancelets also
involves Hox and bHLH genes, although the relevant interactions
among these have not been well characterized in lancelets
(Ferrier et al., 2001; Langeland et al., 2006; Leung and
Shimeld, 2019; Dasen, 2022). In tunicates, which lack an Olig
gene, the expression patterns and functional roles of Nkx6, Islet,
and Hox orthologs in the context of MN differentiation have yet
to be elucidated (Roure et al., 2023). Thus, it remains to be seen
how similar this process is molecularly in the three
chordate groups.

In lancelets, innervation of muscle is unusual, in that MNs do
not project axons out of the spinal cord, but rather make contacts
with muscle cells that appose the ventrolateral margin of the spinal
cord (Flood, 1966; Wicht and Lacalli, 2005; Fritzsch et al., 2017). In
tunicate larvae, MNs send axons into the periphery from the nerve
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cord. The ascidian tunicates Ciona and Halocynthia have at larval
stages respectively 5 pairs of MNs and 3 pairs of MNs in the
visceral ganglion, considered to be homologous to the posterior
part of the vertebrate hindbrain (Dufour et al., 2006; Stolfi et al.,
2015; Ryan and Meinertzhagen, 2019; Fritzsch and Martin, 2022).
Since most of the tail musculature is located well caudal to these
MNs, activation of the musculature requires that MN axons
descend for multiple segments along the nerve cord prior to
exiting into the periphery, and that more rostral muscle cells
transmit depolarization to more caudal muscle cells via gap
junctions (Okada et al., 2002). By contrast, in the
appendicularian tunicate Oikopleura, there are 10 pairs of MNs
corresponding to the 10 pairs of muscle cells, 3 in the caudal
ganglion (roughly homologous to the visceral ganglion of ascidian
tunicates) and 7 in the caudal nerve cord. Most of the MNs
innervate a muscle cell at the same or next caudal segmental
level. This near co-distribution of MNs and muscle cells along
the rostrocaudal axis is more similar to the situation in vertebrates
(Søviknes et al., 2007).

Extraocular muscles (EOMs) are in many ways unique
compared to other skeletal muscles in vertebrates (Noden and
Francis-West, 2006; Spencer and Porter, 2006; Fritzsch et al.,
2017; Ziermann et al., 2018). They derive from epithelial
mesodermal coeloms termed head cavities. Three pairs of head
cavities form from the pharyngeal pouches, thereby exhibiting a
metameric arrangement that has prompted the notion of three
cranial somites (Bjerring, 1978; Gilland and Baker, 2005;
Kuratani and Adachi, 2016). Extraocular muscles thus form
relatively near the midbrain (near the source of cranial nerve
III, the oculomotor nerve), the midbrain-hindbrain transition
(near the source of cranial nerve IV, the trochlear nerve) and the
hindbrain (the source of cranial nerve VI, the abducens nerve).
Oculomotor and trochlear MNs are special somatic motoneurons
(SSM, whose specification require expression of Phox2a),
whereas abducens MNs are somatic motor neurons (SM,
specification independent of Phox2a) (Epstein et al., 1999;
Brunet and Pattyn, 2002; Litingtung et al., 2002; Fritzsch et al.,
2017; Delás and Briscoe, 2020). Along with most (but not all)
MNs in the hindbrain, differentiation of the SSM in
the oculomotor and trochlear nuclei depends on the
expression of Phox2 transcription factors [reviewed in
(Fritzsch et al., 2017)].

The development of extraocular muscles and their innervating
MNs is a vertebrate innovation, arising through the need to mobilize
the eye to create a more flexible and powerful visual system
[reviewed in Fritzsch et al., 2024 in press]. Neither extraocular
muscles nor MNs to innervate them are present in lancelets or
tunicates. It is unclear whether lancelets express Phox2 genes in the
nervous system. Although Phox2 is expressed in the ciliomotor
neurons that control branchial ciliary flow in the sessile adult Ciona
(which derive from the larval “neck” region), it is unclear which
brain stem neurons these might correspond to in vertebrates. It is
also unclear whether Phox2 expression is involved in the
differentiation of the larval MNs in the visceral ganglion, which
also corresponds to part of the vertebrate brain stem (Gigante et al.,
2023; preprint). Thus, SSM in general may be a vertebrate invention,
beyond the specific lack of extraocular MNs in lancelets and
tunicates (Fritzsch et al., 2017).

In summary, the different chordate taxa share many
elements of a common molecular program for specifying
generic MNs, but differences exist in the way specific genes
and signaling pathways are utilized. In addition, a variety of
neuromuscular organization patterns, including the direct
apposition of muscle to the ventrolateral spinal cord
obviating the need for peripheral MN axons in lancelets, and
the rostrally restricted MN localization with activation of muscle
by descending MN axons combined with sequential activation of
more caudal muscle cells via gap junctions in ascidian tunicates,
deviate substantially from the vertebrate pattern. On the other
hand, the numerical equivalence and co-distribution along the
anteroposterior axis of MNs, muscle cells and neuromuscular
junctions in the appendicularian Oikopleura bears a close
resemblance to the vertebrate organization, in which MNs are
distributed along the entire anteroposterior axis of the brain
stem and spinal cord in rough alignment with the skeletal
musculature they innervate. The difference between ascidian
and appendicularian tunicate patterns is almost certainly related
to the rapid metamorphosis of ascidians into sessile adults
contrasting with the continuous free-swimming lifestyle of
the appendicularians. A major evolutionary advance in
vertebrates has been the elaboration of MN subtypes
generated by the incorporation of additional MN-specifying
genes including the Phox2 genes. This has clearly involved a
co-evolution of more diverse skeletal muscle functions in
vertebrates such as the deployment of extraocular muscles to
generate eye movements.

Summary and conclusion

Despite their differences in neural architecture, and the
evolutionary distance separating them (about 600 million
years), the three main chordate taxa should exhibit some
degree of homology in the development and organization of
major sensory and motor cell types. Current knowledge
regarding the molecular underpinnings of chemo-, photo- and
mechanosensitive cells and organs, and of motoneurons, indeed
reveals common genetic elements in lancelets, tunicates, and
vertebrates. These include the expression of a family of diverse
OR genes in lancelet chemosensory cells and the vertebrate
olfactory epithelium, the link between Pax4/6 and
photoreceptive cells in lancelets, tunicates and vertebrates, the
utilization of Atoh1/7 genes in specifying ciliated secondary
sensory cells in tunicates and hair cells in vertebrates, and the
pivotal role of the SHH-signaling pathway in generating MN
progenitors in all three taxa. On the other side of the coin,
significant differences in the presence or utilization
(expression pattern) of specific genes in lancelets and tunicates
are related to an unelaborated olfactory system (lack of Foxg1
expression in CNS of tunicates), the primitive nature of their eyes
(lack of expression of Atoh1/7-like genes in lancelets and
tunicates), the less elaborate organization of their
mechanosensory systems (lack of an otic placode in lancelets
and tunicates) and less MN diversity (lack of Phox2 recruitment
into MN differentiation in lancelets and tunicates). Two major
innovations that likely have been major drivers of the differences

Frontiers in Cell and Developmental Biology frontiersin.org10

Fritzsch and Glover 10.3389/fcell.2024.1340157

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1340157


between the protochordate taxa and vertebrates are the extended
repertoire of transcription factors (enabled by WGD) employed in
specifying sensory and neuronal cell types, and the introduction of
placodal anlage that elaborated the peripheral structures associated
with olfaction, vision and mechanoreception.

Further study of the gene networks responsible for
protochordate sensory and motor development should gradually
fill in the many gaps that remain in the comparative assessment of
homology and diversity of protochordates relative to vertebrates.
In this regard, it is important to point out that our current
knowledge is based on the investigation of only a handful of
the 30 or so extant species of lancelets (which have similar
body plans and lifestyles) and the approximately 3,000 extant
species of tunicates (which have quite diverse body plans and
lifestyles). The far greater number of vertebrate species (about
60,000) are arguably better represented by the relatively few model
organisms that have been investigated extensively, but also
here there are likely to be interesting examples of diversity not
yet revealed, which will necessitate explanation at the
molecular level.

Author contributions

BF: Writing–original draft, Writing–review and editing. JG:
Writing–original draft, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Funded by
NIA (AG060504) to BF was obtained through a grant from the
Norwegian Research Council to the Sars International Centre for
Marine Molecular Biology.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Adameyko, I. (2023). Evolutionary origin of the neural tube in basal deuterostomes.
Curr. Biol. 33, R319–R331. doi:10.1016/j.cub.2023.03.045

Anselmi, C., Fuller, G. K., Stolfi, A., Groves, A., and Manni, L. (2024). Sensory cells in
tunicates: insights into mechanoreceptor evolution. J. Comp. Neurol. in press 531,
1229–1243. doi:10.1002/cne.25492

Baker, N. E., and Brown, N. L. (2018). All in the family: proneural bHLH genes and
neuronal diversity. Development 145, dev159426. doi:10.1242/dev.159426

Barnes, S. N. (1971). Fine structure of the photoreceptor and cerebral ganglion of the
tadpole larva of Amaroucium constellatum (Verril) (subphylum: urochordata; class:
ascidiacea). Z. für Zellforsch. Mikrosk. Anat. 117, 1–16. doi:10.1007/BF00331097

Bassham, S., and Postlethwait, J. H. (2005). The evolutionary history of placodes: a
molecular genetic investigation of the larvacean urochordate Oikopleura dioica.
Development 132, 4259–4272. doi:10.1242/dev.01973

Bayramov, A., Ermakova, G., Kucheryavyy, A., Meintser, I., and Zaraisky, A. (2022).
Lamprey as laboratory model for study of molecular bases of ontogenesis and
evolutionary history of vertebrata. J. Ichthyology 62, 1213–1229. doi:10.1134/
s0032945222060029

Benito-Gutiérrez, È., Gattoni, G., Stemmer, M., Rohr, S. D., Schuhmacher, L. N.,
Tang, J., et al. (2021). The dorsoanterior brain of adult amphioxus shares similarities in
expression profile and neuronal composition with the vertebrate telencephalon. BMC
Biol. 19, 110–119. doi:10.1186/s12915-021-01045-w

Bermingham, N. A., Hassan, B. A., Wang, V. Y., Fernandez, M., Banfi, S., Bellen, H. J.,
et al. (2001). Proprioceptor pathway development is dependent on Math1. Neuron 30,
411–422. doi:10.1016/s0896-6273(01)00305-1

Bjerring, H. C. (1978). A Contribution to Structural Analysis of the Head of Craniate
Animals the orbit and its contents in 20-22-mm embryos of the North American
actinopterygian Amia calva L., with particular reference to the evolutionary significance
of an aberrant, nonocular, orbital muscle innervated by the oculomotor nerve and notes
on the metameric character of the head in craniates. Zool. Scr. 6, 127–183. doi:10.1111/j.
1463-6409.1978.tb00768.x

Bone, Q., and Ryan, K. P. (1979). The Langerhans receptor of Oikopleura (tunicata:
larvacea). J. Mar. Biol. Assoc. U. K. 59, 69–75. doi:10.1017/s002531540004618x

Braun, K., Leubner, F., and Stach, T. (2020). Phylogenetic analysis of phenotypic
characters of Tunicata supports basal Appendicularia and monophyletic Ascidiacea.
Cladistics 36, 259–300. doi:10.1111/cla.12405

Braun, K., and Stach, T. (2017). Structure and ultrastructure of eyes and brains of
Thalia democratica (thaliacea, tunicata, chordata). J. Morphol. 278, 1421–1437. doi:10.
1002/jmor.20722

Braun, K., and Stach, T. (2019). Morphology and evolution of the central nervous
system in adult tunicates. J. Zoological Syst. Evol. Res. 57, 323–344. doi:10.1111/jzs.12246

Briscoe, J., and Novitch, B. G. (2008). Regulatory pathways linking progenitor
patterning, cell fates and neurogenesis in the ventral neural tube. Philos. Trans. R.
Soc. Lond B Biol. Sci. 363, 57–70. doi:10.1098/rstb.2006.2012

Brunet, J.-F., and Pattyn, A. (2002). Phox2 genes—from patterning to connectivity.
Curr. Opin. Genet. Dev. 12, 435–440. doi:10.1016/s0959-437x(02)00322-2

Buck, L., and Axel, R. (1991). A novel multigene family may encode odorant
receptors: a molecular basis for odor recognition. Cell 65, 175–187. doi:10.1016/
0092-8674(91)90418-x

Caicci, F., Gasparini, F., Rigon, F., Zaniolo, G., Burighel, P., andManni, L. (2013). The
oral sensory structures of Thaliacea (Tunicata) and consideration of the evolution of
hair cells in Chordata. J. Comp. Neurology 521, 2756–2771. doi:10.1002/cne.23313

Cañestro, C., and Postlethwait, J. H. (2007). Development of a chordate anterior-
posterior axis without classical retinoic acid signaling. Dev. Biol. 305, 522–538. doi:10.
1016/j.ydbio.2007.02.032

Cao, C., Lemaire, L. A., Wang, W., Yoon, P. H., Choi, Y. A., Parsons, L. R., et al.
(2019). Comprehensive single-cell transcriptome lineages of a proto-vertebrate. Nature
571, 349–354. doi:10.1038/s41586-019-1385-y

Causeret, F., Fayon, M., Moreau, M. X., Ne, E., Oleari, R., Parras, C., et al. (2023).
Diversity within olfactory sensory derivatives revealed by the contribution of
Dbx1 lineages. bioRxiv.

Chizhikov, V. V., Iskusnykh, I. Y., Fattakhov, N., and Fritzsch, B. (2021). Lmx1a and
Lmx1b are redundantly required for the development of multiple components of the
mammalian auditory system. Neuroscience 452, 247–264. doi:10.1016/j.neuroscience.
2020.11.013

Chowdhury, R., Roure, A., le Pétillon, Y., Mayeur, H., Daric, V., and Darras, S. (2022).
Highly distinct genetic programs for peripheral nervous system formation in chordates.
BMC Biol. 20, 152. doi:10.1186/s12915-022-01355-7

Colgren, J., and Burkhardt, P. (2022). The premetazoan ancestry of the synaptic
toolkit and appearance of first neurons. Essays Biochem. 66, 781–795. doi:10.1042/
EBC20220042

Frontiers in Cell and Developmental Biology frontiersin.org11

Fritzsch and Glover 10.3389/fcell.2024.1340157

https://doi.org/10.1016/j.cub.2023.03.045
https://doi.org/10.1002/cne.25492
https://doi.org/10.1242/dev.159426
https://doi.org/10.1007/BF00331097
https://doi.org/10.1242/dev.01973
https://doi.org/10.1134/s0032945222060029
https://doi.org/10.1134/s0032945222060029
https://doi.org/10.1186/s12915-021-01045-w
https://doi.org/10.1016/s0896-6273(01)00305-1
https://doi.org/10.1111/j.1463-6409.1978.tb00768.x
https://doi.org/10.1111/j.1463-6409.1978.tb00768.x
https://doi.org/10.1017/s002531540004618x
https://doi.org/10.1111/cla.12405
https://doi.org/10.1002/jmor.20722
https://doi.org/10.1002/jmor.20722
https://doi.org/10.1111/jzs.12246
https://doi.org/10.1098/rstb.2006.2012
https://doi.org/10.1016/s0959-437x(02)00322-2
https://doi.org/10.1016/0092-8674(91)90418-x
https://doi.org/10.1016/0092-8674(91)90418-x
https://doi.org/10.1002/cne.23313
https://doi.org/10.1016/j.ydbio.2007.02.032
https://doi.org/10.1016/j.ydbio.2007.02.032
https://doi.org/10.1038/s41586-019-1385-y
https://doi.org/10.1016/j.neuroscience.2020.11.013
https://doi.org/10.1016/j.neuroscience.2020.11.013
https://doi.org/10.1186/s12915-022-01355-7
https://doi.org/10.1042/EBC20220042
https://doi.org/10.1042/EBC20220042
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1340157


Collin, S. P., Davies, W. L., Hart, N. S., and Hunt, D. M. (2009). The evolution of early
vertebrate photoreceptors. Philosophical Trans. R. Soc. B Biol. Sci. 364, 2925–2940.
doi:10.1098/rstb.2009.0099

Cvekl, A., and Wang, W. L. (2009). Retinoic acid signaling in mammalian eye
development. Exp. Eye Res. 89, 280–291. doi:10.1016/j.exer.2009.04.012

Dasen, J. S. (2022). Establishing the molecular and functional diversity of spinal
motoneurons. Adv. Neurobiol. 28, 3–44. doi:10.1007/978-3-031-07167-6_1

Delás, M. J., and Briscoe, J. (2020). Repressive interactions in gene regulatory
networks: when you have no other choice. Curr. Top. Dev. Biol. 139, 239–266.
doi:10.1016/bs.ctdb.2020.03.003

Denoeud, F., Henriet, S., Mungpakdee, S., Aury, J. M., Da Silva, C., Brinkmann, H.,
et al. (2010). Plasticity of animal genome architecture unmasked by rapid evolution of a
pelagic tunicate. Science 330, 1381–1385. doi:10.1126/science.1194167

Di Gregorio, A. (2020). The notochord gene regulatory network in chordate
evolution: conservation and divergence from Ciona to vertebrates. Curr. Top. Dev.
Biol. 139, 325–374. doi:10.1016/bs.ctdb.2020.01.002

Divvela, S. S. K., Saberi, D., and Brand-Saberi, B. (2022). Atoh8 in development and
disease. Biology 11, 136. doi:10.3390/biology11010136

Dong, B., Horie, T., Denker, E., Kusakabe, T., Tsuda, M., Smith, W. C., et al. (2009).
Tube formation by complex cellular processes in Ciona intestinalis notochord.Dev. Biol.
330, 237–249. doi:10.1016/j.ydbio.2009.03.015

Dufour, H. D., Chettouh, Z., Deyts, C., de Rosa, R., Goridis, C., Joly, J. S., et al. (2006).
Precraniate origin of cranial motoneurons. Proc. Natl. Acad. Sci. U. S. A. 103,
8727–8732. doi:10.1073/pnas.0600805103

Dvorakova, M., Macova, I., Bohuslavova, R., Anderova, M., Fritzsch, B., and
Pavlinkova, G. (2020). Early ear neuronal development, but not olfactory or lens
development, can proceed without SOX2. Dev. Biol. 457, 43–56. doi:10.1016/j.ydbio.
2019.09.003

Eakin, R. M. (1973). The third eye. Univ of California Press.

Eakin, R. M., and Kuda, A. (1970). Ultrastructure of sensory receptors in ascidian
tadpoles. Z. für Zellforsch. Mikrosk. Anat. 112, 287–312. doi:10.1007/BF02584045

Elliott, K. L., Pavlínková, G., Chizhikov, V. V., Yamoah, E. N., and Fritzsch, B. (2021).
Development in the mammalian auditory system depends on transcription factors. Int.
J. Mol. Sci. 22, 4189. doi:10.3390/ijms22084189

Elliott, K. L., Sokolowski, B., Yamoah, E. N., and Fritzsch, B. (2022). “An integrated
perspective of communalities and difference across sensory receptors and their distinct
central input,” in The evolution of sensory system revealed: gene regulation, cellular
networks and processes. Editors B. Fritzsch and K. Elliott (Wiley).

Elliott, K. L., Sokolowski, B., Yamoah, E. N., and Fritzsch, B. (2022). “An integrated
perspective of commonalities and differences across sensory receptors and their distinct
central inputs,” in Evolution of neurosensory cells and systems (CRC Press), 255–290.
doi:10.1201/9781003092810.10

Engelmann, J., and Fritzsch, B. (2022). “Lateral line input to ‘almost’all vertebrates
shares a common organization with different distinct connections, Evolution of
Neurosensory Cells and Systems,” in Evolution of neurosensory cells and systems.
CRC Press, 201–222. doi:10.1201/9781003092810.8

Epstein, D. J., McMahon, A. P., and Joyner, A. L. (1999). Regionalization of Sonic
hedgehog transcription along the anteroposterior axis of the mouse central nervous
system is regulated by Hnf3-dependent and -independent mechanisms. Development
126, 281–292. doi:10.1242/dev.126.2.281

Ermakova, G. V., Kucheryavyy, A. V., Zaraisky, A. G., and Bayramov, A. V. (2019).
The expression of FoxG1 in the early development of the European river lamprey
Lampetra fluviatilis demonstrates significant heterochrony with that in other
vertebrates. Gene Expr. patterns 34, 119073. doi:10.1016/j.gep.2019.119073

Ferrier, D. E., Brooke, N. M., Panopoulou, G., and Holland, P. W. (2001). The Mnx
homeobox gene class defined by HB9, MNR2 and amphioxus AmphiMnx. Dev. Genes
Evol. 211, 103–107. doi:10.1007/s004270000124

Flood, P. R. (1966). A peculiar mode of muscular innervation in amphioxus. Light and
electron microscopic studies of the so-called ventral roots. J. Comp. Neurology 126,
181–217. doi:10.1002/cne.901260204

Fodor, A., Liu, J., Turner, L., and Swalla, B. J. (2020). Transitional chordates and
vertebrate origins: tunicates. Curr. Top. Dev. Biol. 141, 149–171. doi:10.1016/bs.ctdb.
2020.10.001

Fodor, A., Liu, J., Turner, L., and Swalla, B. J. (2021). Transitional chordates and
vertebrate origins: tunicates. Curr. Top. Dev. Biol. 141, 149–171. doi:10.1016/bs.ctdb.
2020.10.001

Fritzsch, B. (1996). Similarities and differences in lancelet and craniate nervous
systems. Israel J. Zoology 42, S147–S160.

Fritzsch, B. (2021). An integrated perspective of evolution and development: from
genes to function to ear, lateral line and electroreception. Diversity 13, 364. doi:10.3390/
d13080364

Fritzsch, B. (2024). Evolution and development of extraocular motor neurons, nerves
and muscles in vertebrates. Ann Anat. 53, 152225. doi:10.1016/j.aanat.2024.152225

Fritzsch, B., and Collin, S. P. (1990). Dendritic distribution of two populations of
ganglion cells and the retinopetal fibers in the retina of the silver lamprey
(Ichthyomyzon unicuspis). Vis. Neurosci. 4, 533–545. doi:10.1017/s0952523800005745

Fritzsch, B., Eberl, D. F., and Beisel, K. W. (2010). The role of bHLH genes in ear
development and evolution: revisiting a 10-year-old hypothesis. Cell. Mol. life Sci. 67,
3089–3099. doi:10.1007/s00018-010-0403-x

Fritzsch, B., and Elliott, K. L. (2017). Gene, cell, and organ multiplication drives inner
ear evolution. Dev. Biol. 431, 3–15. doi:10.1016/j.ydbio.2017.08.034

Fritzsch, B., and Elliott, K. L. (2022). “The senses: perspectives from brain, sensory
ganglia, and sensory cell development in vertebrates,” in Evolution of neurosensory cells
and systems. CRC Press, 1–28. doi:10.1201/9781003092810.1

Fritzsch, B., Elliott, K. L., and Glover, J. C. (2017). Gaskell revisited: new insights into
spinal autonomics necessitate a revised motor neuron nomenclature. Cell Tissue Res.
370, 195–209. doi:10.1007/s00441-017-2676-y

Fritzsch, B., Elliott, K. L., and Pavlinkova, G. (2019). Primary sensory map formations
reflect unique needs and molecular cues specific to each sensory system. F1000Research
8, F1000 Faculty Rev-345. doi:10.12688/f1000research.17717.1

Fritzsch, B., and Martin, P. R. (2022). Vision and retina evolution: how to develop a
retina. IBRO neuroscience reports 12, 240–248. doi:10.1016/j.ibneur.2022.03.008

Fritzsch, B., and Northcutt, G. (1993). Cranial and spinal nerve organization in
amphioxus and lampreys: evidence for an ancestral craniate pattern. Cells Tissues
Organs 148, 96–109. doi:10.1159/000147529

Fritzsch, B., Pauley, S., Feng, F., Matei, V., and Nichols, D. (2006). The molecular and
developmental basis of the evolution of the vertebrate auditory system. Int.
J. Comp. Psychol. 19, 1–25. doi:10.46867/ijcp.2006.19.01.06

Fritzsch, B., Schultze, H.-P., and Elliott, K. L. (2023). The evolution of the various
structures required for hearing in Latimeria and tetrapods. IBRO Neurosci. Rep. 14,
325–341. doi:10.1016/j.ibneur.2023.03.007

Fritzsch, B., Sonntag, R., Dubuc, R., Ohta, Y., and Grillner, S. (1990). Organization of
the six motor nuclei innervating the ocular muscles in lamprey. J. Comp. Neurology 294,
491–506. doi:10.1002/cne.902940402

Fritzsch, B., and Straka, H. (2014). Evolution of vertebrate mechanosensory hair cells
and inner ears: toward identifying stimuli that select mutation driven altered
morphologies. J. Comp. Physiology A 200, 5–18. doi:10.1007/s00359-013-0865-z

Fuhrmann, S. (2010). “Eye morphogenesis and patterning of the optic vesicle,” in
Curr. Top. Dev Biol. Elsevier 93, 61–84. doi:10.1016/B978-0-12-385044-7.00003-5

Gilland, E., and Baker, R. G. (2005). Evolutionary patterns of cranial nerve efferent
nuclei in vertebrates. Brain, Behav. Evol 66, 234–254. doi:10.1159/000088128

Gigante, E. D., Piekarz, K. M., Gurgis, A., Cohen, L., Razy-Krajka, F., Popsuj, S., et al.
(2023). Specification and survival of post-metamorphic branchiomeric neurons in the
hindbrain of a non-vertebrate chordate. bioRxiv [Preprint]. doi:10.1101/2023.06.16.
545305

Glardon, S., Holland, L. Z., Gehring, W. J., and Holland, N. D. (1998). Isolation and
developmental expression of the amphioxus Pax-6 gene (AmphiPax-6): insights into eye
and photoreceptor evolution. Development 125, 2701–2710. doi:10.1242/dev.125.14.
2701

Glover, J. C. (2020).Oikopleura. Curr. Biol. 30, R1243–R1245. doi:10.1016/j.cub.2020.
07.075

Glover, J. C., Elliott, K. L., Erives, A., Chizhikov, V. V., and Fritzsch, B. (2018).
Wilhelm His’ lasting insights into hindbrain and cranial ganglia development and
evolution. Dev. Biol. 444, S14–S24. doi:10.1016/j.ydbio.2018.02.001

Gomez Mdel, P., Angueyra, J. M., and Nasi, E. (2009). Light-transduction in
melanopsin-expressing photoreceptors of Amphioxus. Proc. Natl. Acad. Sci. U. S. A.
106, 9081–9086. doi:10.1073/pnas.0900708106

Holland, L. (2020). Invertebrate origins of vertebrate nervous systems, Evolutionary
Neuroscience. Elsevier, 51–73.

Holland, L. Z., Albalat, R., Azumi, K., Benito-Gutiérrez, È., Blow, M. J., Bronner-
Fraser, M., et al. (2008). The amphioxus genome illuminates vertebrate origins and
cephalochordate biology. Genome Res. 18, 1100–1111. doi:10.1101/gr.073676.107

Holland, L. Z., and Daza, D. O. (2018). A new look at an old question: when did the
second whole genome duplication occur in vertebrate evolution? Genome Biol. 19, 1–4.
doi:10.1186/s13059-018-1592-0

Holland, L. Z., and Holland, N. D. (2021). Cephalochordates: a window into
vertebrate origins. Curr. Top. Dev. Biol. 141, 119–147. doi:10.1016/bs.ctdb.2020.07.001

Holland, L. Z., and Holland, N. D. (2022). The invertebrate chordate amphioxus gives
clues to vertebrate origins. Curr. Top. Dev. Biol. 147, 563–594. doi:10.1016/bs.ctdb.2021.
12.011

Holmberg, K. (1986). The neural connection between the Langerhans receptor cells
and the central nervous system inOikopleura dioica (Appendicularia). Zoomorphol 106,
31–34. doi:10.1007/bf00311944

Hudson, C., Ba, M., Rouvière, C., and Yasuo, H. (2011). Divergent mechanisms
specify chordate motoneurons: evidence from ascidians. Development 138, 1643–1652.
doi:10.1242/dev.055426

Frontiers in Cell and Developmental Biology frontiersin.org12

Fritzsch and Glover 10.3389/fcell.2024.1340157

https://doi.org/10.1098/rstb.2009.0099
https://doi.org/10.1016/j.exer.2009.04.012
https://doi.org/10.1007/978-3-031-07167-6_1
https://doi.org/10.1016/bs.ctdb.2020.03.003
https://doi.org/10.1126/science.1194167
https://doi.org/10.1016/bs.ctdb.2020.01.002
https://doi.org/10.3390/biology11010136
https://doi.org/10.1016/j.ydbio.2009.03.015
https://doi.org/10.1073/pnas.0600805103
https://doi.org/10.1016/j.ydbio.2019.09.003
https://doi.org/10.1016/j.ydbio.2019.09.003
https://doi.org/10.1007/BF02584045
https://doi.org/10.3390/ijms22084189
https://doi.org/10.1201/9781003092810.10
https://doi.org/10.1201/9781003092810.8
https://doi.org/10.1242/dev.126.2.281
https://doi.org/10.1016/j.gep.2019.119073
https://doi.org/10.1007/s004270000124
https://doi.org/10.1002/cne.901260204
https://doi.org/10.1016/bs.ctdb.2020.10.001
https://doi.org/10.1016/bs.ctdb.2020.10.001
https://doi.org/10.1016/bs.ctdb.2020.10.001
https://doi.org/10.1016/bs.ctdb.2020.10.001
https://doi.org/10.3390/d13080364
https://doi.org/10.3390/d13080364
https://doi.org/10.1016/j.aanat.2024.152225
https://doi.org/10.1017/s0952523800005745
https://doi.org/10.1007/s00018-010-0403-x
https://doi.org/10.1016/j.ydbio.2017.08.034
https://doi.org/10.1201/9781003092810.1
https://doi.org/10.1007/s00441-017-2676-y
https://doi.org/10.12688/f1000research.17717.1
https://doi.org/10.1016/j.ibneur.2022.03.008
https://doi.org/10.1159/000147529
https://doi.org/10.46867/ijcp.2006.19.01.06
https://doi.org/10.1016/j.ibneur.2023.03.007
https://doi.org/10.1002/cne.902940402
https://doi.org/10.1007/s00359-013-0865-z
https://doi.org/10.1016/B978-0-12-385044-7.00003-5
https://doi.org/10.1159/000088128
https://doi.org/10.1101/2023.06.16.545305
https://doi.org/10.1101/2023.06.16.545305
https://doi.org/10.1242/dev.125.14.2701
https://doi.org/10.1242/dev.125.14.2701
https://doi.org/10.1016/j.cub.2020.07.075
https://doi.org/10.1016/j.cub.2020.07.075
https://doi.org/10.1016/j.ydbio.2018.02.001
https://doi.org/10.1073/pnas.0900708106
https://doi.org/10.1101/gr.073676.107
https://doi.org/10.1186/s13059-018-1592-0
https://doi.org/10.1016/bs.ctdb.2020.07.001
https://doi.org/10.1016/bs.ctdb.2021.12.011
https://doi.org/10.1016/bs.ctdb.2021.12.011
https://doi.org/10.1007/bf00311944
https://doi.org/10.1242/dev.055426
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1340157


Hoyer, J., Kolar, K., Athira, A., van den Burgh, M., Dondorp, D., Liang, Z., et al.
(2024). Polymodal sensory perception drives settlement and metamorphosis of Ciona
larvae. Curr. Biol. doi:10.1016/j.cub.2024.01.041

Imai, T. (2022). “Development of the olfactory system: from sensory neurons to
cortical projections,” in Evolution of neurosensory cells and systems. CRC Press, 21–60.
doi:10.1201/9781003092810.2

Imai, T., Yamazaki, T., Kobayakawa, R., Kobayakawa, K., Abe, T., Suzuki, M., et al.
(2009). Pre-target axon sorting establishes the neural map topography. Science 325,
585–590. doi:10.1126/science.1173596

Irvine, S. Q., Fonseca, V. C., Zompa, M. A., and Antony, R. (2008). Cis-regulatory
organization of the Pax6 gene in the ascidian Ciona intestinalis.Dev. Biol. 317, 649–659.
doi:10.1016/j.ydbio.2008.01.036

Islam, A. F., Moly, P. K., Miyamoto, Y., and Kusakabe, T. G. (2010). Distinctive
expression patterns of Hedgehog pathway genes in the Ciona intestinalis larva:
implications for a role of Hedgehog signaling in postembryonic development and
chordate evolution. Zool. Sci. 27, 84–90. doi:10.2108/zsj.27.84

Jackman, W. R., Langeland, J. A., and Kimmel, C. B. (2000). Islet reveals segmentation
in the Amphioxus hindbrain homolog. Dev. Biol. 220, 16–26. doi:10.1006/dbio.2000.
9630

Jahan, I., Kersigo, J., Elliott, K. L., and Fritzsch, B. (2021). Smoothened overexpression
causes trochlear motoneurons to reroute and innervate ipsilateral eyes. Cell tissue Res.
384, 59–72. doi:10.1007/s00441-020-03352-0

Kaji, T., Reimer, J. D., Morov, A. R., Kuratani, S., and Yasui, K. (2016). Amphioxus
mouth after dorso-ventral inversion. Zool. Lett. 2, 2–14. doi:10.1186/s40851-016-0038-3

Kawano-Yamashita, E., Koyanagi, M., Shichida, Y., Oishi, T., Tamotsu, S., and
Terakita, A. (2011). β-arrestin functionally regulates the non-bleaching pigment
parapinopsin in lamprey pineal. PloS one 6, e16402. doi:10.1371/journal.pone.0016402

Kersigo, J., D’Angelo, A., Gray, B. D., Soukup, G. A., and Fritzsch, B. (2011). The role
of sensory organs and the forebrain for the development of the craniofacial shape as
revealed by Foxg1-cre-mediated microRNA loss. Genesis 49, 326–341. doi:10.1002/dvg.
20714

Konno, A., Kaizu, M., Hotta, K., Horie, T., Sasakura, Y., Ikeo, K., et al. (2010).
Distribution and structural diversity of cilia in tadpole larvae of the ascidian Ciona
intestinalis. Dev. Biol. 337, 42–62. doi:10.1016/j.ydbio.2009.10.012

Kourakis, M. J., Borba, C., Zhang, A., Newman-Smith, E., Salas, P., Manjunath, B.,
et al. (2019). Parallel visual circuitry in a basal chordate. Elife 8, e44753. doi:10.7554/
eLife.44753

Kozmikova, I., and Kozmik, Z. (2020). Wnt/β-catenin signaling is an evolutionarily
conserved determinant of chordate dorsal organizer. eLife 9, e56817. doi:10.7554/eLife.
56817

Kozmikova, I., and Yu, J.-K. (2017). Dorsal-ventral patterning in amphioxus: current
understanding, unresolved issues, and future directions. Int. J. Dev. Biol. 61, 601–610.
doi:10.1387/ijdb.170236ik

Kuratani, S., and Adachi, N. (2016). What are head cavities?a history of studies on
vertebrate head segmentation. Zoological Sci. 33, 213–228. doi:10.2108/zs150181

Kusakabe, T., Kusakabe, R., Kawakami, I., Satou, Y., Satoh, N., and Tsuda, M. (2001).
Ci-opsin1, a vertebrate-type opsin gene, expressed in the larval ocellus of the ascidian
Ciona intestinalis. FEBS Lett. 506, 69–72. doi:10.1016/s0014-5793(01)02877-0

Lacalli, T. (2018). Amphioxus, motion detection, and the evolutionary origin of the
vertebrate retinotectal map. EvoDevo 9, 6–5. doi:10.1186/s13227-018-0093-2

Lacalli, T., and Holland, L. (1998). The developing dorsal ganglion of the salp Thalia
democratica, and the nature of the ancestral chordate brain. Philosophical Trans. R. Soc.
Lond. Ser. B Biol. Sci. 353, 1943–1967. doi:10.1098/rstb.1998.0347

Lacalli, T. C. (2004). Sensory systems in amphioxus: a window on the ancestral
chordate condition. Brain, Behav. Evol. 64, 148–162. doi:10.1159/000079744

Lacalli, T. C., Holland, N., and West, J. (1994). Landmarks in the anterior central
nervous system of amphioxus larvae. Philosophical Trans. R. Soc. Lond. Ser. B Biol. Sci.
344, 165–185.

Lacalli, T. C., and Kelly, S. J. (2003). Ventral neurons in the anterior nerve cord of
amphioxus larvae. I. An inventory of cell types and synaptic patterns. J. Morphol. 257,
190–211. doi:10.1002/jmor.10114

Lamb, T. D. (2013). Evolution of phototransduction, vertebrate photoreceptors and
retina. Prog. Retin. eye Res. 36, 52–119. doi:10.1016/j.preteyeres.2013.06.001

Lamb, T. D. (2020). Evolution of the genes mediating phototransduction in rod and
cone photoreceptors. Prog. Retin. eye Res. 76, 100823. doi:10.1016/j.preteyeres.2019.
100823

Lamb, T. D., Collin, S. P., and Pugh, E. N. (2007). Evolution of the vertebrate eye:
opsins, photoreceptors, retina and eye cup. Nat. Rev. Neurosci. 8, 960–976. doi:10.1038/
nrn2283

Langeland, J. A., Holland, L. Z., Chastain, R. A., and Holland, N. D. (2006). An
amphioxus LIM-homeobox gene, AmphiLim1/5, expressed early in the invaginating
organizer region and later in differentiating cells of the kidney and central nervous
system. Int. J. Biol. Sci. 2, 110–116. doi:10.7150/ijbs.2.110

Lent, R., Azevedo, F. A., Andrade-Moraes, C. H., and Pinto, A. V. (2012). How many
neurons do you have? Some dogmas of quantitative neuroscience under revision. Eur.
J. Neurosci. 35, 1–9. doi:10.1111/j.1460-9568.2011.07923.x

Leung, B., and Shimeld, S. M. (2019). Evolution of vertebrate spinal cord patterning.
Dev. Dyn. 248, 1028–1043. doi:10.1002/dvdy.77

Lin, Y., Cai, Z., Huang, S., Yang, L., Wang, C., Liu, Z., et al. (2009). Ptc, smo, sufu, and
the hedgehog signaling pathway in amphioxus. Evol. Dev. 11, 710–718. doi:10.1111/j.
1525-142X.2009.00378.x

Litingtung, Y., Dahn, R. D., Li, Y., Fallon, J. F., and Chiang, C. (2002). Shh and Gli3 are
dispensable for limb skeleton formation but regulate digit number and identity. Nature
418, 979–983. doi:10.1038/nature01033

Liu, B., and Satou, Y. (2019). Foxg specifies sensory neurons in the anterior neural
plate border of the ascidian embryo.Nat. Commun. 10, 4911–5010. doi:10.1038/s41467-
019-12839-6

Liu, B., and Satou, Y. (2020). The genetic program to specify ectodermal cells in
ascidian embryos. Dev. growth & Differ. 62, 301–310. doi:10.1111/dgd.12660

Manni, L., Anselmi, C., Burighel, P., Martini, M., and Gasparini, F. (2018).
Differentiation and induced sensorial alteration of the coronal organ in the asexual
life of a tunicate. Integr. Comp. Biol. 58, 317–328. doi:10.1093/icb/icy044

Marlétaz, F., Firbas, P. N., Maeso, I., Tena, J. J., Bogdanovic, O., Perry, M., et al. (2018).
Amphioxus functional genomics and the origins of vertebrate gene regulation. Nature
564, 64–70. doi:10.1038/s41586-018-0734-6

Marletaz, F., Timoshevskaya, N., Timoshevskiy, V., Simakov, O., Parey, E.,
Gavriouchkina, D., et al. (2023). The hagfish genome and the evolution of
vertebrates. bioRxiv

Martin, P. R., and Fritzsch, B. (2021).“Vision and retina information processing: from
opsins to the visual cortex,” in Evolution of neurosensory cells and systems (CRC Press),
61–88. doi:10.1201/9781003092810.3

Meinhardt, H. (2015). “Models for patterning primary embryonic body axes: the role
of space and time,” in Seminars in cell & developmental biology (Elsevier), 103–117.

Miyamoto, D. M., and Crowther, R. J. (1985). Formation of the notochord in living
ascidian embryos. J. Embryol. Exp. Morphol. 86, 1–17. doi:10.1242/dev.86.1.1

Moody, S. A., and LaMantia, A.-S. (2015). “Transcriptional regulation of cranial
sensory placode development,” in Current topics in developmental biology (Elsevier),
301–350.

Moraes, M. N., de Assis, L. V. M., Provencio, I., and Castrucci, A. M. d.L. (2021).
Opsins outside the eye and the skin: a more complex scenario than originally thought
for a classical light sensor. Cell tissue Res. 385, 519–538. doi:10.1007/s00441-021-
03500-0

Nakagawa, M., Orii, H., Yoshida, N., Jojima, E., Horie, T., Yoshida, R., et al. (2002).
Ascidian arrestin (Ci-arr), the origin of the visual and nonvisual arrestins of vertebrate.
Eur. J. Biochem. 269, 5112–5118. doi:10.1046/j.1432-1033.2002.03240.x

Naville, M., Henriet, S., Warren, I., Sumic, S., Reeve, M., Volff, J.-N., et al. (2019).
Massive changes of genome size driven by expansions of non-autonomous transposable
elements. Curr. Biol. 29, 1161–1168. doi:10.1016/j.cub.2019.01.080

Negrón-Piñeiro, L. J., Wu, Y., and Di Gregorio, A. (2020a). Transcription factors of
the bHLH family delineate vertebrate landmarks in the nervous system of a simple
chordate. Genes 11, 1262. doi:10.3390/genes11111262

Negrón-Piñeiro, L. J., Wu, Y., and Di Gregorio, A. (2020b). Transcription factors of
the bHLH family delineate vertebrate landmarks in the nervous system of a simple
chordate. Genes 11, 1262. doi:10.3390/genes11111262

Niimura, Y. (2009). On the origin and evolution of vertebrate olfactory receptor
genes: comparative genome analysis among 23 chordate species. Genome Biol. Evol. 1,
34–44. doi:10.1093/gbe/evp003

Niimura, Y. (2012). Olfactory receptor multigene family in vertebrates: from the
viewpoint of evolutionary genomics. Curr. genomics 13, 103–114. doi:10.2174/
138920212799860706

Niimura, Y., Ihara, S., and Touhara, K. (2020). “Mammalian olfactory and
vomeronasal receptor families,” in The senses. Editor B. Fritzsch (Elsevier), 516–535.

Niimura, Y., and Nei, M. (2007). Extensive gains and losses of olfactory receptor genes
in mammalian evolution. PloS one 2, e708. doi:10.1371/journal.pone.0000708

Nishida, H., Ohno, N., Caicci, F., and Manni, L. (2021). 3D reconstruction of
structures of hatched larva and young juvenile of the larvacean Oikopleura dioica
using SBF-SEM. Sci. Rep. 11, 4833. doi:10.1038/s41598-021-83706-y

Noden, D. M., and Francis-West, P. (2006). The differentiation and morphogenesis of
craniofacial muscles. Dev. Dyn. official Publ. Am. Assoc. Anatomists 235, 1194–1218.
doi:10.1002/dvdy.20697

Okada, T., Katsuyama, Y., Ono, F., and Okamura, Y. (2002). The development of
three identifiedmotor neurons in the larva of an ascidian, Halocynthia roretzi.Dev. Biol.
244, 278–292. doi:10.1006/dbio.2002.0585

Olivo, P., Palladino, A., Ristoratore, F., and Spagnuolo, A. (2021). Brain sensory
organs of the ascidian Ciona robusta: structure, function and developmental
mechanisms. Front. Cell Dev. Biol. 9, 701779. doi:10.3389/fcell.2021.701779

Frontiers in Cell and Developmental Biology frontiersin.org13

Fritzsch and Glover 10.3389/fcell.2024.1340157

https://doi.org/10.1016/j.cub.2024.01.041
https://doi.org/10.1201/9781003092810.2
https://doi.org/10.1126/science.1173596
https://doi.org/10.1016/j.ydbio.2008.01.036
https://doi.org/10.2108/zsj.27.84
https://doi.org/10.1006/dbio.2000.9630
https://doi.org/10.1006/dbio.2000.9630
https://doi.org/10.1007/s00441-020-03352-0
https://doi.org/10.1186/s40851-016-0038-3
https://doi.org/10.1371/journal.pone.0016402
https://doi.org/10.1002/dvg.20714
https://doi.org/10.1002/dvg.20714
https://doi.org/10.1016/j.ydbio.2009.10.012
https://doi.org/10.7554/eLife.44753
https://doi.org/10.7554/eLife.44753
https://doi.org/10.7554/eLife.56817
https://doi.org/10.7554/eLife.56817
https://doi.org/10.1387/ijdb.170236ik
https://doi.org/10.2108/zs150181
https://doi.org/10.1016/s0014-5793(01)02877-0
https://doi.org/10.1186/s13227-018-0093-2
https://doi.org/10.1098/rstb.1998.0347
https://doi.org/10.1159/000079744
https://doi.org/10.1002/jmor.10114
https://doi.org/10.1016/j.preteyeres.2013.06.001
https://doi.org/10.1016/j.preteyeres.2019.100823
https://doi.org/10.1016/j.preteyeres.2019.100823
https://doi.org/10.1038/nrn2283
https://doi.org/10.1038/nrn2283
https://doi.org/10.7150/ijbs.2.110
https://doi.org/10.1111/j.1460-9568.2011.07923.x
https://doi.org/10.1002/dvdy.77
https://doi.org/10.1111/j.1525-142X.2009.00378.x
https://doi.org/10.1111/j.1525-142X.2009.00378.x
https://doi.org/10.1038/nature01033
https://doi.org/10.1038/s41467-019-12839-6
https://doi.org/10.1038/s41467-019-12839-6
https://doi.org/10.1111/dgd.12660
https://doi.org/10.1093/icb/icy044
https://doi.org/10.1038/s41586-018-0734-6
https://doi.org/10.1201/9781003092810.3
https://doi.org/10.1242/dev.86.1.1
https://doi.org/10.1007/s00441-021-03500-0
https://doi.org/10.1007/s00441-021-03500-0
https://doi.org/10.1046/j.1432-1033.2002.03240.x
https://doi.org/10.1016/j.cub.2019.01.080
https://doi.org/10.3390/genes11111262
https://doi.org/10.3390/genes11111262
https://doi.org/10.1093/gbe/evp003
https://doi.org/10.2174/138920212799860706
https://doi.org/10.2174/138920212799860706
https://doi.org/10.1371/journal.pone.0000708
https://doi.org/10.1038/s41598-021-83706-y
https://doi.org/10.1002/dvdy.20697
https://doi.org/10.1006/dbio.2002.0585
https://doi.org/10.3389/fcell.2021.701779
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1340157


Ota, K. G., and Kuratani, S. (2006). The history of scientific endeavors towards
understanding hagfish embryology. Zoological Sci. 23, 403–418. doi:10.2108/zsj.23.403

Panaliappan, T. K., Wittmann,W., Jidigam, V. K., Mercurio, S., Bertolini, J. A., Sghari,
S., et al. (2018). Sox2 is required for olfactory pit formation and olfactory neurogenesis
through BMP restriction and Hes5 upregulation. Development 145, dev153791. doi:10.
1242/dev.153791

Pantzartzi, C. N., Pergner, J., and Kozmik, Z. (2018). The role of transposable
elements in functional evolution of amphioxus genome: the case of opsin gene
family. Sci. Rep. 8, 2506–2511. doi:10.1038/s41598-018-20683-9

Pergner, J., and Kozmik, Z. (2017). Amphioxus photoreceptors-insights into the
evolution of vertebrate opsins, vision and circadian rhythmicity. Int. J. Dev. Biol. 61,
665–681. doi:10.1387/ijdb.170230zk

Pergner, J., Vavrova, A., Kozmikova, I., and Kozmik, Z. (2020). Molecular fingerprint
of amphioxus frontal eye illuminates the evolution of homologous cell types in the
chordate retina. Front. Cell Dev. Biol. 8, 705. doi:10.3389/fcell.2020.00705

Piekarz, K. M., and Stolfi, A. (2023). Development and circuitry of the tunicate larval
Motor Ganglion, a putative hindbrain/spinal cord homolog. J. Exp. Zoology Part B Mol.
Dev. Evol. doi:10.1002/jez.b.23221

Pisani, D., Rota-Stabelli, O., and Feuda, R. (2020). Sensory neuroscience: a taste for
light and the origin of animal vision. Curr. Biol. CB 30, R773–r775. doi:10.1016/j.cub.
2020.05.009

Plessy, C., Mansfield, M. J., Bliznina, A., Masunaga, A., West, C., Tan, Y., et al. (2023).
Extreme genome scrambling in cryptic Oikopleura dioica species. bioRxiv

Policarpo, M., Baldwin, M., Casane, D., and Salzburger, W. (2023). Diversity and
evolution of the vertebrate chemoreceptor gene repertoire. Nat Commun. doi:10.1038/
s41467-024-45500-y

Poncelet, G., and Shimeld, S. M. (2020). The evolutionary origins of the vertebrate
olfactory system. Open Biol. 10, 200330. doi:10.1098/rsob.200330

Rawnsley, D. R., Xiao, J., Lee, J. S., Liu, X., Mericko-Ishizuka, P., Kumar, V., et al. (2013).
The transcription factor Atonal homolog 8 regulates Gata4 and Friend of Gata-2 during
vertebrate development. J. Biol. Chem. 288, 24429–24440. doi:10.1074/jbc.M113.463083

Razy-Krajka, F., Brown, E. R., Horie, T., Callebert, J., Sasakura, Y., Joly, J. S., et al.
(2012). Monoaminergic modulation of photoreception in ascidian: evidence for a proto-
hypothalamo-retinal territory. BMC Biol. 10, 45. doi:10.1186/1741-7007-10-45

Ren, Q., Zhong, Y., Huang, X., Leung, B., Xing, C., Wang, H., et al. (2020). Step-wise
evolution of neural patterning by Hedgehog signalling in chordates. Nat. Ecol. Evol. 4,
1247–1255. doi:10.1038/s41559-020-1248-9

Riddiford, N., and Schlosser, G. (2016). Dissecting the pre-placodal transcriptome to
reveal presumptive direct targets of Six1 and Eya1 in cranial placodes. Elife 5, e17666.
doi:10.7554/eLife.17666

Rigon, F., Gasparini, F., Shimeld, S. M., Candiani, S., and Manni, L. (2018).
Developmental signature, synaptic connectivity and neurotransmission are
conserved between vertebrate hair cells and tunicate coronal cells. J. Comp. Neurol.
526, 957–971. doi:10.1002/cne.24382

Rigon, F., Stach, T., Caicci, F., Gasparini, F., Burighel, P., and Manni, L. (2013).
Evolutionary diversification of secondary mechanoreceptor cells in tunicata. BMC Evol.
Biol. 13, 112. doi:10.1186/1471-2148-13-112

Roberts, N. S., Hagen, J. F., and Johnston, R. J., Jr (2022). The diversity of invertebrate
visual opsins spanning Protostomia, Deuterostomia, and Cnidaria. Dev. Biol. 492,
187–199. doi:10.1016/j.ydbio.2022.10.011

Roure, A., Chowdhury, R., and Darras, S. (2023). Regulation of anterior neurectoderm
specification and differentiation by BMP signaling in ascidians. Development 150,
dev201575. doi:10.1242/dev.201575

Ryan, J. F., Pang, K., Mullikin, J. C., Martindale, M. Q., and Baxevanis, A. D. (2010). The
homeodomain complement of the ctenophore Mnemiopsis leidyi suggests that Ctenophora
and Porifera diverged prior to the ParaHoxozoa. Evodevo 1, 9. doi:10.1186/2041-9139-1-9

Ryan, K., Lu, Z., and Meinertzhagen, I. A. (2018). The peripheral nervous system of
the ascidian tadpole larva: types of neurons and their synaptic networks.
J. Comp. Neurology 526, 583–608. doi:10.1002/cne.24353

Ryan, K., and Meinertzhagen, I. A. (2019). Neuronal identity: the neuron types of a
simple chordate sibling, the tadpole larva of Ciona intestinalis. Curr. Opin. Neurobiol.
56, 47–60. doi:10.1016/j.conb.2018.10.015

Satoh, N., Rokhsar, D., and Nishikawa, T. (2014). Chordate evolution and the three-
phylum system. Proc. R. Soc. B Biol. Sci. 281, 20141729. doi:10.1098/rspb.2014.1729

Schlosser, G. (2015). Vertebrate cranial placodes as evolutionary innovations—the
ancestor’s tale, Current topics in developmental biology. Elsevier, 235–300.

Schlosser, G. (2018). A short history of nearly every sense—the evolutionary history of
vertebrate sensory cell types. Integr. Comp. Biol. 58, 301–316. doi:10.1093/icb/icy024

Schlosser, G. (2021). Development of sensory and neurosecretory cell types: vertebrate
cranial placodes, volume 1. CRC Press.

Schlosser, G. (2021a). Evolutionary origin of sensory and neurosecretory cell types:
vertebrate cranial placodes, volume 2. CRC Press.

Schultz, D. T., Haddock, S. H. D., Bredeson, J. V., Green, R. E., Simakov, O., and
Rokhsar, D. S. (2023). Ancient gene linkages support ctenophores as sister to other
animals. Nature 618, 110–117. doi:10.1038/s41586-023-05936-6

Schwab, I. (2018). The evolution of eyes: major steps. The Keeler lecture 2017:
centenary of Keeler Ltd. Eye 32, 302–313. doi:10.1038/eye.2017.226

Seo, H. C., Edvardsen, R. B., Maeland, A. D., Bjordal, M., Jensen, M. F., Hansen,
A., et al. (2004). Hox cluster disintegration with persistent anteroposterior order of
expression in Oikopleura dioica. Nature 431, 67–71. doi:10.1038/nature02709

Shimeld, S. M. (1999). The evolution of the hedgehog gene family in chordates:
insights from amphioxus hedgehog. Dev. Genes Evol. 209, 40–47. doi:10.1007/
s004270050225

Simakov, O., Bredeson, J., Berkoff, K., Marletaz, F., Mitros, T., Schultz, D. T., et al.
(2022). Deeply conserved synteny and the evolution of metazoan chromosomes. Sci.
Adv. 8, eabi5884. doi:10.1126/sciadv.abi5884

Simionato, E., Ledent, V., Richards, G., Thomas-Chollier, M., Kerner, P., Coornaert,
D., et al. (2007). Origin and diversification of the basic helix-loop-helix gene family in
metazoans: insights from comparative genomics. BMC Evol. Biol. 7, 33–18. doi:10.1186/
1471-2148-7-33

Somorjai, I. M., Martí-Solans, J., Diaz-Gracia, M., Nishida, H., Imai, K. S., Escrivà, H.,
et al. (2018). Wnt evolution and function shuffling in liberal and conservative chordate
genomes. Genome Biol. 19, 98. doi:10.1186/s13059-018-1468-3

Søviknes, A. M., Chourrout, D., and Glover, J. C. (2005). Development of putative
GABAergic neurons in the appendicularian urochordate Oikopleura dioica.
J. Comp. Neurol. 490, 12–28. doi:10.1002/cne.20629

Søviknes, A. M., Chourrout, D., and Glover, J. C. (2007). Development of the caudal
nerve cord, motoneurons, and muscle innervation in the appendicularian urochordate
Oikopleura dioica. J. Comp. Neurol. 503, 224–243. doi:10.1002/cne.21376

Søviknes, A. M., and Glover, J. C. (2008). Continued growth and cell proliferation into
adulthood in the notochord of the appendicularian Oikopleura dioica. Biol. Bull. 214,
17–28. doi:10.2307/25066656

Spencer, R. F., and Porter, J. D. (2006). Biological organization of the extraocular
muscles. Prog. Brain Res. 151, 43–80. doi:10.1016/S0079-6123(05)51002-1

Stolfi, A., Ryan, K., Meinertzhagen, I. A., and Christiaen, L. (2015). Migratory
neuronal progenitors arise from the neural plate borders in tunicates. Nature 527,
371–374. doi:10.1038/nature15758

Suzuki, D. G., and Grillner, S. (2018). The stepwise development of the lamprey visual
system and its evolutionary implications. Biol. Rev. 93, 1461–1477. doi:10.1111/brv.
12403

Takahashi, T., and Holland, P. W. (2004). Amphioxus and ascidian Dmbx homeobox
genes give clues to the vertebrate origins of midbrain development. Development 131,
3285–3294. doi:10.1242/dev.01201

Tang, W. J., Chen, J. S., and Zeller, R. W. (2013). Transcriptional regulation of the
peripheral nervous system in Ciona intestinalis. Dev. Biol. 378, 183–193. doi:10.1016/j.
ydbio.2013.03.016

Terakita, A. (2005). The opsins. Genome Biol. 6, 213. doi:10.1186/gb-2005-6-3-213

Touhara, K., Niimura, Y., and Ihara, S. (2016). Vertebrate odorant receptors,
chemosensory transduction. Academice Press, 49–66. doi:10.1016/B978-0-12-801694-
7.00003.2

Van Le, M.-L., Müller, L.-M., and Stach, T. (2023). The oral sensory organs in
Bathochordaeus stygius (Tunicata Appendicularia) are unique in structure and
homologous to the coronal organ. Front. Zool. 20, 40. doi:10.1186/s12983-023-
00518-8

Veeman, M., and Reeves, W. (2015). Quantitative and in toto imaging in ascidians:
working toward an image-centric systems biology of chordate morphogenesis. genesis
53, 143–159. doi:10.1002/dvg.22828

Veeman, M. T., Newman-Smith, E., El-Nachef, D., and Smith, W. C. (2010). The
ascidian mouth opening is derived from the anterior neuropore: reassessing the mouth/
neural tube relationship in chordate evolution. Dev. Biol. 344, 138–149. doi:10.1016/j.
ydbio.2010.04.028

Von Bartheld, C. S., Bahney, J., and Herculano-Houzel, S. (2016). The search for true
numbers of neurons and glial cells in the human brain: a review of 150 years of cell
counting. J. Comp. Neurology 524, 3865–3895. doi:10.1002/cne.24040

von Twickel, A., Kowatschew, D., Saltürk, M., Schauer, M., Robertson, B., Korsching,
S., et al. (2019). Individual dopaminergic neurons of lamprey SNc/VTA project to both
the striatum and optic tectum but restrict Co-release of glutamate to striatum only.
Curr. Biol. CB 29, 677–685. doi:10.1016/j.cub.2019.01.004

Vopalensky, P., Pergner, J., Liegertova, M., Benito-Gutierrez, E., Arendt, D., and
Kozmik, Z. (2012). Molecular analysis of the amphioxus frontal eye unravels the
evolutionary origin of the retina and pigment cells of the vertebrate eye. Proc. Natl.
Acad. Sci. 109, 15383–15388. doi:10.1073/pnas.1207580109

Watson, C., Shimogori, T., and Puelles, L. (2017). Mouse Fgf8-Cre-LacZ lineage
analysis defines the territory of the postnatal mammalian isthmus. J. Comp. Neurology
525, 2782–2799. doi:10.1002/cne.24242

Frontiers in Cell and Developmental Biology frontiersin.org14

Fritzsch and Glover 10.3389/fcell.2024.1340157

https://doi.org/10.2108/zsj.23.403
https://doi.org/10.1242/dev.153791
https://doi.org/10.1242/dev.153791
https://doi.org/10.1038/s41598-018-20683-9
https://doi.org/10.1387/ijdb.170230zk
https://doi.org/10.3389/fcell.2020.00705
https://doi.org/10.1002/jez.b.23221
https://doi.org/10.1016/j.cub.2020.05.009
https://doi.org/10.1016/j.cub.2020.05.009
https://doi.org/10.1038/s41467-024-45500-y
https://doi.org/10.1038/s41467-024-45500-y
https://doi.org/10.1098/rsob.200330
https://doi.org/10.1074/jbc.M113.463083
https://doi.org/10.1186/1741-7007-10-45
https://doi.org/10.1038/s41559-020-1248-9
https://doi.org/10.7554/eLife.17666
https://doi.org/10.1002/cne.24382
https://doi.org/10.1186/1471-2148-13-112
https://doi.org/10.1016/j.ydbio.2022.10.011
https://doi.org/10.1242/dev.201575
https://doi.org/10.1186/2041-9139-1-9
https://doi.org/10.1002/cne.24353
https://doi.org/10.1016/j.conb.2018.10.015
https://doi.org/10.1098/rspb.2014.1729
https://doi.org/10.1093/icb/icy024
https://doi.org/10.1038/s41586-023-05936-6
https://doi.org/10.1038/eye.2017.226
https://doi.org/10.1038/nature02709
https://doi.org/10.1007/s004270050225
https://doi.org/10.1007/s004270050225
https://doi.org/10.1126/sciadv.abi5884
https://doi.org/10.1186/1471-2148-7-33
https://doi.org/10.1186/1471-2148-7-33
https://doi.org/10.1186/s13059-018-1468-3
https://doi.org/10.1002/cne.20629
https://doi.org/10.1002/cne.21376
https://doi.org/10.2307/25066656
https://doi.org/10.1016/S0079-6123(05)51002-1
https://doi.org/10.1038/nature15758
https://doi.org/10.1111/brv.12403
https://doi.org/10.1111/brv.12403
https://doi.org/10.1242/dev.01201
https://doi.org/10.1016/j.ydbio.2013.03.016
https://doi.org/10.1016/j.ydbio.2013.03.016
https://doi.org/10.1186/gb-2005-6-3-213
https://doi.org/10.1016/B978-0-12-801694-7.00003.2
https://doi.org/10.1016/B978-0-12-801694-7.00003.2
https://doi.org/10.1186/s12983-023-00518-8
https://doi.org/10.1186/s12983-023-00518-8
https://doi.org/10.1002/dvg.22828
https://doi.org/10.1016/j.ydbio.2010.04.028
https://doi.org/10.1016/j.ydbio.2010.04.028
https://doi.org/10.1002/cne.24040
https://doi.org/10.1016/j.cub.2019.01.004
https://doi.org/10.1073/pnas.1207580109
https://doi.org/10.1002/cne.24242
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1340157


Welsch, U., Chiba, A., and Honma, Y. (1998). The notochord. The biology of
hagfishes, 145–149.

Wicht, H., and Lacalli, T. C. (2005). The nervous system of amphioxus: structure,
development, and evolutionary significance. Can. J. Zoology 83, 122–150. doi:10.1139/
z04-163

Winkley, K. M., Kourakis, M. J., DeTomaso, A. W., Veeman, M. T., and Smith, W. C.
(2020). Tunicate gastrulation, Current topics in developmental biology. Elsevier, 219–242.

Witten, P. E., and Hall, B. K. (2022). The Notochord: development, Evolution and
contributions to the vertebral column. CRC Press. doi:10.1201/9781315155975

Wu, F., Bard, J. E., Kann, J., Yergeau, D., Sapkota, D., Ge, Y., et al. (2021). Single cell
transcriptomics reveals lineage trajectory of retinal ganglion cells in wild-type and
Atoh7-null retinas. Nat. Commun. 12, 1465–1520. doi:10.1038/s41467-021-21704-4

Xu, J., Li, J., Zhang, T., Jiang, H., Ramakrishnan, A., Fritzsch, B., et al. (2021).
Chromatin remodelers and lineage-specific factors interact to target enhancers to
establish proneurosensory fate within otic ectoderm. Proc. Natl. Acad. Sci. 118,
e2025196118. doi:10.1073/pnas.2025196118

Xu, P.-X., Woo, I., Her, H., Beier, D. R., and Maas, R. L. (1997). Mouse Eya
homologues of the Drosophila eyes absent gene require Pax6 for expression in lens
and nasal placode. Development 124, 219–231. doi:10.1242/dev.124.1.219

Zhang, T., Xu, J., and Xu, P. X. (2021). Eya2 expression during mouse embryonic
development revealed by Eya2(lacZ) knockin reporter and homozygous mice showmild
hearing loss. Dev. Dyn. 250, 1450–1462. doi:10.1002/dvdy.326

Zhang, T., and Xu, P.-X. (2023). The role of Eya1 and Eya2 in the taste system of mice
from embryonic stage to adulthood. Front. Cell Dev. Biol. 11, 1126968. doi:10.3389/fcell.
2023.1126968

Zhang, X. M., and Firestein, S. (2002). The olfactory receptor gene superfamily of the
mouse. Nat. Neurosci. 5, 124–133. doi:10.1038/nn800

Zhao, D., Chen, S., Horie, T., Gao, Y., Bao, H., and Liu, X. (2020). Comparison of
differentiation gene batteries for migratory mechanosensory neurons across bilaterians.
Evol. Dev. 22, 438–450. doi:10.1111/ede.12331

Zhu, K.W., Burton, S. D., Nagai, M. H., Silverman, J. D., de March, C. A., Wachowiak,
M., et al. (2022). Decoding the olfactory map through targeted transcriptomics links
murine olfactory receptors to glomeruli. Nat. Commun. 13, 5137. doi:10.1038/s41467-
022-32267-3

Ziermann, J. M., Diogo, R., and Noden, D. M. (2018). Neural crest and the patterning
of vertebrate craniofacial muscles. Genesis 56, e23097. doi:10.1002/dvg.23097

Zine, A., and Fritzsch, B. (2023). Early steps towards hearing: placodes and sensory
development. Int. J. Mol. Sci. 24, 6994. doi:10.3390/ijms24086994

Frontiers in Cell and Developmental Biology frontiersin.org15

Fritzsch and Glover 10.3389/fcell.2024.1340157

https://doi.org/10.1139/z04-163
https://doi.org/10.1139/z04-163
https://doi.org/10.1201/9781315155975
https://doi.org/10.1038/s41467-021-21704-4
https://doi.org/10.1073/pnas.2025196118
https://doi.org/10.1242/dev.124.1.219
https://doi.org/10.1002/dvdy.326
https://doi.org/10.3389/fcell.2023.1126968
https://doi.org/10.3389/fcell.2023.1126968
https://doi.org/10.1038/nn800
https://doi.org/10.1111/ede.12331
https://doi.org/10.1038/s41467-022-32267-3
https://doi.org/10.1038/s41467-022-32267-3
https://doi.org/10.1002/dvg.23097
https://doi.org/10.3390/ijms24086994
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1340157

	Gene networks and the evolution of olfactory organs, eyes, hair cells and motoneurons: a view encompassing lancelets, tunic ...
	Introduction
	The olfactory system is prominent in vertebrates but less developed in lancelets and tunicates
	Evolving the visual system: from primitive photoreceptive structures in lancelets and tunicates to the eyes of vertebrates
	Evolving hair cells and connecting them to the CNS
	Molecular specification of motoneurons and diversity of neuromuscular organization
	Summary and conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


