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ABSTRACT

Square, Tyler Alexander (Ph.D. Ecology and Evolutionary Biology)
Neural Crest Cell Development and Evolution
Thesis directed by Associate Professor Daniel Meulemans Medeiros

Neural crest cells play a major role in vertebrate development and evolution. Both the appearance
and diversification of these cells have been evoked as a major driver of vertebrate success. This cell type
is unique because it is capable of contributing to extremely diverse tissues: structural tissues like cartilage
and bone, signal transducing cells of the peripheral nervous system, and multiple types of pigment cells
found throughout the body -- in every vertebrate hair, feather, and scale. Elaborations of the biological
systems that rely on these cell types were critical in the specialization of vertebrates, as evidenced in
fossil and extant animals and biological systems. The present work aims to identify the cellular
mechanisms responsible for both the appearance of multiple neural crest cell types, as well as lineage-
specific modifications that have been made within cell types in order to achieve the vast array of

vertebrate diversity.
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CHAPTER I: Introduction

Neural crest cells (NCCs) have played a prominent role in the history of vertebrate evolution and
radiation (Gans and Northcutt, 1983). This vertebrate-specific cell type contributes to diverse structures
such as cartilage and bone of the head skeleton, pigment cells, components of the heart, and neurons and
glia of the peripheral nervous system (Simoes-Costa and Bronner, 2015). The head skeleton in particular
was instrumental in the success of the first vertebrates for its general functions, such as pharyngeal
pumping and protection of the sense organs. Thereafter in the vertebrate lineage, the radiation of neural
crest derivatives contributed massively to their spread through niches, morphospace, and the globe. Using
a multi-species comparative approach, we are able to discern the core features of the genetic networks
involved in both neural crest cell fate, and the patterning of NCC-derived tissues. This informs us as to
the genetic and developmental changes that occurred some 500-600 million years ago, during early
vertebrate evolution and radiation. Besides informing us about how neural crest evolution did occur,
compiling such broad developmental systems allows us to see which aspects of development are most
deeply shared, and thus which genetic circuits have been most extensively engrained in the development
of all living vertebrates. Furthermore, it is from such a ‘lowest common denominator’ view of
development can we best discern when and how lineage specific modifications have occurred, and how
they might influence the developmental process in a broader context.

To fully understand the origin of a tissue or structure, it is critical to dissect its developmental
origin within its phylogenetic context. While ontogeny does not reflect phylogeny in a literal sense (as
Haeckel famously posited), considering phylogeny when addressing ontogeny is extremely valuable.
Sampling and testing developmental systems in a range of organisms with a phylogeny-forward approach
allows for the most careful and robust conclusions to be drawn with respect to the history and function of
a given developmental system (of a specific organism, or a shared process).

In the case of neural crest cells, their phylogenetic context is quite clear: all living vertebrate
embryos utilize neural crest cells to make the bulk of their facial skeleton, chambered heart, peripheral
nervous system, and pigmentation. Conversely, no living invertebrate within the phylum Chordata has
any one cell population with such a history; only multipotent stem cells of early embryos display such a
diverse repertoire of fates. It is this developmental potency that many use to distinguish NCCs from other
cell types (Hall, 2000; Le Douarin and Dupin, 2003). Thus bona fide NCCs made their evolutionary debut
in stem vertebrates, in other words, at some point between the divergence of tunicates (Urochordata) and
vertebrates, and the deepest divergence within crown vertebrates, being that between the living jawless

vertebrates and the living jawed vertebrates. Therefore, comparing non-vertebrate chordates to vertebrates
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can give us the best insights as to the developmental origins of NCCs, and what occurs in this unique
embryonic region to make it capable of such a developmental feat.

The most closely related invertebrate chordates, lancelets (Cehpalochordata) and tunicates, both
have many functionally and molecularly indistinguishable cell types to those derived from NCCs,
including melanocytes, migratory neurons, and cellular cartilage (Jandzik et al., 2015; Yu et al., 2010).
However, none of these cell types are known to be derived from the same region of the embryo (as we see
in the vertebrate neural crest), nor are they derived from a multipotent cell population. Therefore, it seems
that vertebrates’ earliest neural crest cells gained the capacity to differentiate into a number of diverse cell
types that were previously unique to other germ layers. Thus, both the appearance of a multipotent,
migratory cell type, and their cooption of the genetic programs that drive these disparate fates occurred in
stem vertebrates. In order to better understand the evolution of neural crest cells, first a comparison

between vertebrates and invertebrate chordates is essential.

Developmental origins of neural crest cells: a comparison to invertebrate

chordates

During gastrula stages of chordate development, newly-specified mesoderm involutes, and
induces the overlying ectoderm to form the neural plate by secreting TGFf inhibitors and other ligand
gradients (De Raobertis and Kuroda, 2004). These signals delineate the anteroposterior (A/P) and
dosroventral (D/V) axes within the future ectoderm, and thus dictate the early patterning of the neural
plate and non-neural ectoderm by modulating expression via secreted ligands such as BMP, FGF, and
WNT (De Robertis and Kuroda, 2004; Garnett et al., 2012; Marchant et al., 1998; McCauley and
Bronner-Fraser, 2004; Meulemans and Bronner-Fraser, 2004; Patthey et al., 2008; Yu et al., 2008b). From
this juncture, the future morphology of all major ectodermally-derived tissues is set in motion, including
the brain and spinal cord. Across chordates, this process of neural specification can appear outwardly
quite different: the shape, size, and number of cells present during this process vary widely between the
major chordate groups. Despite these differences in the ‘mechanical’ acts of gastrulation and neurulation,
the genetic underpinnings of these events are strikingly conserved (Basch et al., 2006; Fujimi et al., 2006;
Grinblat and Sive, 2001; Holland and Holland, 1998; Nandadasa et al., 2009; Nishida and Stach, 2014;
Theveneau and Mayor, 2012; Van Otterloo et al., 2012; Yu et al., 2008b). Transcription factor families
activated during gastrulation such as Zic, Pax, Msx, DIx, and Tfap2 delineate three main regions of the
early ectoderm: the non-neural ectoderm, the neural border, and the neural plate (Yu et al., 2008;
reviewed by (Milet and Monsoro-Burg, 2012). This high level of conservation indicates that the

specification of all three of these ectodermal domains as transcriptionally-distinct cell populations is a
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synapomorphy of chordates, and likely evolved prior to the appearance of multipotent neural crest cells
(Yu et al., 2008b).

As the neural tube approaches closure in vertebrates, NCCs begin delaminating from the neural
plate border and migrate throughout the body along different stereotyped routes. Just prior to
delamination of these cells, another wave of expression begins throughout all future vertebrate NCCs:
SoxE proteins, Prdm1, Snail, Foxd3, Id, cMyc, and Twist transcription appear nearly in concert, and drive
neural crest specification (reviewed by (Milet and Monsoro-Burg, 2012)). These genes help to keep NCCs
undifferentiated, and also make them competent to receive later signals secreted by the migrating cells’
environments. These later signals will contribute greatly to the eventual position and commitment of a
specific migrating cell (Dupin and Le Douarin, 2014; Le Douarin and Dupin, 2003), though there is some
evidence that NCCs point of origin might contribute to their morphology in a position-independent
manner (Noden, 1978). With surprisingly few exceptions, all vertebrates specify migratory NCCs using a
conserved set of genetic interactions (Green et al., 2015; Meulemans and Bronner-Fraser, 2004).
Conversely, no cell population with such a coexpression of genes is known in any living invertebrate
chordate. At the neural border, the Florida amphioxus (Branciostoma floridae) and tunicates both express
only one of these genes, snail, and the tunicate Ciona intestinalis does deploy foxD in a subset of their
neural border (Imai et al., 2009; Yu et al., 2008b). With this slight similarity in expression in mind, it
makes sense that the qualitatively closest cell type in an invertebrate can be found arising from the
tunicate neural border, where a small number of cells with limited developmental potential delaminate
and display migratory behavior (Imai et al., 2009; Stolfi et al., 2015). Despite their lack of expression in
or around the neural plate border (save snail), copies of all neural crest specifier gene families have been
found in invertebrate chordate genomes. However the vast majority of these genes are never expressed in
neural tissue. Instead, many but not all of these are expressed in early mesoderm (which is also the case in
vertebrates), intriguingly the germ layer where some NCC cell types like smooth muscle and cartilage
probably first evolved.

Conversely, invertebrate chordates do not possess recognizable gene copies of many of the
signaling ligands that NCCs use to modulate their migration and differentiation, including Endothelin
signaling ligands. In fact, there are at least nine cell fate specification ligands which are “new” to
vertebrates (Martinez-Morales et al., 2007), indicating that neural crest cells as a whole arose first by the
cooption of pre-existing transcription factors to the neural border (Meulemans and Bronner-Fraser, 2005).
Thereafter this nascent cell type relied heavily on ‘new’ or highly divergent and specialized vertebrate-
specific signaling cascades to migrate, become patterned, and differentiate into the plethora of derivatives

we see today.



The specification and patterning of different neural crest derivatives is

extensive in jawed vertebrates.

Aside from the production of multipotent, migratory cells form the neural border, vertebrates also
managed another developmental feat: sending these different cells types to unique and complex sets of
embryonic destinations in unison. By molecularly segregating the fates of different NCC lineages both
between and within cells types, this allows for the modularity of these tissues. For example, it becomes
useful in evolution to be able to differentially control the placement of pigment, cartilage, and neurons.
This modularity is further bootstrapped by patterning schemes within each tissue type, which thereafter
allow for even more modularity within a structure (e.g. dorsal vs ventral head skeleton derivatives). These
fate-specification and patterning mechanisms apparently utilized both the above-mentioned ‘new’ signals
that we only find in vertebrate genomes, as well as ancient families of transcription factors that predate
the chordate common ancestor.

Especially in living jawed vertebrates (gnathostomes) we have distilled the function, location, and
developmental timing of many pathways responsible for NCC migration, patterning, and differentiation.
In jawed vertebrates, these pathways have been tested and characterized extensively from all corners of
the clade: animals such as sharks and rays (Compagnucci et al., 2013; Gillis et al., 2013), the ray-finned
fish Polypterus (Kralovic et al., 2010), zebrafish (Dutton et al., 2001; Ellies et al., 1997; Lee et al., 2004),
cichlids (Renz et al., 2011), Axolotl (Cerny et al., 2004), Xenopus (Aybar et al., 2003; Marchant et al.,
1998; Square et al., 2015a), chicken (Gordon et al., 2010; Kos et al., 2001), and mouse (Abu-Issa et al.,
2002; Depew et al., 2002; Zhao et al., 1997) have all revealed many shared and divergent aspects of
neural crest cell (NCC) developmental evolution, though conservation of these mechanisms appears to be
a rule instead of an exception. This extensive sampling of jawed vertebrates allows for a rather robust
picture of early jawed vertebrate development; namely the mechanisms deployed in the last common

ancestor to all living gnathostomes.

Research direction and motivation

From these previous studies, we know that these migration and patterning mechanisms evolved
sometime between the appearance of crown chordates and the appearance of crown gnathostomes, events
that happened approximately 100 million years apart (Brazeau and Friedman, 2015; Mallatt and Chen,
2003; Morris and Caron, 2014; Shu et al., 1999; Shu et al., 2003). Many extinct fossil vertebrates
originated during this time (between the mid Cambrian and early Ordovician periods), and diversified

during the Devonian (a period informally known as “the Age of the Fishes”). For instance, this is where
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we see the evolution of bone, odontodes, paired appendages, predatory lifestyles, and the jaw to name a
few key traits that arose during this time (Janvier, 1996); all of these traits somehow involved NCCs.
Today, the only extant jawless vertebrates comprise lampreys and hagfishes, which form a natural group,
the cyclostomes (Delarbre et al., 2002; Heimberg et al., 2010; Oisi et al., 2013; Stock and Whitt, 1992).
Cyclostomes diverged during this period, and correspondingly they possess most, but not all of the same
neural crest cell derivatives as modern jawed vertebrates. Namely, they are without bone, the sympathetic
nervous system, NCC-derived cranial ganglia, myelin-secreting Schwann cells, and dentine-producing
odontoblasts. Cyclostomes most likely diverged from stem gnathostomes before these cell types arose,
but given the general prevalence of evolutionary loss in developmental systems, this cannot be absolutely
assumed. Despite these specific differences, cyclostome NCCs are multipotent (McCauley and Bronner-
Fraser, 2003; Nikitina et al., 2008) and are still capable of becoming the four major types of tissues (being
cartilage-related skeletal tissues, smooth muscle, neurons of the peripheral nervous system, and pigment
cells).

The divergence between cyclostomes and gnathostomes is the most ancient of any divergence
within living vertebrates, making modern cyclostomes are phylogenetically positioned in a very
informative place for understanding basal vertebrate features. By addressing the extent of these patterning
networks in NCCs of the sea lamprey (Petromyzon marinus), a tractable jawless vertebrate, we can
ascertain which of these mechanisms arose in unison with the different neural crest derivatives, and which
mechanisms are specifically jawed vertebrate innovations. So, while the genetic changes underlying
neural crest cell specification as a whole have been determined to some degree (Green et al., 2015), the
processes that arose in the first vertebrates for modulating the major neural crest cell types, dictating their
migration, and patterning them into three-dimensional structures and tissues remain largely unaddressed.
Lampreys are particularly informative to these ends: they offer us a ‘developmental sample’ of vertebrate
growth that has evolved separately from all gnathostomes, having diverged just before the major fish
radiations occurred in the Devonian. This allows us to discern some of the ancestral gene expression
patterns and functions of early NCC pathways. This motivates the present work: by working with
amphioxus (Branchiostome floridae), the sea lamprey (Petromyzon marinus), and the African clawed frog
(Xenopus laevis), we have put together a more complete picture of the evolutionary story of stem
vertebrates and their early neural crest cells. With special focus on the head skeleton, and using a
phylogeny forward approach, this body of works aims to better understand the patterning schemes and
signaling processes that evolved during the evolution of the first vertebrates approximately 550 million

years ago.



CHAPTER II: The origin and diversification of the
developmental mechanisms that pattern the vertebrate head

skeleton

Introduction

Vertebrates emerged during the Cambrian explosion more than 500 million years ago. They have
since attained an incredible degree of specialization and morphological diversity, which likely played a
role in their becoming the most species-rich and geographically dispersed deuterostomes on the planet.
This success is thought to have been made possible, in large part, by the origin and elaboration of the
vertebrate head skeleton. In the earliest vertebrates, the facilitation of pharyngeal pumping by the head
skeleton seems most probably to be a major source of early vertebrate success, by simply increasing the
rates of respiration and filter feeding (Gans and Northcutt, 1983; Northcutt and Gans, 1983). While many
modern vertebrates (namely tetrapods) have discarded this pharyngeal pumping strategy in their adult
forms, the head skeleton still performs many basic functions in all vertebrates by supporting and
protecting the brain and anterior sense organs. Aside from its ancestral and shared functions, the head
skeleton is also extraordinarily evolvable, having proven itself capable of taking on a wide array of
adaptive shapes and compositions for respiration, feeding, communication, and sensing the environment.
The fossil record suggests this flexibility arose very early in the vertebrate lineage, with an impressive
diversity of both jawless and jawed forms arising within 100 million years after the first vertebrates
appeared (Fig. 1).

Though the fossil record shows when the adult head skeleton arose and how it has diversified, it
tells us nothing about the developmental and genetic bases of its extreme evolvability or its origin. The
modern comparative or “evolutionary developmental” biology approach allows us to deduce conserved
and divergent features of development, and functionally link these to similarities and differences in adult
morphology. In this review we examine what is known about early head skeleton development in a broad
sampling of living vertebrates, including the only living jawless vertebrates, the cyclostomes. The
cyclostomes consist of two groups: hagfishes and lampreys. Historically, there has been some debate
about whether cyclostomes are monophyletic or paraphyletic, however various sequence-based analyses
support the former scenario (Delarbre et al., 2002; Heimberg et al., 2010; Stock and Whitt, 1992). The
fossil record reveals that cyclostomes represent only a fraction of agnathan diversity (see Fig. 1) and
suggests that modern adult lampreys and hagfishes possess highly derived skeletal morphologies and

lifestyles, a phenomenon that is also easily observed in many gnathostome groups (e.g. the evolution of
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Fig. 1. A cladogram of major vertebrate groups. Extinct groups are indicated with a ( 1).
Relatedness of only the extant groups is depicted with a blue cladogram. The node representing the
position of the last common ancestor to all living vertebrates is colored red. The position along the
X-axis for each fossil group’s line shows their relative approximate time of presence in the known
fossil record. The length of every line is the same for these extinct groups, and is not representative
of the known duration of each group’s history on earth (which is extremely variable considering
these groups). Some of these groups may be paraphyletic. Some groups are very diverse; only a
single living member or well-characterized fossil from each group is pictured. Some major groups
not shown include Conodonta and Galeapsida. Some illustrations are after those within (Hildebrand
and Goslow, 2001) and (Janvier, 1996).



the middle ear bones from pharyngeal arch structures in mammals). Nevertheless, modern cyclostomes
offer our only window into agnathan developmental genetics. Furthermore, larval lampreys possess a
simple head skeleton composed mainly of simple, cartilaginous PAs, and appear grossly similar in
morphology to the earliest fossil agnathans. Thus larval lampreys likely retain many ancestral features
lost or masked in gnathostomes.

In this phylogenetic context, here we use comparisons of cyclostome and gnathostome head
skeleton development in combination with the fossil record to support several key conclusions about the
head skeleton of the most recent common ancestor of modern vertebrates, found at the node bearing the
red circle in Fig. 1: 1) it formed mainly from a set of three distinct streams of cranial neural crest cells
(CNCCs), 2) after migration into the pharynx, these cells activated a ‘cartilage gene regulatory network
(GRN)’ of at least three genes, as well as a combinatorial code of at least 10 transcription factors in
particular oropharyngeal subdomains, and 3) these subpopulations of skeletal precursors differentiated
into an endoskeleton consisting mainly of pharyngeal arches (PAs), throughout which histologically
distinct cartilage types were deployed. Taken together, the conserved aspects of head skeleton formation
and patterning suggest that major differences in head skeleton morphology are likely due to changes in
differentiation and morphogenetic programs downstream of a conserved developmental prepattern.
However, some striking differences in this prepattern are evident, and may be tied to some specific large-
scale differences in morphology between modern jawless vertebrates (agnathans) and jawed vertebrates

(gnathostomes), and also within gnathostomes.

Modern vertebrate head skeletons are derived from CNCCs that migrate as

three streams

In both modern cyclostomes and gnathostomes, vital dye labeling and gene expression suggest all
cartilaginous PA (pharyngeal arch) and pre-oral skeletal elements are derived mainly from CNCCs
(Kuratani et al., 2016; McCauley and Bronner-Fraser, 2003; Noden, 1978; Santagati and Rijli, 2003).
After being specified by highly conserved gene regulatory interactions (Sauka-Spengler et al., 2007;
Simoes-Costa and Bronner, 2015), CNCCs migrate ventrally from the neural border during and after
neurulation, populating the pharynx and oral region. In both gnathostomes and lamprey, CNCCs are
specified at all positions along the neural plate border from the midbrain through the hindbrain, but
congregate into three main streaming populations as they proceed towards the pharynx: pre-oral and PA1
cells in the 1% stream, PA2 cells in the 2" stream, and branchial arch (PAs 3+) cells in the 3" stream (Fig.
2; reviewed by (Theveneau and Mayor, 2012)). The CNCC-negative regions (between the streams) are

consistently situated beneath rhombomeres 3 and 5 of the brain in both lampreys and gnathostomes



(Minoux and Rijli, 2010). These spatial similarities mark high conservation of this general migratory
architecture.

Cranial neural crest migration

lamprey idealized gnathostome

Fig. 2. Vertebrate cranial neural crest migration occurs as three topographically conserved
streams. (A) Left lateral views of early pharyngula stage lamprey embryos (Petromyzon marinus;
Tahara stage 21-23(Tahara, 1988)) stained via in situ hybridization for ednrb transcripts (see Square
et al., 2016 for a broader staging series of ednrb in situ hybridizations). This gene marks migratory
skeletogenic cranial neural crest, among other neural crest derivatives. (B) A cartoon of early
cranial neural crest migration in lamprey and an idealized gnathostome. The three homologous
populations of CNCCs are indicated by different colors (red, pink, and blue); the sub-arrows within
each of these streams are meant to depict general directions of cell migration, but do not explicitly
indicate stream subdivisions. Each uniquely colored stream is molecularly defined by hox
expression (see text). The 3" stream in lamprey appears to have some contribution from the trunk;
this is partially colored gray. The posteriormost arches of the gnathostome are slightly transparent
to indicate that these splitting events occur after the population of cells is already moving ventrally
(a process coincident with pharyngeal pouch formation [see text]). An outline of the brain is shown
in gray. mhb, midbrain/hindbrain boundary; nhp, nasohypophyseal plate; np, nasal placode; op, otic
placode; ppl and pp2, pharyngeal pouches 1 and 2; r1-7, rhombomeres 1-7; st, stomodeum.



While CNCC migration patterns are generally conserved across vertebrates, there are some
notable differences between the lamprey and gnathostome 3™ CNCC streams. In gnathostomes the 3™
stream originates from rhombomeres 5-7, and becomes progressively subdivided as it is still migrating
and after migration (Minoux and Rijli, 2010). In contrast, the 3" ‘stream’ of CNCCs in lamprey behaves
more like a sheet, and emerges from a broad domain that includes 5-7" rhombomeres (Kuratani et al.,
1998a) and part of the presumptive spinal cord, a region that would give rise to trunk neural crest in
gnathostomes (Fig. 2). The reason for this is unclear, though it may simply reflect the fact that lamprey
has a relatively long pharynx consisting of seven branchial arches (PA3-PA9). Nevertheless, in both
lineages, the posterior arch neural crest cells become segregated in concert with pharyngeal pouch
morphogenesis, and end up as separated ‘tubes’ of ectomesenchyme surrounding a mesodermal core
(Cerny et al., 2004), flanking each gill slit.

Notably, the posterior PAs (the branchial arches) tend to be more homogenous both within and
among species with regard to their gene expression patterns and eventual morphology. This contrasts with
PA1 and PA2, which each come from unique streams of CNCCs; these are far more specialized in their
gene expression and eventual morphology both within a given vertebrate’s PAs, and among vertebrates.
How and when separate 1%, 2" and 3" streams, evolved, and began to give rise to morphologically
distinct derivatives is unclear. However, it is possible that the first CNCC to migrate from the neural tube
was already divided into molecularly distinct AP populations by hox gene expression carried over from
the CNS. Physical segregation of 3™ stream CNCCs from each other may evolved later in concert with
the otic capsule, which is a conserved landmark for the boundary between the 2™ versus 3" streams in all
vertebrates.

When the three streams began giving rise to morphologically distinct derivatives is even more
speculative as all extant vertebrates display highly specialized PAL and PA2 and posterior PA
morphologies. Looking to the fossil record, some extinct vertebrate relatives also possess specialized
cartilages around the mouth, as does the invertebrate amphioxus (Jandzik et al., 2015), but the
developmental origin of these fossil structures (specifically whether they are PA-derived or not) is
extremely difficult to assess. Irrespective of the timing of PAL and PA2 specialization, gene expression
(see below) and their resemblance to the PAs of fossil chordates indicates that PAs derived from the 3™
stream are likely the least developmentally derived, and might offer the best possible reconstruction of

ancestral PA patterning at their first appearance in the vertebrate stem (discussed below).
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Transcription factor expression in the vertebrate head skeleton

A conserved cellular environment, a conserved cartilage GRN, and a conserved tissue type
In both cyclostomes and gnathostomes, CNCCs entering the pharynx and oral region are exposed
to a range of intercellular signals that regulate proliferation, differentiation, and morphogenesis. These
include bone morphogenetic proteins (BMPs), Fibroblast growth factors (FGFs), Endothelins (Edns),
retinoic acid (RA), and Hedgehog (Hh) (reviewed by (Santagati and Rijli, 2003)). In lamprey, the
expression of key pathway members has been documented in and/or surrounding the pre-skeletal CNCCs
for each of these signal types (Campo-Paysaa et al., 2015; Jandzik et al., 2014b; Kuraku et al., 2010;
McCauley and Bronner-Fraser, 2004; Medeiros and Crump, 2012; Square et al., 2016a; Sugahara et al.,
2011). Furthermore, the function of FGF and RA signaling has been addressed in lamprey, and found to
be generally conserved with gnathostomes (Jandzik et al., 2014b; Kuratani et al., 1998b). In addition to
entering a similar intercellular signaling environment, CNCCs of both lampreys and gnathostomes
differentiate into collagen-containing cellular cartilage and related skeletal tissues, such as joint tissue
(gnathostomes) and soft mucocartilage (lamprey) (Cattell et al., 2011; Crump et al., 2004a; Medeiros and
Crump, 2012; Zhang et al., 2006). Consistent with this, gnathostome and lamprey CNCCs activate the
same core set of chondrogenic regulators, including SoxE, Twist, and Ets (Meulemans and Bronner-
Fraser, 2004). These genes are activated in the developing amphioxus oral cirri skeleton(Jandzik et al.,
2015), a non-vertebrate cartilage, and SoXE genes are expressed in the cartilage of horseshoe crabs and
cuttlefish (Tarazona et al., 2016). This indicates that a core cellular cartilage differentiation program was
already present before vertebrates arose, with a rudimentary version of this gene regulatory cascade likely

predating the protostome/deuterostome divergence.

Combinatorial expression of alx, hand, msx, and prrx, define spatially conserved precursor
populations in the PAs of all vertebrates

In addition to a core set of transcription factors that appear to drive skeletal differentiation in all
CNCC, there are several others expressed only in subsets of head skeleton precursors in both cyclostomes
and gnathostomes (Fig. 3). For simplicity, we use the combined expression of all known paralogs of a
given gene group when defining which regions are positive for a gene type (e.g. an msx positive domain
means there is at least one msx gene expressed there, but there could be multiple). Together, these genes
appear to act combinatorially to confer ‘module-specific’ identity upon CNCC subpopulations. In
gnathostomes, most of these genes are known to affect different regions of head skeleton development in
unique ways, though more work is needed to understand precisely how these genes confer regional shape

and morphology. The conserved expression of these factors in all modern vertebrates suggests they mark
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Fig. 3. A comparison of the gene expression schemes of lamprey and gnathostome nascent head
skeletons. Top are oral views, below which are left lateral views. The key below is arranged such that
the combinatorial domains in the left and right columns are found only in gnathostomes or lamprey,
respectively, while the combinatorial domains in the middle column are found in both lineages. For gene
types with multiple paralogs, these domains represent the expression of all paralogs (e.g. an msx positive
domain could express any one of the msx genes in that lineage). On the right are example in situ
hybridizations of each gene depicted in the lamprey expression map. The gnathostome map represents a
simplification and slight modification to the map found in (Square et al., 2015a). The ventrally-
positioned white dotted oval in the lamprey represents the position of the endostyle, which is derived
from endoderm and expresses none of the genes addressed here. II, lower lip; nhp, nasohypophyseal

plate; np, nasal placode; op, otic placode; ul, upper lip.
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evolutionarily conserved subpopulations of skeletal precursors present in their most recent
common ancestor. Although these developmental modules of CNCCs are likely deeply homologous, if
not homologous sensu stricto (or ‘historically’ homologous), it is less clear if the adult skeletal structures
derived from them can be considered homologous in either a deep or strict/historical sense (for a
discussion of deep homology, see (Shubin et al., 2009)).

The dorsal and ventral poles of all vertebrate PAs examined to date express a similar
combination of transcription factors: alx (Beverdam and Meijlink, 2001; Cattell et al., 2011;
Compagnucci et al., 2013; Dee et al., 2013; McGonnell et al., 2011; Square et al., 2015a), hand (Cerny et
al., 2010; Charite et al., 2001; Compagnucci et al., 2013; Firulli, 2003; Square et al., 2015a), msx
(Antonopoulou et al., 2004; Cerny et al., 2010; Compagnucci et al., 2013; Square et al., 2015a; Swartz et
al., 2011), and prrx (Compagnucci et al., 2013; Hernandez-Vega and Minguillon, 2011; Square et al.,
2015a; ten Berge et al., 1998) transcripts can be found in both lamprey and gnathostomes in broadly
similar patterns (Fig. 3; Fig. S1). In the ventral PAs all four of these genes are transcribed, though in
lamprey ventral alx expression is absent from PA1 and PA2 (Cattell et al., 2011). Skeletogenic
mesenchyme in the dorsal PAs of sharks, Xenopus, and mouse also express msx and prrx, though this
domain appears to be only prrx positive in at least zebrafish. The intermediate domain between the poles
(the light blue ‘dIx only’ module in Fig. 3) in all vertebrates is marked by the exclusion of these four polar
PA gene transcripts, but this domain also consistently overlaps the region wherein the highest number of
dIx genes are expressed (discussed below; Fig. 4). Combined, alx, hand, msx, and prrx represent an
ancient PA polarity scheme that molecularly designates CNCCs to dorsalmost, intermediate, and
ventralmost identities. The function of all four of these genes are shown in various gnathostome models
(Antonopoulou et al., 2004; Beverdam et al., 2001; Cerny et al., 2010; ten Berge et al., 1998; Yanagisawa

et al., 2003), however functional data from any cyclostome is lacking.

Nested dIx expression marks dorsal, ventral and intermediate skeletal precursor populations in the
PAs of all living vertebrates

In gnathostomes, the dIx genes comprise six orthology groups (1-6), and are typically found as
tandem duplicates in the genome (dIx1 and -2, dIx3 and -4, and dIx5 and -6) (Stock et al., 1996). This
paired genomic architecture arose from cis-duplication at the first dix locus in the pre-vertebrate chordate
lineage; this apparently occurred in stem olfactores (tunicates + vertebrates) after the divergence of
cephalochordates (Wada and Makabe, 2006) (Fig. 4). This paired architecture has been retained at most
gnathostome dlx loci, but this arrangement has not been confirmed in cyclostomes for any of their six dix
loci. In early vertebrates, the first tandem pair underwent whole genome and/or regional trans-

duplications (and potentially some losses) giving rise to the six genes we find in most modern vertebrate
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Vertebrate dIx evolution

lamprey dIx complement typical gnathostome dix complement
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Fig. 4. dIx evolution in vertebrates. The colors of the genes are meant to reflect nested expression
categories, rather than the relatedness of these genes, with the gray color being shared by all groups
to indicate that all dIx2/3/5 genes are expressed there. From bottom to top: The common ancestor to
all living vertebrates likely had two pairs of dix genes, which arose by first a cis-duplication, and
later a trans-duplication (see dIx section in main text). Hypothesized dIx gene expression is depicted
on a representation of this common ancestor’s head skeleton, with all four genes expressed in the
intermediate PAs (gray domain), and only one pair of dIx genes expressed throughout the PAs
(turquoise domain). Thereafter (above), the cyclostome and gnathostome lineages diverged, each of
which duplicated and retained at least two more dIx genes independently (thus lamprey and
gnathostome dIx gene domains are colored differently, other than the gray domain where all six are
expressed). Modern gnathostome dlx expression is depicted for a shark (Scyliorhinus canicula)
(Compagnucci et al., 2013), zebrafish (Danio rerio) (Talbot et al., 2010), frog (Xenopus
laevis)(Square et al., 2015a), and mouse (Mus musculus) (Jeong et al., 2008). The ‘average’ of these
four vertebrates is depicted below as an idealized gnathostome common ancestor. The ventrally-
positioned black dotted oval in the lamprey represents the position of the endostyle, which is derived
from endoderm and expresses no dix genes. The PAs are numbered in each extant vertebrate at their
base. Il, lower lip; nhp, nasohypophyseal plate; np, nasal placode; op, otic placode; ul, upper lip.
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lineages (Stock, 2005; Takechi et al., 2013). It is important to note that despite cyclostomes and most
gnathostomes having six main types of dix genes, there is strong evidence that hagfish, lamprey, and
gnathostome dlx genes are not all directly orthologous to each other (Cerny et al., 2010; Fujimoto et al.,
2013; Kuraku et al., 2010; Stock, 2005; Takechi et al., 2013), although the exact history of duplication
and retention is difficult to address in the face of differential paralog loss (Kuraku, 2013). The current dIx
assemblages have thus arisen from some number of lineage-specific trans-duplications in each of these
three groups.

In gnathostomes, tandem pairs of dix genes typically share some aspects of their expression
domains, although notably the dix1/4/6 group is consistently expressed in a more restricted manner than
its tandem duplicate in the dIx2/3/5 clade (Compagnucci et al., 2013; Depew et al., 2002; Gillis et al.,
2013; Square et al., 2015a; Talbot et al., 2010). This likely reflects a regulatory condition that arose at the
original dix1/4/6 and dIx2/3/5 locus after the initial tandem duplication. In gnathostomes, some dix
functions are relegated to specific sets of dIx genes, such as dIx2 in migratory CNCCs (Compagnucci et
al., 2013; Crump et al., 2004a; Square et al., 2015a), dIx2, -3, -4, and -5 in developing tooth germs
(Borday-Birraux et al., 2006; Renz et al., 2011; Zhao et al., 2000), and dIx1, -2, -5, and -6 in the forebrain
(Renz et al., 2011; Zerucha et al., 2000). Subsets of lamprey dIx genes are also found in migrating CNCCs
(dIxA, -B, -C, and -D), as well as the forebrain (dIxA, -C, -D, and -E) (Kuraku et al., 2010). Despite the
ambiguity surrounding the exact level of gene orthology here, the presence of these specialized
expression domains combined with information from phylogenetic analyses indicate that the full sets of
lamprey and hagfish dIx genes do not stem from only within-cyclostome duplications (Fujimoto et al.,
2013). Furthermore, recent evidence suggests that cyclostomes diverged after at least one whole genome
duplication in vertebrates (Kuraku, 2013; Kuraku et al., 2009; Smith and Keinath, 2015), which is the
process assumed to have given rise to the trans-duplication of dix genes(Stock, 2005; Stock et al., 1996;
Takechi et al., 2013). Thus, the vertebrate common ancestor likely had at least two pairs of dIx genes
(Stock, 2005; Takechi et al., 2013) (Fig. 4). It also seems most probable that these two pairs of dIx genes
were differentially expressed in the vertebrate common ancestor given the high degree of specialization
we see across all living vertebrate dIx complements.

At mid-pharyngula stages the dix genes appear in nested PA expression domains in both sea
lamprey(Cerny et al., 2010) and gnathostomes (Brown et al., 2005; Compagnucci et al., 2013; Depew et
al., 2002; Gillis et al., 2013; Renz et al., 2011; Square et al., 2015a; Talbot et al., 2010) (Fig. 4). In both
lineages, this nested pattern is deployed and refined soon after the CNCCs cease their migration, with the
highest number of dIx paralogs consistently expressed in CNCCs occupying the intermediate and/or
ventral-intermediate domain of the PAs. In gnathostomes, this nesting is referred to as the “dlx code” for

its role in specifying identity along the DV axis in PA1 (a.k.a. the proximal/distal axis)(Depew et al.,
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2002). There is also strong evidence that hagfish dIx genes are at least expressed differentially in pre-
skeletogenic mesenchyme (Fujimoto et al., 2013), though the presence or absence of nesting in the PAs
remains to be addressed. Importantly, the CNCC population expressing the most dlIx paralogs is generally
situated more ventrally in gnathostomes as compared to the centrally-nested lamprey scheme, although
the exact focal point of nesting seems to vary slightly between groups (Fig. 4). For example, most
gnathostomes show distinct dorsal boundaries of dix3 and dIx5 expression, though the amphibian
Xenopus laevis shows a shared dorsal boundary of these two genes, making their dIx code more centered
along the dorsoventral axis (Fig. S2).

There are many other lineage-specific modifications to the dix code in gnathostome PAs,
especially with regard to the dIx1/4/6 group. To list a few examples: Xenopus laevis dIx2 is absent from
the dorsal PA2 (Square et al., 2015a), mouse dIx5 is expressed further ventrally (distally) than dix2 (Jeong
et al., 2008), sharks exhibit an early restriction of dIx1 to the dorsal PA1 (Compagnucci et al., 2013; Gillis
et al., 2013), and reptilian dIx4 seems to have been pseudogenized (Brown et al., 2005; Takechi et al.,
2013). Furthermore, the posteriormost one to three PAs frequently show a delay or change in the dIx code
in the pharyngula stages addressed here. This is likely due to either temporal differences in the
specification of PA CNCCs, or simply degeneration of dIx expression in these less prolific PAs. Aside
from these nuances, cyclostomes and gnathostomes still each possess three main dix-positive domains in
the PAs marked by different combinations of dIx2/3/5 gene expression (Fig. 4).

Thus the common ancestor of all vertebrates likely also specified at least three different PA
subdomains of CNCCs using a rudimentary dlx nesting scheme: the dorsal and ventral domains with
transcripts from only one pair of diIxs, and an intermediate region with transcripts from two pairs of dIxs
(Fig. 4). Given the important role of dixs in specifying dorsoventral PA identity in zebrafish (Talbot et al.,
2010) and mouse (Depew et al., 2002), it seems plausible that nested dix expression has an ancient role in
conferring position-specific skeletal morphology or histology that evolved before the appearance of PA
subdivisions in gnathostomes, including the primary jaw joint in PAL. Comparative studies on dlx
transcriptional regulation across vertebrates, including cyclostomes, should shed more light on ancestral
vertebrate dIx expression.

Like the domains delineated by alx, hand, msx, and prrx, these main dIx domains do not seem to
have a 1:1 correspondence with any skeletal elements, but instead mark groups of entire future elements,
and occasionally parts of future elements, comprising larger-scale morphological modules (e.g. the
elements of the future lower jaw skeleton are marked by dIx5 and -6). This is shown by vital dye labeling
(Gillis et al., 2013), reporter expression (Ruest et al., 2003), and the functional transformation and
truncation of multiple skeletal elements when dlx genes are perturbed (Depew et al., 2002; Talbot et al.,

2010). Therefore, these dlx domains instead seem to grant more a general identity to these different
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domains in the PAs along the dorsoventral axis that contain the CNCCs belonging to multiple nascent
skeletal elements.

Combinatorial gene expression defines conserved skeletal precursor populations outside of
the PAs

Within gnathostomes are found four main groups of alx genes (1-4), though some of these have
been lost in evolution by different groups (McGonnell et al., 2011). In lamprey only a single ortholog is
known(Cattell et al., 2011). In addition to the PAs (discussed above), alx gene expression is found
throughout the presumptive chondrocranium of gnathostomes, where these genes play critical roles in the
differentiation of these non-PA skeletal structures (Antonopoulou et al., 2004; Beverdam et al., 2001;
Beverdam and Meijlink, 2001; Compagnucci et al., 2013; Dee et al., 2013; McGonnell et al., 2011).
Notably, these skeletal elements are composed of CNCCs, mesoderm, or a mix of both cell types, and the
location of the ‘boundary’ between these two cell types seems to be somewhat plastic in evolution (Kague
et al., 2012; Piekarski et al., 2014). Cyclostomes do possess cartilages dorsal to and surrounding the
mouth, some of which comprise their neurocranium (Johnels, 1944; (Qisi et al., 2013)), though these
individual skeletal elements lack obvious homology to the well-conserved set of gnathostome
neurocranial elements. Even comparing lampreys and hagfishes does not reveal obvious affinities
between these structures, though their genetic and developmental affinities can be addressed in this
context (Kuratani et al., 2016). In lamprey, these ‘trabecular’ skeletal elements express alx during their
development (Cattell et al., 2011). Lamprey and most gnathostomes thus have a domain near the eye that
is alx positive, but dlIx, hand, msx, and prrx-negative. Based on its conserved position and gene
expression, we posit that this “alx-only” module (yellow in Fig. 3) is likely homologous between
cyclostomes and gnathostomes, having been greatly expanded in the gnathostome lineage to form other
components of the ventral braincase. Interestingly, this is one of the few head skeletal regions in lamprey
that is thought to originate from mesoderm (Kuratani et al., 2016). This region of the lamprey head
skeleton therefore may offer potential insights into the evolution of the braincase.

prrx genes are related to alx genes, but this duplication predates the divergence of echinoderms
and chordates (Howard-Ashby et al., 2006), and thus these genes have diverged substantially in both
their amino acid sequences and their expression patterns. In gnathostomes are two prrx genes, though
both seem to have very similar expression patterns. We identified a single prrx gene transcript in lamprey,
which according to phylogenetic analysis is the outgroup to all gnathostome Prrxs (Fig. S3). As in
gnathostomes, this P. marinus prrx gene is expressed in a mesenchymal domain near the otic placode
(green in Fig. 3) which likely gives rise to the otic capsule (ten Berge et al., 1998). Around the mouth, all

vertebrates addressed also have a single region where alx and prrx are coexpressed in the absence of any
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dIx, hand, or msx gene. In lamprey, this alx + prrx module becomes the medial velar skeleton (the
opposable “flap” of the velum; orange in Fig. 4), while in gnathostomes this domain is found within the
future chondrocranium, laterally to the future palate and below/partially surrounding the eye. This region
is not part of the gnathostome PAs, but still receives a CNCC contribution. Thus in both lineages, this alx
+ prrx module is adjacent to and strongly associated with PA1, but has a distinct expression profile
compared to PA tissue, namely in that it is dix-negative (Kuraku et al., 2010). In lamprey, the position and
function of the medial velar skeleton indicates developmental affinity for PAL, however upon closer
inspection this structure also shows a clear histological association to the more dorsal ‘chondrocranial
region’ near the notochord (Fig. S3). This indicates that it might instead be derived from non-PA CNCCs

or mesoderm of the rudimentary lamprey “chondrocranium”.

Nested hox expression defines PA identities in all living vertebrates

Aside from within-PA patterning, nested hox gene expression in the pharynx along the
anteroposterior axis occurs in both lampreys and gnathostomes; these expression patterns were recently
shown to be deployed via conserved regulatory machinery (Parker et al., 2014). As in other tissues, these
expression patterns are collinear, and confer each PA with a unique hox identity. In all modern
vertebrates, pre-oral and PAL1 mesenchyme is hox-negative, PAs 2+ are hox2 positive, and PAs 3+ are
hox3 positive (Hunt et al., 1991a; Hunt et al., 1991b; Hunt et al., 1991c; Lyon et al., 2013; Minoux et al.,
2009; Takio et al., 2007). Interestingly, these highly conserved hox domains correspond to the three
migrating populations of CNCCs (discussed above), and generally reflect the expression profile of the
brain region they delaminate from (Parker et al., 2016). In gnathostomes, this expression confers PA-
specific morphology: exogenous or depleted Hox function can lead to homeotic transformations of the
PAs (reviewed by (Minoux et al., 2009)), however no work on any cyclostome Hox function has been
published to date. Both lamprey and gnathostomes also have at least one other hox gene expressed in a
subset of more posterior arches, though the similarity is not as strong: the arctic lamprey expresses Hox4x
in a gradient from posterior to anterior (Takio et al., 2007), whereas gnathostomes show clearer nesting of
hox4 in PAs 4+ (Lyon et al., 2013; Minoux et al., 2009), and hox5 in PAs 5+ (if present) (Lyon et al.,
2013). It is useful to note that, like the dix genes, hox genes have undergone multiple trans-duplications in
vertebrate lineages due to whole genome and other large-scale duplications (Smith and Keinath, 2015),
and each modern hox cluster seems to have nuanced expression between gnathostome groups (Hunt et al.,
1991a; Hunt et al., 1991b; Hunt et al., 1991c; Lyon et al., 2013; Minoux et al., 2009). Despite this, we can
still safely conclude that the vertebrate common ancestor deployed hox2, hox3, and hox4 genes in the PAs
to confer specific transcriptional identities to CNCCs of the nascent viscerocranium, with PA1 CNCCs

specifically being hox-negative.
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In the hox-negative pre-oral and PAL mesenchyme of lamprey and gnathostomes (derived from
the 1% stream of CNCCs), otx is uniquely transcribed prior to CNCC migration (Acampora et al., 1995;
Kuratani et al., 1998b; Tomsa and Langeland, 1999; Zhang et al., 2014). Thus an ‘otx and hox’ CNCC
patterning scheme has been suggested to encompass all PAs, with otx in first stream CNCCs being
implicated as a possible avenue for jaw evolution (Kuratani, 2004). Importantly, the role of otx in this
tissue seems to strongly differ from hox in that this expression is not maintained throughout most 1%
stream migratory or post-migratory skeletogenic CNCCs. At the pharyngula stages when we find
persisting hox expression in PAs 2+, the majority of PA1 and pre-oral mesenchyme is otx-negative. In all
vertebrates addressed to date, otx is found in a small subset of migratory and post-migratory CNCCs
(Kudoh et al., 2001; Matsuo et al., 1995; Tomsa and Langeland, 1999; Zhang et al., 2014), which usually
appears to correspond to CNCC-derived ganglia. To our knowledge, the function of otx in craniofacial
skeletogenesis has been addressed only in the mouse (Matsuo et al., 1995), however, the knockout
method used does not separate this gene’s potential role in general CNCC specification from a possible
later role in the identity of anterior ectomesenchyme, unlike some temporally-inducible hox experiments
performed in Xenopus and mouse (Pasqualetti et al., 2000; Santagati et al., 2005). Thus PA1 truncations
and deformities seen in otx-null or heterozygous mice might simply arise from the improper specification
of the neural plate and neural plate border (including premigratory CNCCs) at the position of the anterior
midbrain rather than a more specific perturbance in the skeletal identity of PAL1 and pre-oral CNCCs.
Furthermore, no homeotic transformation or suggestion of a different identity was seen in these mutants;
only a truncation or absence of certain skeletal elements. Thus, while otx might have a deeply conserved,
early role in 1* stream CNCC differentiation via specification of anterior neural tissues, this function
appears to be more general and occurs distinctly earlier than hox gene function in post-migratory
skeletogenic CNCCs.

Differences in transcription factor expression between cyclostomes and gnathostomes in the
nascent head skeleton

While there are many similarities in gene expression in the head skeletal precursors of lamprey
and gnathostomes, there are also some clear differences. Lacking an appropriate outgroup for rooting
these comparisons, these differences could reflect gain, modification, or loss in either the gnathostome or
cyclostome lineages. Thus, despite gross similarity between lamprey larvae and fossils of early vertebrate
relatives, it should not be automatically assumed that a trait is ancestral if it is present in lamprey but not
gnathostomes.

The dIx genes, though nested in lampreys and gnathostomes, show some definite differences in

expression between these two major groups. The presence of a dix-negative ventralmost domain in

19



gnathostomes (Compagnucci et al., 2013; Jeong et al., 2008) is not mirrored in lampreys (Cerny et al.,
2010), where dIxB is expressed throughout the ventralmost extent of ectomesenchyme in the head (below
the endostyle). This might somehow relate to the differences in morphology of these ventral PAs between
both lineages, where lampreys have no distinct ventral cartilage elements but gnathostomes have medial
basibranchials and a basihyal that are composed of CNCCs derived from both the left and right sides of
the head. Outside the PAs, an interesting and previously noted difference between gnathostomes and
cyclostomes is the presence of dIx-positive pre-oral mesenchyme in the latter (Kuratani et al., 2013;
Shigetani et al., 2002). Mesenchyme in this region of the lamprey head has an expression profile more
similar to the oro-maxillary region in gnathostomes (dorsal/proximal PA1). This difference between
lamprey and gnathostomes has been hypothesized to stem from a heterotopic shift in the signals received
by the CNCCs in the oral region (Kuratani et al., 2013; Shigetani et al., 2002), which could have changed
the locations at which CNCCs were induced to have a dIx-positive expression profile. However with no
appropriate outgroup, whether this pre-oral dIx expression is ancestral and lost in gnathostomes or a
derived expression gain in lampreys will remain difficult to address.

goosecoid (gsc) genes exhibit unique expression profiles across vertebrates (Cerny et al., 2010;
Gaunt et al., 1993; Schultemerker et al., 1994; Square et al., 2015a), but are expressed within the same
broad populations of ectomesenchyme. In the early pharynx, this gene’s expression is relegated to mainly
to PAL, PA2, and a subset of non-PA mesenchyme just ventral to the brain in all lineages. However even
within gnathostomes, gsc expression is plastic, exhibiting clear differences between different major
groups. For example, zebrafish gsc transcription is observed in dorsal PAL (Schultemerker et al., 1994),
but this domain is not reflected in any other gnathostome addressed to date. Generally speaking, in
gnathostomes this gene is expressed in the ventral PAL and PA2, and also in mesenchyme of the future
ventral chondrocranium (beneath the eye, near the palate). Lamprey also expresses gsc intricately in PAL,
PA2, and the upper lip, although this gene is essentially absent from the ventralmost domain, save a small
spot of expression in the distalmost lower lip (Cerny et al., 2010). So, overall, it seems that gsc has an
ancient role in specializing the regional expression profiles of at least PAL, PA2, and some subset of
dorsal or pre-oral non-PA mesenchyme in vertebrates, though the precise expression pattern of gsc in the
vertebrate common ancestor is unclear.

Lamprey expresses alx in the dorsal and ventral portions of most PAs (Cattell et al., 2011),
similar to prrx expression (Fig. 3, Fig. S1). This set of alx expression domains is not seen in any extant
gnathostome addressed to date, which instead express alx genes only in the ventral PAs and
chondrocranium adjacent to the dorsal PAs (Beverdam and Meijlink, 2001; Cattell et al., 2011;
Compagnucci et al., 2013; Dee et al., 2013; McGonnell et al., 2011; Square et al., 2015a). Interestingly,

alx and prrx are related genes; thus if old gene regulatory machinery was coopted for these pharyngeal
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expression domains, the alx-negative dorsal PAs in gnathostomes might reflect a loss of expression in the
ancestral gnathostome alx gene, with prrx having retained this expression. Given that some expression is
conserved between alx and prrx, this notion could be tested by work on alx and prrx gene regulation in
both gnathostomes and cyclostomes.

Other genes that are expressed dissimilarly in lamprey and gnathostomes include nkx3.2 (bapx)
(Cerny et al., 2010; Nichols et al., 2013), barx (Cerny et al., 2010; Nichols et al., 2013), mef2 (Jandzik et
al., 2014b), and emx (Fig. S1). These genes offer a range of differences: some are found in a mesenchyme
with different skeletogenic potentials (barx), CNCCs in dissimilar locations (nkx3.2), or absent from
CNCCs in lamprey (emx and mef2). In the case of lamprey emxA, it would appear that the dorsoventral
cue that positions the expression in the pharynx might be conserved with emx2 (an “intermediate” PA
patterning gene in gnathostome CNCCs), but the lamprey ortholog is being deployed in epithelial
ectoderm and endoderm instead of the future skeleton (Fig. S1). Similarly, lamprey barx is found in the
innermost, CNCC-derived mesenchyme of the PAs (nearest the cavity of the pharynx), but this tissue
does not give rise to larval skeletal elements. With some functional assays, these curious differences in
expression might offer clues as to how these genes are activated, and thus allow us to understand how
cyclostomes and gnathostomes become so different both morphologically and histologically during

development.

The early vertebrate head: general characteristics and evolutionary trends

Fossilized early vertebrate relatives such as Haikouella (Mallatt and Chen, 2003), Haikouichthys
(Shu et al., 1999; Shu et al., 2003), Myllokunmingia (Shu et al., 1999), and Metaspriggina (Morris and
Caron, 2014) arose during the early to mid-Cambrian, and are generally assumed to predate the most
recent common ancestor of all living vertebrates. While phylogenies based on available character states
usually place these fossil animals at the base of all vertebrates, there is some uncertainty: occasionally
these fossils show a greater affinity for gnathostomes, lampreys, or hagfish, depending on tree
reconstruction parameters and the traits chosen for analysis (Mallatt and Chen, 2003; Morris and Caron,
2014; Sansom et al., 2010; Shu et al., 1999). Regardless of disagreements over their exact phylogenetic
position(Donoghue and Purnell, 2009; Gess et al., 2006; Morris and Caron, 2014; Sansom et al., 2010;
Shu et al., 1999; Shu et al., 2003), these fossils inform us as to the timing of evolutionary events,
confirming that a given character state had arisen by a given epoch.

Like modern lamprey larvae, all of the aforementioned fossil vertebrate relatives appear to have
possessed a cartilaginous endoskeleton composed mainly of simple pharyngeal cartilage rods (within the
PAs), with some oral and/or cranial chondroid tissue (Mallatt and Chen, 2003; Morris and Caron, 2014;

Shu et al., 1999; Shu et al., 2003). Dissimilar to this condition, hagfishes display extremely derived
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reduction of the pharyngeal skeleton, having apparently lost all but two of their branchial arches despite
still possessing a high number of gill slits (between 6 and 12 pairs). Despite their reduced number, hagfish
branchial arch cartilages are also fused to the rest of their head skeleton like in lampreys, in a basket-like
condition (albeit a small basket) (Qisi et al., 2013). Notably, the fossilized cartilage bars found in
specimens such as Metaspriggina (Morris and Caron, 2014) and Haikouichthys (Shu et al., 2003) do not
appear to be connected by dorsal and ventral horizontal bars, nor are they juxtaposed at their apices,
suggesting the fused branchial basket might be a derived character of cyclostomes. Like most modern
gnathostomes, the recently reported Cambrian fossil Metaspriggina (Morris and Caron, 2014) also
appears to have distinct dorsal and ventral PA skeletal elements. If Metaspriggina diverged before the
gnathostome and cyclostome lineages split, this would raise the possibility that cyclostomes acquired
single vertical rods in each PA by secondarily fusing ancestrally separate dorsal and ventral skeletal
elements. Interestingly, modern anurans possess both of these cyclostome-like characters in their
branchial arches: these lack any dorsoventral segregation, and are also fused at their apices in a basket-
like condition(Rose, 2014). Together, this could explain why lamprey has gnathostome-like patterning of
its skeletal primordia, while also forming contiguous rods in each PA: despite reverting to a fused
morphology, the patterning scheme is mostly retained (Cerny et al., 2010) (as is also seen in Xenopus
branchial arches (Square et al., 2015a)). An alternative hypothesis is that cyclostomes and gnathostomes
diverged earlier than presumed, and Metaspriggina split from the lineage leading to gnathostomes after
the evolution of distinct dorsal and ventral skeletal elements in that lineage. It is also possible that
Metaspriggina and gnathostomes independently acquired separate dorsal and ventral elements.
Regardless of the precise scenario, the presence of gene expression reminiscent of the gnathostome
condition in the developing lamprey head skeleton and the bipartite pharyngeal skeleton

of Metaspriggina strongly support the idea that the developmental mechanisms needed to distinguish the
dorsal from ventral pharyngeal skeleton precursors predate jaws by 100 million years or more.

Looking above the PAs, one general trend in vertebrate head skeletal evolution was the expansion
of the chondrocranium (forming the brain case, or neurocranium), which does not seem to be prominent
in the earliest vertebrate fossils, if present at all (Mallatt and Chen, 2003; Morris and Caron, 2014; Shu et
al., 1999; Shu et al., 2003). In modern gnathostomes, these more dorsal structures are partially or
sometimes largely derived from mesoderm, unlike the facial skeleton and PAs (the viscerocranium) which
are mainly derived from CNCCs (Kague et al., 2012; Piekarski et al., 2014). While cyclostomes have
small cartilages near the brain, including “trabeculae”, these do not have any clear structural homology to
any specific gnathostome cartilages, though it is suggested by their general position (Kuratani et al.,
2016). Nevertheless, a prominent and three-dimensionally complex ethmoid/trabecular skeleton and the

presence of an extensive braincase are clearly derived characters of the gnathostome group. This means
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that the head skeleton of the vertebrate common ancestor was composed of mainly PAs and some oral-
associated mesenchyme, the majority of which were probably derived from CNCCs, similar to the
condition in modern lampreys.

Cyclostomes and the earliest fossil vertebrate relatives lack cranial bones (or any bones for that
matter), which first appear in the fossil record in jawless vertebrates of the subclass Pteraspidomorphi
(Janvier, 1996) (Fig. 1). This means that the embryonic cartilaginous head endoskeleton in bony
vertebrates (osteichthyans) is more similar compositionally to the earliest vertebrate head skeletons, rather
than the adult bony fish head skeleton, which comprises mainly dermal bones with some ossified
elements of the endoskeleton. However, it is interesting to note that in modern osteichthyans, many bones
of the head develop from the same pool of CNCCs that give rise to the larval cartilaginous head skeleton
(Hirasawa and Kuratani, 2015). Importantly, some key aspects of genetic patterning that occur within the
common progenitor pool of CNCCs affect the initial larval head skeleton as well as the later ossified
skeleton, such as the dIx(Depew et al., 2002) and hox (Minoux et al., 2009) codes. So despite the striking
histological and morphological differences between a given osteichthyan’s larval and adult head
skeletons, these two complex structures are strongly tied to each other developmentally. Thus, the
patterning schemes described here presumably have effects on all modern head skeletons, both larval and
adult.

Differences in vertebrate head skeletons

What is the output of this extensive patterning via transcription factor expression? Given that
these modules do not correspond to individual skeletal elements in gnathostomes, and head skeleton
elements are histologically contiguous in cyclostomes, the relationship between this patterning scheme
and eventual skeletal morphology is quite abstracted, i.e. there is poor correspondence in shape and size
between individual gene regulatory modules (like those shown in Fig. 3) and the delineation of cartilage
and/or bony elements that will arise from a given region later in development. All modern vertebrate head
skeletons are very complex, displaying intricate three dimensional structure within skeletal elements, and
also with respect to the juxtaposition of these elements. In order to generate such any sort of three-
dimensional variety in a given skeletal region, this requires that cells within a given primordium divide at
a different rate or on a different axis than cells in other primordia, or in other parts of the same
primordium (Kimmel et al., 1998). While some studies are beginning to understand how cell division is
controlled to these ends in the head skeleton (Le Pabic et al., 2014), much work is still needed to place
these events within the context of vertebrate transcription factor patterning in the head. In gnathostomes,
mutations in the transcription factors that pattern head skeleton precursors cause the loss of joints as well

as changes in the shape of skeletal elements, showing that these patterning genes drive some part of both
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the overall shape and composition of the head skeleton. With modern developmental genetic tools, the
processes linking early patterning to later cell division and histological composition will become more
evident.

One general difference between cyclostomes and gnathostomes relates to the high level of
dorsoventral symmetry in transcription factor expression within posterior lamprey PAs as compared to
gnathostomes. Interestingly, in lamprey, this symmetry starts at the level of gene expression (Fig. 3), and
is later reflected in their highly symmetrical pharyngeal basket. Gnathostomes instead have more
polarized PAs with respect to both gene expression and eventual morphology. This is at least in part
dictated by the ventral secretion of Ednl protein in gnathostomes, which works to specify the ventral and
intermediate domains. Conversely, no sea lamprey edn ligand is restricted to all or most ventral PAs;
instead, ednA and ednE transcripts are found in a more centralized pattern in the PAs (Square et al.,
2016), removing the possibility that any edn ligands in sea lamprey work as ventral specifiers. We
speculate that the level of symmetry in these gene expression domains might somehow contribute to the
symmetry of the lamprey pharyngeal basket by driving a similar identity, and thus morphology of these
domains in lamprey (namely the dark blue alx, dIx, msx, prrx domains in Fig. 3). More functional studies
in cyclostomes are needed to link head skeleton gene expression and morphology, but in gnathostomes
the dIx genes alone have been shown to drive the general identity of entire regions of PAs, which supports
this notion given the expression patterns known across vertebrates (Fig. 4).

Another obvious aspect of derived morphology is the specialization of the oral skeleton (pre-oral
mesenchyme, PAL, and PA2) in all modern vertebrate lineages. In lamprey, oral skeletogenic
mesenchyme gives rise to the oral hood, velum, and elongated lower lip, whereas in gnathostomes it
forms the mandible, maxilla, palate and nasal region. How these differentiated structures are related to
each other has been a topic of debate for more than a century. Despite striking differences in final
morphology, developmental gene expression has the potential to show how the precursor cell populations
that generate disparate skeletal structures might be related, at least on the level of transcriptional identity.
The lamprey upper lip is a skeletal element positioned just rostral to the mouth, similar to the
maxillary/nasal elements of the gnathostome head skeleton. Despite this spatial similarity, nearly the
entire lamprey upper lip has a transcriptional identity similar to the dorsalmost anterior PA1 of
gnathostomes, while most of the lower lip has the transcriptional identity of the gnathostome ventral PAL.
Interestingly, the lower lip demonstrates an anterior expansion perpendicular to the dorsoventral axis of
PA1, rather than an extension ventrally/distally with a bent axis.

The head skeletons of both gnathostomes and cyclostomes are composed of multiple
morphologically distinct skeletal elements (though these elements are connected in cyclostomes), and

several histologically distinct skeletal tissue types (Cattell et al., 2011). These include joint tissue in
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gnathostomes, various types of mucocartilage in lampreys, and soft and rigid collagen-containing,
proteoglycan-rich cellular cartilage in both groups. Future work in both gnathostomes and cyclostomes
will help elucidate if the conserved targets of the genes that confer these local transcriptional identities
include structural genes such as collagens, lecticans, and glypicans.

Based on work in gnathostomes, it is likely that patterning via transcription factor expression in
stem vertebrates provided a framework for position-specific morphogenesis and tissue differentiation,
though precisely how this occurred is unclear. Given the conserved aspects of early head skeleton
development, it is likely changes developmentally downstream of genes such as hox, alx, dIx, hand, msx,
and prrx were major players in the generation of the different major vertebrate forms. These genes’
expression patterns seem to have evolved prior to the most recent common ancestor of all living
vertebrates — at least in large part. However, the nuanced differences we do see in these genes might
contribute to large differences amongst vertebrates in the shape or composition of some regions of the

head skeleton, such as less symmetrical alx in the gnathostome PAs, or dIx expression in the lamprey

upper lip.

Conclusion

Based on detailed comparisons of living jawed and jawless vertebrates, it is likely that the head
skeleton of the most recent common ancestor of all living vertebrates formed mainly from CNCCs. These
cells migrated as three molecularly distinct populations, and expressed a core set of chondrogenic
transcription factors. After migration into the oropharyngeal region, those cells activated a set of
transcription factors which conferred regional identities upon different skeletal precursor subpopulations
along multiple axes, including a set of at least 10 transcription factors (hox1, hox2, hox3, hox4, dIx2/3/5A,
dIx2/3/5B, alx, hand, msx, and prrx). Similarities in this head skeleton patterning system across jawed and
jawless vertebrates likely reflect homology of many of these precursor subpopulations, but it is important
to recognize that these regulatory cassettes could be deployed in new regions of the head, in which case it
would be more appropriate to consider them deeply homologous (Shubin et al., 2009). It is unclear,
however, if the specific skeletal structures derived from these developmental units should be considered
homologous sensu stricto, even if they are similarly juxtaposed with other elements and tissues in the
head. By further dissecting the gene expression and function of different genes in different lineages, we
will continue to build our understanding of what all heads share, how they are developmentally

constrained, and also how genetic changes underlie changes in morphology.
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CHAPTER I11: a gene expression map of the larval Xenopus
laevis head reveals developmental changes underlying the

evolution of new skeletal elements

Introduction

The vertebrate head skeleton protects and supports the anterior sense organs, brain, and the
feeding and breathing structures of the mouth and pharynx. Despite performing these basic functions in
all vertebrates, the morphology of the vertebrate head skeleton is highly plastic, with the number, size,
and shape of its components varying between groups. This remarkable capacity to evolve in response to
new selective pressures was likely key to vertebrate success. Understanding the constrained and
evolutionarily labile aspects of vertebrate head skeleton development is thus essential to understanding
the mechanistic bases of vertebrate diversification.

In all modern vertebrates the bulk of the embryonic head skeleton is derived from cranial neural
crest cells (CNC), with a smaller contribution from mesoderm-derived mesenchyme (Kague et al., 2012;
Piekarski et al., 2014). CNC are specified at the neural border and migrate ventrally into the head and
pharynx. After CNC migration, subpopulations of CNC and mesodermal mesenchyme acquire distinct
molecular identities as they activate particular combinations of transcription factors. These factors include
members of the hox (Creuzet et al., 2002), dIx (Depew et al., 2002; Talbot et al., 2010), msx
(Antonopoulou et al., 2004), hand (Yanagisawa et al., 2003), nkx3.2 (bapx) (Miller et al., 2003), emx
(Compagnucci et al., 2013), alx (Beverdam et al., 2001), prrx (ten Berge et al., 1998), thx2/3
(Compagnucci et al., 2013), sath2 (Fish et al., 2011; Sheehan-Rooney et al., 2010), gsc (Gaunt et al.,
1993; Schultemerker et al., 1994), mef2 (Verzi et al., 2007), and pou3 (Hauptmann and Gerster, 2000;
Jeong et al., 2008) families. Interfering with the function of most of these genes in mouse and/or zebrafish
has specific effects on skeletal element morphology, including partial homeotic transformations. This
suggests these factors are developmentally upstream of gene programs controlling skeletal element
morphogenesis.

While functional perturbations and gene expression data have provided mechanistic depth to our
understanding of head skeleton development in model vertebrates, how these processes are modified
during evolution to generate new morphologies is poorly understood. Recent work suggests that
differences in the intercellular signals emanating from cranial epithelia can explain differences in skeletal

element size and shape between closely related species (Abzhanov and Tabin, 2004; Mallarino et al.,
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2012). Whether similar changes also underlie the differences in head skeleton morphology seen at larger
evolutionary distances is unknown. Provocatively, inter-specific CNC transplantations between ducks and
quails have shown that CNC will generate donor-specific skeletal morphology regardless of the host’s
intercellular signaling environment (Fish et al., 2014; Schneider and Helms, 2003). This indicates that,
rather than being determined solely by extrinsic signals, much of vertebrate head skeleton morphology is
hardwired in the morphogenetic programs operating in CNC. Alterations to these programs, and/or the
transcription factors that control them, are thus strong candidates for the types of changes driving head
skeleton diversification.

A first step in understanding the mechanistic bases of head skeleton evolution is identifying
changes in head development corresponding to lineage-specific skeletal novelties. Such correlations can
then be validated by gain- and loss-of-function genetic manipulations in species displaying the ancestral
and derived conditions. In addition to being a tractable developmental model system, Xenopus laevis is a
representative of an ancient and highly specialized tetrapod group, the anurans. Like other anurans, the X.
laevis head skeleton possesses a unique combination of ancestral gnathostome features and anuran-
specific alterations in skeletal element number, size, and shape. As in basal gnathostomes, X. laevis forms
its primary jaw joint from the first pharyngeal arch (PA1). However, unlike teleosts or mammals, the X.
laevis second arch (PA2) skeleton resembles that of early tetrapods, with a dorsal element modified to
form the columella (stapes), and a large ventral element, the ceratohyal. X. laevis larvae also possess two
anuran-specific cartilages around the mouth, the suprarostral and infrarostral. The infrarostral cartilage
articulates with the lower jaw at a novel paired joint called the intramandibular joint (reviewed by
(Svensson and Haas, 2005). The suprarostral is fused to the trabecular cartilage in X. laevis and its close
relatives, but articulates with the trabecular cartilage at a movable joint in other frogs (Pugener et al.,
2003; Trueb and Hanken, 1992; Zhang et al., 2013). Finally, the tadpoles of X. laevis and most other
anurans display a posterior pharyngeal arch skeleton fused to form a branchial basket (Pugener et al.,
2003).

Here we present a detailed gene expression map of the head mesenchyme in X. laevis larvae,
focusing on 13 families of transcription factors with known functions in vertebrate head skeleton
development. We then compare this map to homologous gene expression in zebrafish, mouse, and shark
embryos to deduce the conserved and evolutionarily plastic aspects of vertebrate head skeleton
development. While we observed broad conservation between X. laevis and other gnathostomes, we also
identified several divergent aspects that correlate to lineage-specific novelties. Soon after migration of
CNC into the pharynx, we noted a conspicuous change in the transcription factor code of PA2, with
dIx1/2 expression becoming reduced and emx2 expression expanding dorsally. As dIx1/2 is necessary for

chondrogenic fate, we propose that this shift may underlie the development of the reduced dorsal PA2
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cartilage typical of modern anamniote tetrapods. Around the mouth and in the posterior pharynx, we
noted highly conserved transcription factor expression between X. laevis and other vertebrates at early
larval stages. However, shortly before skeletal differentiation, we observed a shift in the expression of the
joint inhibitor barx1, and new expression of the joint marker gdf5 in the forming mandible. This suggests
that the anuran-specific infrarostral cartilages evolved by the partitioning of Meckel’s cartilage with a
new paired joint. Taken together, our comparisons illustrate that the early patterning of head skeleton
precursors is largely conserved across vertebrates, with subtle changes to this pre-pattern corresponding to
changes in skeletal element size. We further propose that one way new skeletal elements evolve is by

changes in the expression of genes regulating later developmental processes, like tissue differentiation.
Methods

Gene nomenclature and riboprobe synthesis

Per XenBase conventions (Bowes et al., 2008) X. laevis-specific duplicates are distinguished by
the suffixes -a and -b. However, for simplicity, we sometimes refer to two X. laevis duplicates by their
generic gene name (e.g. dIx3-a and dIx3-b are sometimes collectively called “dIx3”).

Xenopus laevis genes were identified using GenBank annotated sequences or BLAST searches of
X. laevis ESTs and/or genome assembly. Fragments of these genes were amplified using the primers
listed in Tab. S1 (Square et al., 2015a) and subcloned. Digoxygenin-labelled antisense in situ
hybridization riboprobes were synthesized using linearized plasmid or PCR product as template and SP6,
T7, or T3 RNA Polymerase (Promega).

In situ hybridization

Frog husbandry, staging, and in situ hybridizations (ISH) were carried out as described previously
(Cerny et al., 2010), with few modifications. Proteinase K treatment was adjusted to 100ug/ml for 1-5
min for st. 27-37 larvae, and up to 20 min for st. 41-45 larvae. Hybridization was performed at 60°C. For
double ISH, two digoxygenin-labelled riboprobes were added to a single hybridization solution, and both
were developed simultaneously. For signal development, 0.05% NBT + 0.35% BCIP (Roche) was used as
a substrate. Prehybridization and hybridization steps were performed in SSC pH 7.0; 5 mM EDTA, pH
8.0; 500 pg/mL tRNA; 0.1% Tween-20; 0.1% CHAPS; and 50 pg/mL heparin.

Sectioning
After photography, whole-mount hybridized X. laevis embryos were washed for 30 minutes in
15% sucrose at room temperature, transferred to 7.5% gelatin (90-110 Bloom, Sigma) in 15% sucrose,

kept shaking at 37°C for 4-6 hours, and finally transferred to 20% gelatin in 15% sucrose and shaken
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overnight at 37°C. Before sectioning the larvae were embedded in fresh 20% gelatin in 15% sucrose in
silicone molds and frozen for at least 1h at -70°C. The blocks were sectioned to 18um using a Leica
CM3000 cryostat. The sections were mounted on FisherBrand Superfrost Plus microscope slides and
dried overnight at 37°C. Gelatin was removed by washing in 3% gelatin/38% ethanol for 45 seconds at
37°C followed by two rinses in distilled water. Sections were counterstained with Nuclear fast red
(Vector Laboratories) for 45 seconds, rinsed twice in distilled water, dried overnight and cover-slipped
using DePeX (VWR Int.) mounting medium.

Imaging
Whole-mount in situ hybridized X. laevis embryos and larvae were photographed using a Carl
Zeiss Axiocam MRc5, Carl Zeiss Discovery V8 dissecting microscope, and Axiovision 4.6 software.

Sections were photographed using a Carl Zeiss Imager A2 compound microscope.
Results

Expression of dIx paralogs and mef2c

We isolated fragments of all known X. laevis dIx paralogs, and compared their expression in post-
migratory CNC by in situ hybridization from st. 33-38 (Fig. 1; SIA-BB). As in other jawed vertebrates,
X. laevis dIx2 is the most broadly expressed dix paralog, marking migratory and post-migratory CNC
along the full DV extent of the pharynx. This expression is apparent in every PA throughout early larval
development, with the exception of PA2, where dIx2 transcripts are largely excluded from the dorsal
aspect (Fig. 1C). The closely linked gene dIx1 is transcribed in a pattern similar to dIx2, though its
expression is weaker in the dorsal-most and ventral-most aspects of the pharynx (Fig. 1C, D). dix4
displays the most restricted pattern of all dix paralogs and is limited to a sharply defined domain in the
middle portion of all PAs (Fig. 1G, H). dIx3-a also strongly marks this intermediate domain, though its
expression domain is broader (Fig. 1E, F), with weak expression extending slightly ventrally and dorsally.
The X. laevis specific duplicate dIx3-b is expressed in a pattern identical to dix3-a and is not shown. dIx5
and dIx6-a are transcribed in the intermediate and ventral PAs (Fig. 11, J; K, L), though dIx5 expression
extends slightly more ventrally. We were unable to detect expression of the X. laevis dIx6 duplicate dIx6-
b.

In mouse, proper expression of dIx3, dix4, dIx5, and dIx6 is dependent on the activity of the
transcription factor mef2c (Miller et al., 2007; Verzi et al., 2007). We isolated a fragment of X. laevis
mef2c and analyzed its expression before and during dlx gene expression. Consistent with its role in

mouse, we observed expression of X. laevis mef2c throughout migrating CNC and in post-migratory CNC
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Fig. 1. dIx expression in X. laevis at st. 33/34. Lateral views with anterior to left
(A, C, E, G, I, K) and anterior views (B, D, F, H, J, L) of larvae stained by ISH
for (A and B) dIx1, (C and D) dIx2, (E and F) dIx3-a, (G and H) dIx4, (I and J)
dIx5, and (K and L) dIx6-a. The position of the stomodeum is indicated by an
oval in all anterior views. (M-P) Schematic of dIx expression in the X. laevis (M
and N) and mouse (O and P) cranial neural crest cells. See figure for key. Lateral
views in (M) and (O), anterior views in (N) and (P). For X. laevis, the ventral
blue domain is shown with grey stripes to indicate the expression of dIx3 in this
region weakly. For the mouse, data were used from Jeong et al., 2008. cg, cement
gland; np, nasal placode; op, otic placode; st, stomodeum. Each PA is labeled by
number.
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in a pattern reminiscent of dIx3-a (Fig. S1CC-HH; compare Fig. S1K to DD). mef2c expression also
marks the intersomitic regions, and portions of the head mesoderm.

Expression of emx2 and nkx3 genes in the intermediate pharynx

In X. laevis, as in zebrafish, CNC occupying approximately the middle third of the pharyngeal
arches expresses members of all 6 dIx paralogy groups (Talbot et al., 2010). The transcription factor emx2
has also been shown to mark this “intermediate domain” in zebrafish, mouse, and shark (Compagnucci et
al., 2013; Thisse et al., 2004). We observed intermediate domain expression of X. laevis emx2 in all PAs
from st. 33-38 (Fig. 2A, B; S2A-E). This expression was reminiscent of dIx4, except in PA2, where emx2
expression extends into the dorsal domain (arrow in Fig. 2A).

In all gnathostomes examined to date, the intermediate domain of PA1 expresses nkx3.2 (bapx)
homologs (Compagnucci et al., 2013; Miller et al., 2003; Tucker et al., 2004; Wilson and Tucker, 2004).
We isolated fragments of two X. laevis nkx3.2 duplicates, nkx3-2-a and nkx3-2-b, as well as the closely
related genes nkx3-3 (zax) (Newman and Krieg, 1999) and nkx3-1-a, and visualized their expression from
st. 33-38. nkx3-2-a (data not shown), nkx3-2-b (Fig. 2C, D; S2F-I, S5I, J), and nkx3-3 (Fig. 2E, F; S2J-N,
S5H) were all transcribed in CNC within the intermediate domain of PAL, though in slightly different
patterns. Specifically, nkx3-3 mRNA marks a cluster of CNC in the posterior intermediate aspect of PAL
(arrow in Fig. 2E), while nkx3-2-a (data not shown) and nkx3-2-b are expressed more broadly in the
ventro-medial CNC of PAL (arrow in Fig. 2C), overlapping with nkx3-3 posteriorly. At st. 41 nkx3-2-b
transcripts were also detected in the ventral midlines of PAL and PA2, as has been reported for zebrafish
nkx3.2 (white arrowhead and arrow in Fig. 6E, respectively). (Miller et al., 2003; Schwend and Ahlgren,
2009). In addition to CNC, both nkx3-2 genes and nkx3-3 are expressed in pharyngeal endoderm, with
nkx3-3 transcripts also marking stripes of ectoderm in the posterior pharynx, and flanking the stomodeum
(white arrowheads in Fig. 2F). nkx3-1-a was never detected in CNC from st. 24-45, but strongly marked
the cement gland and paraxial mesoderm (data not shown). The expression of the X. laevis duplicate

nkx3-1-b was not examined.

Expression of hand, msx, satb2, tbx2/3 and gsc in the ventral pharynx

hand, msx, satb2, and thx2/3 transcripts mark CNC throughout the ventral pharynx in mouse and
zebrafish (Charite et al., 2001; Firulli, 2003; Fish et al., 2011; Hohimer et al., 1993; Mesbah et al., 2008;
Miller et al., 2003; Ribeiro et al., 2007; Thomas et al., 1998). gsc also marks ventral CNC, though this
expression is largely restricted to the anterior pharyngeal arches (Gaunt et al., 1993; Miller et al., 2003;
Schultemerker et al., 1994). We isolated fragments of X. laevis handl, hand2-a, msx1-b, msx2, satb2, gsc-

b, thx2-a, and thx3-a. As in other jawed vertebrates, hand1, hand2-b, msx1-b, msx2, and satb2 transcripts
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intermediate pharynx

ventral pharynx

dorsal pharynx/
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Fig. 2. Transcription factor expression in the nascent X. laevis head skeleton at st. 33/34.
Lateral views with anterior to left (A, C, E, G, |, K, M, O, Q, S, U, W), and anterior views (B, D, F,
H,J, L N,P, R, T,V, X) of st. 33/34 larvae stained by ISH. The position of the stomodeum is
indicated by an oval in all anterior views. (A and B) emx2 is expressed centrally in PAs. (C and D)
nkx3-2-b transcripts are found both in ventro-medial PA1 mesenchyme (arrow), and endoderm in
more posterior PAs. (E and F) nkx3-3 is expressed in the region of the nascent jaw joint (arrow), as
well as ectoderm around the stomodeum and more posterior arches, and endorderm in the
pharyngeal pouches. (G and H) hand1 transcripts are found in ventral CNC-derived mesenchyme.
(I and J) msx1-b expression in the neurocranium, PAs, and FNP. Arrow in (1) indicates dorsal PA
CNC expression. (K and L) sath2 is expressed contiguously throughout ventral PAs, and at the
junction of the antero-dorsal PA1 and FNP. (M and N) gsc-b is detected ventrally in the
anteriormost 4 PAs. (O and P) tbx3-a transcripts are found in anterior PAl/frontonasal
mesenchyme, as well as both CNC and endoderm of PAs 1, 3, 4, 5, and 6 (see Fig. S3Q). (Q and R)
alx1 is expressed throughout the future neurocranium and the antero-dorsal PAL. (S and T) alx4 is
expressed throughout the future neurocranium and antero-dorsal PA1, as well as the ventral PAs.
(U and V) prrx1 is detected in the neurocranium and FNP, as well as the dorsal and ventral PAs.
(W and X) pou3f3 is expressed in a domain branching PA1 and PA2, and strongly in the
developing brain.
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were detected in the ventral portion of all pharyngeal arches (Fig. 2G-L; S20-I1; S3A-F). thx3-a is also
expressed broadly in the ventral pharynx, though it is excluded from PA2, and only limited expression is
seen in the anterior aspect of PAL (Fig. 20, P; S3M-Q). gsc-b expression was observed in ventral PAL
and PA2, as in mouse and zebrafish, with additional ventral expression noted in PA3 and PA4 at st.
33/34. This posterior expression was lost by st. 35/36 (Fig. 2M, N; S3G-L). thx2-a expression was not
restricted to the ventral domain, but marked CNC at all dorso-ventral levels (Fig. S3R-U).

Expression of alx, prrx, msx, gsc, pou3f3, satb2, and tbx3a in the dorsal pharynx, maxillary
region, and neurocranium

The alx genes, alx1, alx3, and alx4 mark the presumptive neurocranium in mouse, chick, and
zebrafish embryos (Beverdam et al., 2001; Beverdam and Meijlink, 2001; Dee et al., 2013; McGonnell et
al., 2011). X. laevis lacks alx3, and a recent report described X. laevis alx1 and alx4 expression in patches
of mesenchyme around the eye and in the frontonasal process (FNP) at st. 24 and 35 (McGonnell et al.,
2011). We observed much broader expression of alx1 and alx4 in the FNP, maxillary region, and in
mesenchyme around the eye and overlying the brain between st. 33-38 (Fig. 2Q-T; S4A-H). Additional
expression of alx4 was seen in clusters of CNC in the ventral-most aspect of all PAs (Fig. 2S; see also
Fig. S4E). Sectioning revealed expression of alx4 throughout the future suprarostral, ethmoid plate, and
trabecular cartilages (Fig. 3C).

prrx genes are alx-related transcription factors that mark the presumptive neurocranium in mouse
and zebrafish (Hernandez-Vega and Minguillon, 2011; ten Berge et al., 1998). Unlike alx, however, prrx
expression is also seen widely in the pharynx. In X. laevis we observed prrx1/2-positive mesenchyme in
the FNP, and surrounding the eye and otic pit (Fig. 2U, V; S4I-T; 3D). prrx1/2 transcripts were also
detected in the maxillary domain, contiguous with expression in the future suprarostal cartilage (the
FNP)(Fig. 3D). In the pharynx, prrx1/2 expression marks the dorsal and ventral domains of each
pharyngeal arch.

In addition to the ventral expression mentioned above, zebrafish and mouse msx homologs mark
mesenchyme in the maxillary region, the FNP, and overlying the brain (Antonopoulou et al., 2004;
Swartz et al., 2011). All of these domains express msx1-b and msx2 in X. laevis (Fig. 21, J; S2Y-II; 3F).
However, we also detected msx1-b and msx2 transcripts in the dorsal aspect of each PA (arrow in Fig. 2I;
for msx2 see also Fig. S2I1), an expression domain not seen in zebrafish or mouse, but present in shark
and lamprey (Cerny et al., 2010; Compagnucci et al., 2013).

In zebrafish, gsc marks the trabecular cartilage and the dorsal aspect of PA2, while pou3f3 is
expressed in dorsal PAL1 and PAZ2 in both zebrafish and mouse (Gaunt et al., 1993; Hauptmann and
Gerster, 2000; Jeong et al., 2008; Schultemerker et al., 1994; Tucker et al., 2004). As in zebrafish, we
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Fig. 3. Expression maps of larval gnathostome head skeletons. Combinatorial transcription
factor expressions mapped to the head of a representative shark (Scyliorhinus canicula), ray-finned
fish (zebrafish; Danio rerio), frog (Xenopus laevis), and mouse (Mus musculus). All schemes are
depicted with anterior to left. Data for the shark, fish, and mouse were taken from current literature
(see main text for citations); these maps represent our interpretation of published expression data.
Extrapolating from these four organisms, we have reconstructed a hypothetical expression map for
the gnathostome common ancestor. nkx3.2 expression in PAL is uniquely indicated by a black
outline. Colored question marks on the shark indicate our prediction of correspondingly colored
expression domains which may be present in the shark head. satb2 in parentheses indicates a lack
of this data in shark only (in both light and dark grey domains). pou3f3, gsc, and thx2/3 were
excluded from this map for simplicity.

34



detected X. laevis gsc-b expression in the trabecular cartilages (Fig. 3E; see also Fig. S3J, K). However,
expression in dorsal PA2 was not observed. X. laevis pou3f3 transcripts marked clusters of cells in the
dorsal and medial portions of PAl and PA2 (Fig. 2W, X; S4U-F).

In addition to marking the ventral pharynx, satb2 and tbx2/3 transcripts mark the
maxillary/premaxillary region of mouse and zebrafish (Fish et al., 2011; Leoyklang et al., 2007; Ribeiro
et al., 2007; Sheehan-Rooney et al., 2010; Zirzow et al., 2009). satb2 and thx3-a are both expressed in the
maxillary region of X. laevis with additional expression in FNP mesenchyme (Fig. 2K, L; O, P; S3A-E;
M-P; 3A, B). tbx3-a expression in this domain extends dorsally over the length of the nasal capsule,
mirroring msx1/2 expression (compare Figs. 2J and S2Z to 2P).

Markers of cartilage and joint differentiation: barx1 and gdf5

Combinatorial expression of transcription factors mark subpopulations of skeletal precursors in
the X. laevis head, which are largely conserved in other vertebrates (Fig. 4). To better correlate this
transcription factor map with skeletal differentiation, we examined the expression of barx1 and gdf5 from
st. 33 until st. 45, when the head skeleton has largely chondrified, and compared this expression to alcian
blue reactivity (Fig. S6). In zebrafish and amniotes, barx1 is expressed broadly in CNC where it is
essential for chondrogenesis (Barlow et al., 1999; Sperber and Dawid, 2008) and recent work in zebrafish
has also shown that it must be downregulated for joint tissue to form (Nichols et al., 2013). Consistent
with a general role for barxl in chondrogenesis, we observed barx1 transcripts throughout pharyngeal
CNC but excluded from the intermediate domain of PA1 (Fig. S4Y-DD), which gives rise to the primary
jaw joint. barx1 expression was also reduced in the dorsal aspect of PA2 (arrow in Fig. 5F). We also
noted that barx1 expression largely recapitulates Sox9 expression (Fig. S4EE-HH) and anticipates alcian
blue reactivity (Fig. S6), further supporting a role in cartilage differentiation.

gdf5 is a TGFR signaling peptide essential for joint formation in the limbs and head (Settle et al.,
2003; Storm and Kingsley, 1999). In X. laevis, gdf5 expression is apparent at st. 41 in the nascent primary
jaw joint (arrow in Fig. 6C; see also Fig. S5), which arises from the intermediate domain of PAL. Aside
from the primary jaw joint, additional expression is seen flanking the ventral midline of PA2 (Fig. S5G),
and associated with the presumptive suprarostral cartilages (arrow in Fig. S5B). Spots of expression are
observed weakly in the lower jaw at st. 41 (arrowheads Fig. 6C, G), and more intensely at st. 45

(arrowhead in Fig. 6D), presaging formation of the intramandibular joints.
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Fig. 4. Unique gene expression in the X. laevis PA2. All larvae are shown in lateral view with
anterior to left. (A, B) dIx2 is expressed throughout migratory PA CNC at (A) st. 27, but at (B) st.
28 it becomes sharply downregulated in the dorsal PA2 (the future columella; arrow in B). (C)
Coinciding with dIx2 down-regulation, emx2 is expressed at st. 28 in the dorsal PA2 (arrow). At st.
35/36, (D) dIx2 and (E) dIx5 uniquely share part of their dorsal boundary in PA2. Orange and
yellow dotted lines show the boundary of dIx2 and dIx5, respectively, while the red solid line
indicates their shared border. (F) barx1, and (G) sox9-a also display conspicuous down-regulation
in the dorsal PA2 at st. 33/34 (arrows in F and G).
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Fig. 5. Expression domains in the forming suprarostral plate, ethmoid plate,
and trabecular cartilages at st. 37/38. Anterior to left in all panels. (A)
Wholemount lateral view of satb2 at st. 37/38; red line depicts the approximate
plane of section used to assess gene expression in all subsequent panels. (B) satb2 is
expressed dorsal to the PAs in the suprarostral plate at st. 37/38. (C) alx4 marks all
aspects of the future neurocramium ventral to the eyes and brain. (D) prrx2 is found
only in a lateral subset of the suprarostal plate, ethmoid plate, and trabeculae. (E)
gsc-b is detected in the trabeculae and a small portion of the lateral ethmoid plate.
(F) msx1-b is expressed strongly in the future suprarotal plate. (G) A summary
scheme of the expressions shown in B-F.
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Fig. 6. Gene expression in the intramandibular and primary jaw joint. Lateral views (A-C), dorsal
views (I-M), and sections (E-G) are all shown with anterior to the left. Anterior views in (D, H). All
black arrows mark the primary jaw joint, and all black arrowheads mark the intramandibular joint. (A-
C) lateral views of wholemount ISH for (A) nkx3-2-b, (B) nkx3-3, and (C) gdf5 at st. 41. Red lines
depict the plane of section in the corresponding panel below each wholemount photo, black arrows
mark the future primary jaw joint, and the black arrowhead marks the future intramandibular joint. (D)
Anterior view of wholemount ISH for gdf5 at st. 45. (E-G) Sections of st. 41 larvae showing
expressions in the future intramandibular and primary jaw joints. (E) nkx3-2-b is expressed in a broad
domain surrounding the nascent primary jaw joint (black arrow), and also medially in the future
infrarostral (white arrowhead) and future basihyal (white arrow). (F) nkx3-3 expression is found in the
primary jaw joint (black arrow). (G) gdf5 expression is found in the nascent intramandibular joints
(black arrowheads), and primary jaw joint (black arrow). (H) st. 45 wholemout ISH for nkx3-2-a,
shows expression in the primary jaw joint (black arrow). (1-L) dorsal views of st. 45 wholemount ISH
showing mandibular expression of (I) handl, (J) barx1, (K) hand2-a + barx1 (double ISH; see
methods), and (L) gdf5. Black arrowheads mark the future intramandibular joints. (M) Dorsal view
with a ventral focal plane of a st. 48 X. laevis larva stained with alcian blue. Black arrowheads mark
the intramandibular joints, black arrow marks the right primary jaw joint. (N-O) schematics of
expressions showing hand2 (red), barx1 (green), and nkx3.2 (blue) in the mandibular arch. (N) wt and
barx1 mutant zebrafish mandibular expression (adapted from Fig. 9B of Nichols et al., 2013). (O) st.
41 and st. 45 X. laevis mandible expression. The barx1 mutant zebrafish takes on a larval morphology
strikingly similar to that of an anuran, with an extra joint forming within Meckel’s cartilage. Black
arrowhead indicates the position of the future intramandibular joint. ir, infrarostral; mc, Meckel's
cartilage; pg, palatoquadrate.
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Discussion

dIx expression in X. laevis highlights conserved and divergent aspects of the pharyngeal
“dIx code”

Gnathostome dIx genes are typically distributed in the genome as linked, co-regulated gene pairs
representing 6 different paralogy groups (MacDonald et al., 2010; Sumiyama et al., 2002). In post-
migratory CNC, dIx genes are expressed in a nested pattern along the dorso-ventral axis of each
pharyngeal arch, with the expression boundaries of the more restricted paralogs encompassed by the
boundaries of the more broadly-expressed paralogs (Cerny et al., 2010; Coffin Talbot et al., 2010; Ellies
et al., 1997). As in other gnathostomes, X. laevis displays nested expression of dIx genes in post-
migratory CNC, with the dIx3/4 pair having the most restricted expression pattern, dIx5/6 expression
being less restricted, and dIx1/2 being the most broadly expressed (Fig. 1M, N). However, this nested
pattern differs from the dorso-ventrally tiered dix expression scheme described in mouse (Depew et al.,
2002b). Specifically, the dIx3/4 gene pair is most strongly expressed in the intermediate domain of the X.
laevis pharynx, with reduced expression of dIx3 and no detectable expression of dix4 in the ventral-most
aspect of the PAs. This pattern is reminiscent of zebrafish and cichlids where dIx3/4 expression initially
extends into the ventral domain, and then becomes restricted to the intermediate domain (Coffin Talbot et
al., 2010; Renz et al., 2011). Recent work in elasmobranchs has shown that dIx3/4 expression is nested
within the dIx5/6 expression domain, however it is unclear if the ventral boundary shifts dorsally at later
stages (Compagnucci et al., 2013; Debiais-Thibaud et al., 2013; Gillis et al., 2013; Takechi et al., 2013).
Coexpression of all dIx paralogs is also seen in the intermediate domain of the sea lamprey, with one and
two paralogs expressed in the ventral-most and dorsal-most domains, respectively. Taken together, dIx
expression in X. laevis, teleosts, and lamprey suggest that an intermediate pharyngeal domain expressing
all or most dlx paralogs flanked dorsally by CNC expressing dix1/2, and ventrally by CNC expressing
dIx1/2 and dIx5/6, represents the ancestral gnathostome dlx expression pattern. It is less clear if this exact
pattern was present in the vertebrate ancestor, as the orthology of lamprey and gnathostome dix paralogs
is still unresolved.

While all vertebrates display nested dIx expression in the pharynx, surprisingly little is known
about the precise role of dIx genes in CNC. The most frequently cited model of dIx function in
postmigratory CNC is the “dIx code” in which dIx genes perform homeotic selector functions in CNC cell
subpopulations along the proximal-distal axis, analogous to the hox code along the antero-posterior axis
(Beverdam et al., 2002; Depew et al., 2002; Ellies et al., 1997). While this model is supported by the
morphology of PA1 and PA2 skeletal elements in dIx knock-out mice, there is limited evidence that a

hox-type dIx-code operates in other vertebrates. In zebrafish, dIx1/2 has a general role in skeletogenic
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CNC survival and chondrogenesis (Sperber and Dawid, 2008), while simultaneous dIx3/4 and dIx5
depletion causes the loss of joints and hypomorphic skeletal elements (Coffin Talbot et al., 2010). In
addition, there is no evidence from mouse or zebrafish that dIx paralogs encode functionally distinct
proteins with different transcriptional targets, a requisite feature of a hox-like selector code. Rather, dIx5/6
and dIx1/2 have been shown to act redundantly in mouse, while dIx3/4 and dIx5/6 are at least partially
redundant in zebrafish (Coffin Talbot et al., 2010; Jeong et al., 2008). Finally, in zebrafish, the boundaries
of dlIx expression do not correspond to individual cartilage anlagen, as would be expected of a hox-type
selector code (Coffin Talbot et al., 2010; Medeiros and Crump, 2012). Based on the observed functional
redundancy of dIx1/2 and dIx5/6 in mouse, an alternative to the dix-code model was proposed. This
“quantitative model” posits that rather than acting as homeotic selectors of skeletal element morphology,
nested dIx expression creates zones of high, medium, and low DIx dosage (Jeong et al., 2008). These
different levels of collective DIx activity, together with unknown modulators of DIx function, then work
to pattern CNC along the proximal-distal axis.

In X. laevis, dIx expression boundaries in the first and second arches appear to correspond to
presumptive skeletal elements and joints, consistent with both the “dIx-code” and the “quantitative”
models of skeletal element specification. However, in the posterior arches, nested dix paralog expression
does not presage the formation of individual skeletal elements. Instead, CNC subpopulations expressing
different combinations of dix genes, differentiate into a fused pharyngeal basket. A similar situation is
seen in lamprey where CNC displaying nested dIx expression give rise to a fused, unjointed skeleton
rather than distinct skeletal elements (Cerny et al., 2010). In these instances, dIx genes likely do not
function as a “dIx code” to determine skeletal element morphology or to position joints. In lamprey, three
separate mesenchymal condensations form in each posterior PA before overt cartilage differentiation
begins. The middle condensation is the first to differentiate into cartilage, with chondrogenesis gradually
spreading into the dorsal and ventral condensations (Morrison et al., 2000). In X. laevis, chondrogenesis
also appears to begin in the intermediate domain of each arch and spread dorsally and ventrally as shown
by aggrecan transcription (Suzuki et al., 2012) and alcian blue staining (Fig. S6). However, it is unclear if
this is preceded by the formation of separate mesenchymal condensations as in lamprey. Thus, it is
possible that in lamprey and X. laevis, dIx genes regulate of the positioning of early mesenchymal
condensations and/or the timing of skeletal differentiation along the dorso-ventral axis. In either case, our
data suggest that dIx genes do not always act as homeotic selectors of skeletal element morphology.
Instead, they appear to function more generally to confer positional identities upon CNC subpopulations
in the pharynx. Whether this patterning regulates skeletal element morphology, mesenchyme
condensation, or the timing of differentiation, can vary between species, or even between the anterior and

posterior PAs in the same species.
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Reconstructing the ancestral features of gnathostome skeletogenic mesenchyme patterning

While dix genes are essential for proper head skeleton development, they are only one part of the
complex system that patterns the nascent vertebrate head skeleton. Members of several other transcription
factor families mark subpopulations of head mesenchyme and result in skeletal defects when perturbed in
mouse and/or zebrafish. We compared the expression of these factors in X. laevis with that of their
orthologs in mouse, zebrafish, shark, and lamprey to identify conserved features of vertebrate and
gnathostome embryonic head skeleton patterning (Fig. 4).

In X. laevis, zebrafish, lamprey, and shark CNC in the intermediate pharyngeal domain coexpress
all dix paralogs (Cerny et al., 2010; Coffin Talbot et al., 2010; Compagnucci et al., 2013; Ellies et al.,
1997; Takechi et al., 2013). In X. laevis, mouse, zebrafish, and shark, this region is also marked by emx2
transcripts (Compagnucci et al., 2013; Kawahara and Dawid, 2002; Thisse et al., 2004) and, in PA1,
nkx3.2 (Compagnucci et al., 2013; Miller et al., 2003; Tucker et al., 2004). Dorsal to this domain,
presumptive CNC in all gnathostomes examined express prrx and dIx1/2, with msx expression marking
the dorsal aspect of PAL (Antonopoulou et al., 2004; Compagnucci et al., 2013; Hernandez-Vega and
Minguillon, 2011; Medeiros and Crump, 2012; Swartz et al., 2011; ten Berge et al., 1998; Thisse et al.,
2004; Thomas et al., 1998). In shark, X. laevis, and lamprey, dorsal msx expression is also seen in the
posterior arches (Cerny et al., 2010; Compagnucci et al., 2013). These data are consistent with
coexpression of dIx1/2, prrx1/2, and msx in the dorsal pharynx in the ghathostome common ancestor, with
a homologous dIx/msx positive domain present in the vertebrate common ancestor. Dorsal msx expression
would have then been lost from the posterior arches of amniotes and zebrafish.

In the ventralmost aspect of most PAs, zebrafish, mouse, and frog co-express dix1/2, dIx5/6, msx,
prrx, hand, satb2, and thx2/3 (reviewed by Medeiros and Crump, 2012; Mesbah et al., 2008; Ribeiro et
al., 2007). This ventral domain appears conserved in shark and lamprey (Cerny et al., 2010; Compagnucci
et al., 2013), though prrx and tbx2/3 expression has not been described in lamprey, and satb2 has not been
described in either lamprey or shark. alx transcripts mark a subset of ventral CNC in the posterior arches
of X. laevis and lamprey, and ventral PAL in amniotes (Cattell et al., 2011). In zebrafish, ventral alx
expression is restricted to PAL at 24h (Dee et al., 2013) though alx4b appears enriched in the ventral
posterior arches at 48h (Thisse et al., 2004). Taken together these data suggest alx was expressed in the
ventralmost aspect of all PAs in the vertebrate common ancestor, and early gnathostomes, then lost from
the posterior arches in amniotes. To date, only a single alx paralog has been isolated from shark and
ventral expression is only observed in PA1 (Compagnucci et al., 2013). Additional alx data from
chondrichthyians should help resolve the ancestral gnathostome alx expression pattern.

Between the ventralmost and intermediate domains, all gnathostomes examined appear to have a

“ventral-intermediate” domain bordered dorsally by emx2-expressing CNC and ventrally by hand
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expression (Compagnucci et al., 2013; Morita et al., 1995; Thisse et al., 2004). In X. laevis and mouse,
this domain expresses dix paralogs but not msx. However, in zebrafish, shark, and lamprey it includes
msx/dIx coexpressing cells, suggesting an msx/dIx-positive “ventral-intermediate” domain was present in
the vertebrate common ancestor and lost in tetrapods (Cerny et al., 2010; Coffin Talbot et al., 2010;
Compagnucci et al., 2013).

In sum, our data are consistent with presence of 4 dorso-ventral domains in the pharyngeal arches
of the vertebrate common ancestor and early gnathostomes (Fig. 4), as previously proposed (Cerny et al.,
2010). In PAL, this basic pattern shows some elaboration, with the dorsal aspect of PAL1 expressing satb2
and alx, the ventral-most aspect expressing gsc, and the intermediate domain expressing nkx3.2 (Fig. 4).
Interestingly, dorsal expression of alx is seen in all pharyngeal arches in lamprey (Cattell et al., 2011)
suggesting dorsal alx expression may have been lost from the posterior arches in gnathostomes.
Alternately, expansion of alx expression into the dorsal pharynx may be a derived feature of lamprey head
skeleton patterning.

Outside of the pharyngeal arches, a combination of CNC and mesodermal mesenchyme give rise
to the skeletal elements of the ethmoid plate, trabeculae, neurocranium, and the suprarostal cartilages in
anurans. In all vertebrates examined, this head mesenchyme lacks dIx expression and expresses various
combinations of alx, prrx, msx, gsc, tbx2/3, and satb2 paralogs (Antonopoulou et al., 2004; Beverdam et
al., 2001; Dee et al., 2013; Hernandez-Vega and Minguillon, 2011; Swartz et al., 2011; ten Berge et al.,
1998; Thomas et al., 1998)(Compagnucci et al., 2013; Gaunt et al., 1993; Schultemerker et al., 1994;
Sheehan-Rooney et al., 2010; Thisse et al., 2004). Immediately dorsal to the posterior arches, all
gnathostomes have a domain of prrx-positive mesenchyme surrounding the otic capsule. This domain
extends to just behind the eye in X. laevis, zebrafish and mouse, though the single prrx homolog
described in shark is limited to the otic region at the stages assayed (Compagnucci et al., 2013). In all
gnathostomes and lamprey, alx expression is seen in mesenchyme surrounding the eye and nasal
pit/capsule (Beverdam and Meijlink, 2001; Cattell, 2011; Dee et al., 2013; McGonnell et al., 2011). In X.
laevis, zebrafish, and mouse, this expression overlaps with prrx in the posterior peri-orbital mesenchyme,
and with msx above the eye, in the region of the presumptive cranial vault (Hernandez-Vega and
Minguillon, 2011; ten Berge et al., 1998; Thisse et al., 2004). Anteriorly, all gnathostomes also have a
region of msx/alx positive mesenchyme associated with the nasal pit. Finally, in zebrafish and X. laevis,
coexpression of prrx, alx, gsc, msx, and satb2 is seen in portions of the forming trabecular
cartilages/ethmoid plate (Dee et al., 2013; Hernandez-Vega and Minguillon, 2011; Schultemerker et al.,
1994; Swartz et al., 2011; Sheehan-Rooney et al., 2010; Thisse et al., 2004). Taken together, our
comparisons support a pan-gnathostome head skeleton patterning matrix consisting of 4 molecularly

distinct PA domains (corresponding to the light blue, burgundy, dark blue, and grey domains in Fig. 4),
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unique dorsal and intermediate PA1 domains, and 6 domains of presumptive neurocranial precursors (Fig.
6).

Gene expression in the anuran second arch reveals developmental novelties associated with
the evolution of the middle ear

While most features of head mesenchyme patterning are conserved across all gnathostomes, our
comparisons revealed some differences in gene expression between groups. We asked if anuran-specific
alterations to the deduced gnathostome ground state could be linked to specific skeletal novelties. One
difference in CNC patterning gene expression between X. laevis and the basal gnathostome condition is
observed in PA2. In most other gnathostomes, PA2 has the expression profile of the other arches, with
dIx1/2 marking its dorsal aspect (Akimenko et al., 1994; Compagnucci et al., 2013) (Fig. 4). This pattern
is initially conserved in X. laevis (Fig 5A). However, shortly after CNC migration, dIx1/2 is
downregulated in dorsal PA2 (compare Fig. 5A, B; arrow in B). As a result, the dorsal boundaries of
dIx1/2 and dIx3/5/6 are approximately the same in PA2 of X. laevis (Fig. 5D, E). This reduction in dorsal
PA2 dIx expression is accompanied by an upregulation of emx2 expression in this domain, showing that
reduced dIx1/2 expression is not due to an absence of CNC (arrow in Fig. 5C), but a change in PA2 CNC
gene expression.

In zebrafish and mouse, knockdown of dIx1/2 causes a general inhibition of chondrogenesis, with
dorsal PAL and PA2 elements especially affected (Coffin Talbot et al., 2010; Sperber et al., 2008). This
difference in size between dorsal and ventral elements is reminiscent of the PA2 skeleton of modern
anamniote tetrapods, which have a highly reduced dorsal element, the columella (stapes), and a fully
formed ventral PA2 element, the ceratohyal. It is tempting to speculate that reduction in dIx1/2 expression
may have driven evolution of the stapes by decreasing the skeletogenic capacity of CNC in PA2.
Consistent with this, sox9-a expression is downregulated in the X. laevis dorsal PA2, and barx1
transcripts are largely absent from this domain (Fig. 5F, G). It is also worth noting that the amphibian
stapes differentiates very late in development, during metamorphosis (Witschi, 1949). Thus, reduced
expression of dIx2 in dorsal PA2 during early X. laevis development may also reflect the delayed
differentiation of CNC in this domain. In either case, the consequences of attenuating dIx2 expression
during evolution could be tested by phenocopying the ancestral gnathostome dIx2 expression pattern in X.
laevis using synthetic dIx2 mRNA. Provocatively, over-expression of dIx2 in chick, an amniote in which
both the dorsal and ventral PA2 skeletal elements are highly reduced, leads to the formation of ectopic
cartilage nodules near PA1 and PA2 -derived cartilages (Gordon et al., 2010). It is possible that
modulating the expression of dIx genes in CNC subpopulations is one mechanism by which size of

skeletal elements is altered during evolution.
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The anuran suprarostral and infrarostral cartilages likely evolved by partitioning of pre-
existing mesenchymal subpopulations

Much of the variation in vertebrate head skeleton morphology involves changes in the size and/or
shape of evolutionarily conserved skeletal elements. However, novel cartilages and bones with no
obvious homologs in other groups have also arisen in many lineages. The mechanisms by which such
elements evolve are unclear. The suprarostral and infrarostral cartilages are anuran novelties associated
with the evolution of larval herbivory, and have been linked to the success of this group (reviewed by
(Svensson and Haas, 2005)). Svensson and Haas (2005) proposed three models for how these elements
could have evolved: 1) duplication of existing elements, e.g. duplication of Meckel’s cartilage and
primary jaw joint in the case of the infrarostral; 2) partitioning of pre-existing cartilages by the formation
of new joints; and 3) de novo initiation of cartilage condensations non-homologous to preexisting
elements. We asked whether the gene expression profiles of the nascent suprarostral and infrarostral
cartilages were consistent with any of these scenarios. In the presumptive suprarostral cartilage, we noted
msx, sath2, alx and prrx co-expression, mimicking gene expression in the anterior ethmoid plate/FNP of
other gnathostomes (Dee et al., 2013; Hernandez-Vega and Minguillon, 2011; Schultemerker et al., 1994;
Swartz et al., 2011; Sheehan-Rooney et al., 2010; Thisse et al., 2004). Similarly, we found that the
nascent infrarostral cartilage of X. laevis has the same transcription factor expression profile as the
ventralmost aspect of PAL, which gives rise to the mandible in other gnathostomes. Importantly, we did
not see novel transcription factor expression consistent with de novo evolution of infrarostral or
suprarostral cartilage anlage. We also did not see reiteration of ventral or intermediate PAL gene
expression patterns (i.e. tiered hand, dIx3/4, nkx3 expression) in the presumptive infrarostral cartilage, as
would be predicted by the duplication of PA1 domains. These observations suggest that the suprarostral
and infrarostral cartilages are derived from the same precursor populations as the anterior ethmoid plate
and Meckel’s cartilage, respectively. However little is known how combinatorial expression of
transcription factors in head mesenchyme is ultimately translated into skeletal morphology. Thus, we
cannot exclude the possibility that some form of duplication or de novo evolution of skeletal anlagen
occurred via mechanisms developmentally downstream of early mesenchymal patterning.

In X. laevis and other pipoid frogs, the suprarostral cartilage is fused to the ethmoid plate, while
the infrarostral articulates with Meckel’s cartilage at the intramandibular joint (Pugener et al., 2003;
Trueb and Hanken, 1992; Zhang et al., 2013). It has been postulated that evolution of this joint was driven
by the duplication and redeployment of nkx3 (bapx/zax) genes, which are necessary for jaw joint
formation in other vertebrates (Svensson and Haas, 2005). We examined the expression of both X. laevis
nkx3-2 paralogs, and the closely related gene nkx3-3 in the region of the nascent intramandibular joint and

did not observe any expression consistent with this scenario (Fig. 6). This suggests that some factor
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downstream of nkx3.2 induces intramandibular joint formation. We thus examined the expression of gdf5,
a TGFR signaling ligand regulated by nkx3.2 in PA1 that is essential for primary jaw joint development
(Miller et al., 2003; Settle et al., 2003; Storm and Kingsley, 1999). In contrast to nkx3-2, we noted
bilateral expression of gdf5 in ventral PA1 precisely presaging formation of the intramandibular joints.
No equivalent expression has been reported in any other gnathostome, suggesting novel nkx3-2-
independent expression of gdf5 was associated with the evolution the anuran intramandibular
joint/infrarostral cartilage.

Anuran-specific expression of gdf5 in the nascent intramandibular joint could have arisen by cis-
regulatory changes at the gdf5 locus, or by changes in the expression of upstream regulators. In addition
to nkx3.2, barx1 has been shown to regulate joint differentiation in PAL1. However, unlike nkx3.2, barxl
acts as a repressor of joint formation and barx1l mutants have ectopic paired joints in Meckel’s cartilage
(Nichols et al., 2013). Due to the similarity of this ectopic joint and the frog intramandibular joint,
Nichols et al. (2013) postulated that a change in barx1 function in PAL could have occurred in anurans.
Presumably, this would have involved a reduction or loss of barx1 in the ventral PA1, creating an
additional barx1-free domain capable of supporting joint differentiation. At st. 33 and 41, we observed
zebrafish-type patterning of X. laevis PAL, with barx1 expression abutting hand expression
ventrally/anteriorly, and nkx3.2 dorsally/posteriorly (Fig. 6N, O; S5C, D). However, between st. 41 and
st. 45 a clear gap between the hand and barx1 expression domains becomes apparent (Fig. 61-K). This gap
corresponds precisely to the paired spots of gdf5 expression that mark the forming intramandibular joint
(Fig. 6L, M). Conceivably, this new domain could represent a dorsal shift in barx1 expression, a ventral
shift in hand expression, or both. However, the fact that a loss of hand2 function alone is insufficient to
create ectopic joints in zebrafish (Miller et al., 2003), supports a central role for barx1 restriction in
anuran intramandibular joint evolution.

Assuming zebrafish PA1 approximates PAL of early tetrapods, our results suggest reduced barxl
expression and recruitment of gdf5 created a novel joint-forming domain in the anuran mandible. Changes
in barx and gdf5 expression have also been implicated in the evolution of the primary jaw joint, as
lamprey lacks any gdf5 homolog expression in PAL, and expresses barx contiguously through the ventral
and intermediate PA1 (Cerny et al., 2010). gdf5 homologs also mark joints in tetrapod limbs, which can
vary dramatically in number between lineages (Settle et al., 2003; Storm and Kingsley, 1999). These
observations raise the possibility that altering barx1 and gdf5 expression may be one way to partition

skeletal elements and position new joints during evolution.
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Conclusions

We generated a gene expression map of CNC and mesoderm-derived mesenchyme in X. laevis
and compared it to equivalent data from amniotes, zebrafish, and shark. These comparisons show that the
head skeletons of all gnathostomes are built upon an ancient and well-conserved pre-pattern of
molecularly distinct precursor subpopulations, despite differences in skeletal morphology. We also
present evidence that skeletal element size may be altered during evolution by changes in the skeletogenic
capacity of precursor subpopulations early in head skeleton development. Finally, we propose that new
joints and skeletal elements in anurans likely evolved from preexisting skeletal precursor domains via late
changes in genes that regulate skeletal differentiation. Together these results support a model in which
early patterning mechanisms divide the head mesenchyme into a highly conserved set of skeletal
precursor subpopulations. While subtle changes in this early patterning system can affect skeletal element
size, changes to this matrix do not appear to underlie the evolution of new skeletal elements. In contrast,
later expression of the genes that regulate skeletal element differentiation can be linked to specific anuran
skeletal innovations. We posit that changes in the expression of these downstream regulators, including
barx1 and gdf5, are one mechanism by which skeletal element number is altered during evolution. Further
work in a broader range of vertebrates with divergent head skeleton morphologies will establish if this

model of vertebrate head skeleton evolution is broadly applicable.
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CHAPTER IV: Embryonic expression of endothelins and their
receptors in lamprey and frog reveals stem vertebrate origins of

complex Endothelin signaling

Introduction

The NCCs of all living vertebrates are divided into distinct subpopulations with unique migration
routes and developmental fates (McCauley and Bronner-Fraser, 2003; Meulemans and Bronner-Fraser,
2004). Modern NCCs presumably evolved step-wise from a more homogenous population of migratory
neural tube cells with limited developmental potential (Abitua et al., 2012; Stolfi et al., 2015). When and
how NCCs acquired their multipotency, patterning, and stereotyped migration routes, is unclear.

In modern jawed vertebrates, Endothelins are key regulators of NCC differentiation, migration,
and patterning (Baynash et al., 1994; Bonano et al., 2008; Clouthier et al., 2010; Kawasaki-Nishihara et
al., 2011; Kempf et al., 1998; Krauss et al., 2014; Miller et al., 2000; Pla and Larue, 2003; Sanchez-
Mejias et al., 2010; Shin et al., 1999; Yanagisawa et al., 1998). Gnathostomes possess multiple (2-6)
endothelin receptors (ednrs) (Braasch and Schartl, 2014) as well as multiple (3-6) endothelin ligands
(edns) (Braasch et al., 2009). Phylogenetic analysis places the ligands into four paralogy groups (Braasch
et al., 2009): ednl, edn2, edn3, and edn4, while the receptors form three groups (Braasch and Schartl,
2014): ednra, ednrbl, and ednrb2. Importantly, most modern vertebrates possess subsets of these
(discussed below).

Endothelin ligands are translated as ~200 aa (amino acid) polypeptides (Preproendothelins) that
are then processed into short, and invariably 21 aa signaling ligands. This occurs as Preproendothelins
obtain disulphide linkages between cysteine residues 1 and 15, and 3 and 11 (present on all known Edn
ligands), and lose their amino and carboxyl termini via cleavage by a furin endopeptidase, making an
intermediate product known as “Big Endothelin”. Big Endothelins are subsequently trimmed on the
carboxyl end again by an Endothelin converting enzyme (ECE) (Johnson et al., 2002; Khimji and Rockey,
2010; Kido et al., 1998), leaving the 21 aa polypeptide. In jawed vertebrates there are two main groups of
ECEs, ECE-1 and -2, which have unigue biochemical properties (Emoto and Yanagisawa, 1995) as well
as unigque developmental roles in mouse (Yanagisawa et al., 2000). Despite these differences, both ECE-1
and ECE-2 have a similar hierarchy of Big Endothelin cleavage rates in vitro (Ednl >> Edn2 >
Edn3)(Emoto and Yanagisawa, 1995) (Edn4 has not been assayed in this context). Once fully processed
and secreted by the cell, mature Edn ligands interact with the various Ednrs to drive cell fate decisions

and provide positional information to NCCs (Baynash et al., 1994; Bonano et al., 2008; Clouthier et al.,
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2010; Kawasaki-Nishihara et al., 2011; Kempf et al., 1998; Krauss et al., 2014; Miller et al., 2000; Pla
and Larue, 2003; Shin et al., 1999; Yanagisawa et al., 1998). In cell culture assays, each Ednr appears to
have a unique set of binding affinities for the different mature Edn ligands (Karne et al., 1993; Sakamoto
et al., 1993; Yanagisawa, 1994), though the early developmental relevance of these differences remains
unknown.

The first role described for Endothelin signaling was in vasoconstriction and circulatory
development (Hirata et al., 1988; Itoh et al., 1988; Tomobe et al., 1988; Yanagisawa et al., 1988).
Subsequently, Endothelin pathways were found to perform a variety of functions in NCC including cell
fate determination, migratory pathfinding, and patterning of cranial NCC. Specifically, the Edn1/Ednra
pathway works to pattern skeletogenic cranial NCC into distinct skeletal progenitor populations along the
dorso-ventral axis of the pharynx, thereby positioning the jaw joint, and also has a function in cardiac
NCC development (Clouthier et al., 2010; Clouthier et al., 1998; Miller et al., 2000; Sato et al., 2008a;
Sato et al., 2008b). In non-skeletogenic NCCs, the Edn3/Ednrb pathway is necessary for pigment cell
specification and migration (Baynash et al., 1994; Kawasaki-Nishihara et al., 2011; Krauss et al., 2014;
RM et al., 2006), as well as enteric neuron development (Baynash et al., 1994; Sanchez-Mejias et al.,
2010). edn2, though present in all major vertebrate lineages, does not have known expression in early
development to our knowledge. edn4 is retained only in some lineages of ray-finned fishes (Braasch et al.,
2009), and its expression and function in early development is unknown. Interestingly, ednrb2 has been
lost in both zebrafish and therian mammals (Braasch and Schartl, 2014), despite this receptor’s
importance in NCC-derived pigment cell development in other vertebrates (Kawasaki-Nishihara et al.,
2011; Krauss et al., 2014; RM et al., 2006).

When the various roles for endothelin signaling in vertebrate NCC development evolved is
unknown. ednrs appear to be unique to chordates, and are not found in the genomes of protostomes or
non-chordate deuterostomes (Braasch and Schartl, 2014): no tunicate genome appears to contain any edn-
or ednr-like genes (Braasch and Schartl, 2014; Braasch et al., 2009). Amphioxus (Branchoistoma
floridae) also lacks any Edn ligands (Braasch and Schartl, 2014; Braasch et al., 2009), though it possesses
a single ednr-like gene that is not expressed during early embryogenesis (unpublished results, (Yu et al.,
2008a)). The Japanese lamprey, Lethenteron japonicum, a jawless vertebrate, possesses at least one ednr
and six putative edn ligands (Kuraku et al., 2010), suggesting that at least a simple form of Endothelin
signaling (i.e. a single receptor with its particular ligand affinities) arose in the common ancestor of jawed
and jawless vertebrates.

After exhausting available genomic assemblies and multiple transcript assemblies from adult and
larval tissues, here we identify and characterize the expression of what is likely the complete set of ednr

and edn ligands in the sea lamprey, Petromyzon marinus. We find dynamic embryonic and larval
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expression of two ednrs which are likely directly orthologous to gnathostome ednra and ednrb. We also
identify six P. marinus edn ligand genes, four of which are expressed in temporo-spatially restricted
patterns in embryos and early larvae, with a fifth transcribed diffusely throughout the animal. We then use
comparisons with Xenopus laevis ednr and edn expression to assign tentative functional overlap between
some lamprey and gnathostome Endothelin receptors and ligands. Our results suggest that at least one
ednr duplication occurred prior to the divergence of cyclostomes and gnathostomes, and that sophisticated
NCC pattering by duplicated and sub- or neofunctionalized ednrs and edns likely evolved in stem
vertebrates. We posit that the deployment of Ednr signaling in NCC, followed by duplication and
divergence of Edn signaling components, paved the way for fine-tuned control over NCC fate

determination, migration, and patterning in modern vertebrates.
Methods

Gene cloning and sequence acquisition

Polymerase chain reactions (PCRs) were performed according to standard protocols using the
primers listed in Tab. S1 (Square et al., 2016a). Fragments corresponding to P. marinus ednA, ednC,
ednE, ednra, and ednrb were amplified from a 5> RACE library made from combined cDNA. These
genes were named based on their deduced orthology to L. japonicum sequences (see below) except ednrb,
which has not been identified in L. japonicum to our knowledge. Notably, part of the ednrb sequence
fragment we cloned via RACE had been previously identified (Braasch et al., 2009) in the 2007 P.
marinus genomic assembly on contig56749, though only ~350 nt of this sequence is represented there.
Unfortunately, this contig is only ~4.9 kilobases long, and does not contain any other predicted coding
sequences that could be used to determine synteny. This sequence is absent from the 2010 P. marinus
genomic assembly. Using the nucleotide sequences published for the Japanese lamprey (Kuraku et al.,
2010) as a reference, fragments corresponding to the putative P. marinus ednB, ednD, and ednF
transcripts were amplified from genomic DNA or cDNA by designing primers against sequenced
transcripts (Bryant et al., 2016). In the case of ednD, our P. marinus gene fragment appears to be
completely situated within the 3> UTR. Similarly, seven P. marinus metalloprotease transcript fragments
(with sequence similarity to gnathostome ECES) were identified in transcriptome assemblies derived from
adult (Bryant et al., 2016) and combined adult and larval tissues (unpublished data). All sequences have
been deposited to GenBank.

As is typical within the tetraploid X. laevis genome, we found two duplicates of each edn and
ednr gene, except in the case of ednrb2, for which there appears to be three copies (-a: NM_001086238.1;
-b: NM_001085878.1; -c: KU680750). ednl-b, edn3-a, ednra-a, ednra-b, ednrb2-a, and ednrb2-b were
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previously described and/or sequenced (Bonano et al., 2008; Kawasaki-Nishihara et al., 2011). The
riboprobe template for X. laevis ednra-b was a gift from the Mayor lab; the rest of these were subcloned
from gDNA or cDNA using available sequence information. Using X. laevis genomic assemblies 7.1-8.0
(www.xenbase.org), we identified and cloned fragments of ednl-a, edn2-a, edn2-b, edn3-b, ednrbl-a,
ednrbl-b, and ednrb2-c out of genomic DNA or cDNA. These novel edn and ednr sequence fragments
have been deposited to GenBank. ClustalW alignments with translated sequence fragments, and

subsequent ML trees confirmed the identity of these Xenopus sequences.

In situ hybridizations, cryosectioning, and imaging

Using riboprobes generated from the amplified gene fragments described above, in situ
hybridization (ISH) was performed as previously described (Cerny et al., 2010; Square et al., 2015a).
Developmental staging for lamprey followed Tahara, 1988, while X. laevis staging followed Nieuwkoop
and Faber, 1994. For simplicity, we use “st. 33,” “st. 35,” and “st. 37” to describe the X. laevis
developmental windows usually referred to as “st. 33/34,” “st. 35/36,” and “st. 37/38,” respectively.
Interestingly, riboprobes designed against the different X. laevis-specific gene duplicates of ednra (ednra-
a and ednra-b) and edn2 (edn2-a and edn2-b) displayed differential staining despite high sequence
similarity and regional overlap of the probe binding sites, as previously noted for other X. laevis-specific
gene duplicates (Square et al., 2015a) (see below). Cryosectioning and imaging was performed as

previously described (Jandzik et al., 2014b; Square et al., 2015a).

Phylogenetic reconstruction

To assign the orthology of the P. marinus edn ligand fragments described above to those
previously published for L. japonicum edn genes, a ClustalW nucleotide alignment was constructed using
only endothelin ligand DNA sequences derived from both lamprey species. The Maximum Likelihood
(ML) method of phylogeny reconstruction was employed in MEGAG thereafter (Fig. S1). The P. marinus
genes were named corresponding to their orthology with their closest L. japonicum relative, for which all
ortholog pairs show strong support in a bootstrap analysis.

In an attempt to address the identity of the lamprey Endothelin signaling components amongst all
vertebrate Endothelin ligands (save EdnB and EdnD), Endothelin receptors, and Endothelin converting
enzymes, ClustalW protein alignments were built using inferred aa sequences derived from transcript or
genomic data, and thereafter used to build ML trees (Figs. S2, S3, and S4). For the Edn ligands, an ML
tree was first built by using aa sequences derived from a variety of gnathostomes (specifically excluding
those that were missing the conserved region containing and surrounding the functional ligand), testing

many parameters for the aa alignment and ML tree preliminarily. Given the heterogeneity in sequence
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conservation across Edn aa sequences, these trees were sometimes structured very differently from each
other when different parameters were employed, as reflected by the range of bootstrap values and overall
tree topology in Fig. S2. We thus selected parameters that would maximize our tree to reflect the accepted
relationships of 1) vertebrate taxa, and 2) the synteny analysis on edn genes performed previously
(Braasch et al., 2009) which supported edn1/2 and edn2/4 clades. We then added P. marinus aa sequences
to the dataset, realigned, and rebuilt the tree, and bootstrapped it 100 times using these gnathostome-
optimized parameters (P. marinus EdnB and -D, and L. japonicum EdnB, -D, -E, and -F were discounted
from this analysis due to their incomplete nature). An endothelin receptor ML tree was similarly
constructed, using amphioxus Ednr-like as an outgroup (Fig. S3). To address the identity of putative P.
marinus ECEs and other related metallopeptidase (Bianchetti et al., 2002; Bland et al., 2008; Rawlings
and Barrett, 1995) genes, a phylogeny was built using the inferred translations from each of seven sea
lamprey M13 family metallopeptidase transcripts, along with aa sequences for these genes from an
assortment of deuterostomes, using three LTA4H sequences as an outgroup (an M1 family
peptidase(Rawlings and Barrett, 1995); Fig. S4).

Results

Cloning and sequence analysis of endothelin pathway genes

In order to understand the relative timing of the appearance and diversification of Endothelin
pathway gene groups, we gathered available sequences from a wide range of deuterostomes (mainly
gnathostomes). No gene with moderate sequence similarity to an Edn has been identified in any
invertebrate by our own, or previous analyses (Braasch and Schartl, 2014; Braasch et al., 2009), however
ECE-likel metalloproteases do appear to exist in amphioxus and urchin (Fig. S4), and an amphioxus
ednr-like gene has been previously identified (Braasch and Schartl, 2014). It is important to note that
ECE-likel (also known as X-converting enzyme, XCE) is a distinct group of proteins found throughout
deuterostomes, and is closely related to, but separate from the clade of proteins containing gnathostome
ECE-1 and ECE-2 (Fig. S4). Conversely, the single Ednr-like gene in amphioxus appears to be a true
ortholog of vertebrate Ednrs(Braasch and Schartl, 2014); there is no known clade of “ednr-like” genes in
vertebrates.

The ML trees generated here fail to strongly support strict orthology of lamprey and gnathostome
Edn ligands and ECE peptidases (Figs. S2 and S4). Interestingly, Sea lamprey EdnA clusters with the
tetrapod Ednl group with moderate bootstrap support (71%), however in this analysis, the ray-finned fish
Ednl sequences were excluded from this group. Conversely, P. marinus Ednra and Ednrb cluster

separately with their putative gnathostome orthologs, with moderate bootstrap support (59%, and 58%
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respectively; see Fig. S3). Thus while a parsimonious view would suggest that these two lamprey
receptors do belong to these two main groups of Ednrs, it remains possible that one or both of these
lamprey Ednrs are actually duplicates that were lost in gnathostomes, which would make them a unique
Ednr subtype. Sea lamprey appear to possess five ECE genes, which we have named ECE-A, -B, -C, -D,
and -E. Notably, ECE-A and -B cluster with the gnathostome ECE-1/2 clade with high bootstrap support
(see Fig. S4), whereas ECE-C, -D, and -E have low support, and thus these latter three independent
duplicates might not actually code for enzymes capable of processing Edns. We have named them as such
simply because they show the strongest sequence similarity to ECEs. All accession humbers

corresponding to these sequenced transcripts can be found in Tab. S2 within (Square et al., 2016a).

Expression of P. marinus endothelin signaling components

We assayed the expression of edn and ednr transcripts at stages 15, 17, and 21-28 via in situ
hybridizations. This developmental series extends from mid-neurulation until the initial differentiation of
the head skeleton. The expression of L. japonicum ednA, ednC, ednE, and ednra was previously described
at mid-pharyngula stages (Kuraku et al., 2010). While the expression patterns of these genes in these two
lamprey species are generally similar, our analysis revealed additional expression domains not apparent in

L. japonicum. These are detailed below.

Expression of ednA-F

ednA expression was first detected in ectoderm surrounding the forming mouth (stomodeum)
weakly at st. 22, and more strongly at st. 22.5 (Fig. 1A). This expression domain was also found in L.
japonicum (Kuraku et al., 2010). This ectoderm is fated to eventually cover the nasohypophyseal plate,
contributing to the epithelium of the nostril (Kuratani et al., 2001). At st. 23.5, expression around the
mouth appeared in a more distinct “comma” shape, and expression in the anteriormost dorsomedial
pharyngeal arches (PAs) was first detected (Fig. 1B). Through st. 25.5, ednA expression in the pharynx
expanded to the posteriormost PAs, while transcription became reduced around the mouth and in the
anteriormost PAs (Fig. 1C). Sectioning at this stage revealed expression in both the center of the
posteriormost seven PAs (in the mesodermal ‘core’, Fig 1C’) as well as the ectoderm overlying these
PAs. At st. 26.5, expression was reduced to a small patch of mesoderm within each of these PAs (Fig.
1D). This expression persisted until st. 27.5, also reappearing in the region of the dorsal PAL (not shown).
ednB expression was detected weakly in the upper lip, ear, heart, and somites at st. 25.5, and later in the
brain of st. 28 larvae (Fig. S5A and B). ednC expression was first strongly detected at st. 21.5 along the
flank in the ectoderm, and weakly in a medial spot within the anterior brain and in the ectoderm overlying

lateral portions of the head (Fig. 1E). By st. 23, the ectodermal flank expression largely faded, while the
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Fig. 1. Expression summary of edns in P. marinus. Left lateral views in all
non-prime panels. All prime lettered panels show ventral/oral views of the
correspondingly lettered panel, save C’, G’, and K’ which show horizontal
sections. Developmental stage (Tahara, 1988) is indicated for each specimen in
the bottom right of a panel. (A-D) ednA expression in P. marinus surrounds the
stomodeum and marks the pharyngeal arches. (E-H) ednC expression in P.
marinus is found around the stomodeum and on the lateral sides of the head.
Arrows in F point to mesenchymal ednC expression below the superficial
expression in the ectoderm. (I-L) ednE expression in P. marinus is found along
the somites, and throughout the facial and pharyngeal skeleton. All scale bars
represent 100 um. he, heart; meso, mesoderm; PAs, pharyngeal arches; st,
stomodeum.
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brain expression expanded, and the expression flanking the head shifted more ventrally around the
stomodeum to occupy a similar region as ednA transcripts (compare Fig. 1B’ to 1F’). Deeper
mesenchymal expression in the posterior future PAs was also first detected at st. 23 underneath the faded
flank expression (arrows in Fig. 1F). At st. 25.5, expression around the mouth shifted to mesenchyme of
the lower lip, but still remained in tissues on the lateral sides of the mouth (Fig. 1G); only this lower lip
expression was previously characterized in L. japonicum (Kuraku et al., 2010). Sectioning revealed that
all expression at st. 25.5 was mesenchymal (Fig.1G’). At stages 26.5 (Fig. 1H) and 27.5 (not shown), the
posterior PA expression was progressively diminished, and the more anterior expression around the
mouth and in PAL became progressively refined. ednD expression was not detected at any embryonic or
larval stage assayed here. ednE transcripts were first visualized weakly at st. 22 in head ectoderm (not
shown), and more robustly in the st. 23 head ectoderm and along the boundary between the anterior yolk
and the somites (Fig. 11). Up to st. 25.5, this superficial PA expression in the head proceeded in an
anterior to posterior fashion, and was only present in the most posterior PA by st. 28 (Fig. 1J-L; st. 28 not
shown). At st. 25.5 expression began in deeper mesenchymal tissues within the PAs (Fig. 1K’), and in a
horizontal stripe dorsal to the PAs, presaging pigment deposition (Fig. 1K); this latter expression domain
was previously described in L. japonicum (Kuraku et al., 2010). ednF expression was detected at st. 25.5

diffusely throughout the entire head, but by st. 28 was mainly expressed in the brain (Fig. S5C-F).

Expression of P. marinus ednra and ednrb

P. marinus ednra was first detected in a small paired patches of anterior mesoderm at st. 21 (Fig.
S5G and H), and more robustly at st. 22 (Fig. 2A). At this stage, expression also began at the base of the
pharynx where the heart will eventually develop (arrowhead in Fig. 2A). These expression domains were
maintained until st. 27. ISH revealed ednra expression in late migratory and post-migratory skeletogenic
NCCs in the head beginning at st. 24, first staining the ventralmost NCCs (future mucocartilage), as well
as the upper and lower lips, and the more anterior PAs (Fig. 2B). PA expression thereafter proceeded to
initialize in an anterior to posterior wave (Fig. 2B-D). By st. 26.5, this NCC expression was found
throughout all PAs (Fig. 2D and D’). At st. 26.5 ednra was also detected in nascent lateral plate
mesoderm (arrows in Fig. 2D), similar to expression of lamprey Lbx-A (Kusakabe et al., 2011). ednra
transcription was maintained throughout st. 29, strongly marking the future head skeleton as cartilage
began to differentiate (Fig. 2E). Most of these expression domains have also been observed in the
Japanese lamprey (Kuraku et al., 2010). ednrb expression was first detected at st. 21 in pre- and early
migratory NCCs (Fig. 2F). By st. 22, these ednrb-positive cells in the head were migrating ventrally

towards their destinations in the pharynx (Fig. 2G), while the majority of those in the trunk were still
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Fig. 2. Expression summary of ednrs in P. marinus. Left lateral views in all non-prime panels save F,
which is a dorsal view with anterior to the top. All prime lettered panels show a ventral view of the
correspondingly lettered panel save D’ and I”, which are horizontal sections, and G’, which is a dorsal
view with anterior facing away from the page. Developmental stage(Tahara, 1988) is indicated for each
specimen in the bottom right of a panel. (A-E) ednra expression in P. marinus is found in mesoderm, the
heart, and the post-migratory future head skeleton. Arrow in A indicates anterior mesoderm expression of
ednra. Arrowhead in A indicates ednra expression in the nascent heart. Arrows in D indicate ednra
expression consistent with lateral plate mesoderm. Red line labeled D’ in D indicates the approximate
plane of section in D’. Note expression in the future head skeleton (CNCCs) shown in D’. (F-G) ednrb
expression in P. marinus marks migratory NCCs. Arrows in | indicate expression consistent with dorsal
root ganglia. Arrowhead in | indicates expression consistent with the earliest migrating pigment cells. Red
line labeled I’ in I indicates the approximate plane of section in I’. Note expression in the future head
skeleton (CNCCs) shown in I’. Arrows in G indicate trunk NCCs still poised at the neural crest. All scale
bars represent 100 pum, save the scale bar in panel D which is 500 um. NCCs, neural crest cells; st,
stomodeum.
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poised at the dorsal neural tube (arrows in Fig. 2G’). This migratory NCC expression continued through
st. 24, becoming progressively extended ventrally and more diffuse as more NCCs had begun their
migration (st. 23 shown in Fig. 2H). ednrb transcripts at st. 25.5 were detected around the mouth and in
pre-skeletal NCCs in the PAs (Figs. 21 and I’), as well as future pigment cells (arrowhead in I) and
peripheral nervous system components scattered along the lateral sides of the head and anterior yolk and
somites, including those that resemble dorsal root ganglia (arrows in Fig. 2I). At st. 26.5 expression in the
pharynx was largely lost, though the expression in pigment cells was still apparent (not shown). Bleached
larvae revealed this expression persists in melanophores until st. 28, being found in cells on the dorsal

ridge and flank of the animals (st. 27 shown in Fig. 2J).

Expression of X. laevis endothelin signaling components

We performed ISH for all genes spanning st. 17 to st. 40, (mid-neurulation to the onset of head
skeleton differentiation). Except in the cases of edn2 and ednra, all expressed X. laevis-specific gene
duplicates analyzed here were discovered in completely overlapping domains at all stages assayed. We

failed to clone the X. laevis duplicate ednrb2-b.

Expression of X. laevis edn1-3

X. laevis ednl was first detected at st. 19 in two patches of ectoderm just above the future
stomodeum, overlying the developing telencephalon (Fig. 3A; see Fig. S6A-C for st. 28 sections). This
expression persisted until st. 33, eventually becoming restricted to the ectoderm surrounding each nasal
placode. At st. 26 we first observed ednl transcription within the ventral PAs, beginning in the region of
the ventral hyoid stream. At later stages, expression of ednl spread posteriorly, then anteriorly to the rest
of the ventral PA endoderm, mesoderm, and ectoderm, but not NCC-derived mesenchyme (Figs. 3B-D
and S6D-F). By st. 37 ednl was detected ventrally in each PA (Fig. 3D). To assay the expression of edn2-
a, first a probe corresponding to 387 bp of coding sequence was amplified from ¢cDNA (“cds probe”).
This probe produced signal in many different tissues in the head, though this was found to be largely
background staining in the brain cavities and in the ear, and possibly also in the notochord (Fig. S6H, I).
Sectioning revealed that mesenchymal staining within the eye and surrounding the eye at st. 35 and 37
was within cells. We were unable to clone a fragment of the identified edn2-b coding region out of
embryonic cDNA. Thereafter, riboprobes were designed mainly against a portion of the 3> UTR of each
edn2-a (645 nt) and edn2-b (684 nt), also including the last ~70 bases of coding sequence (“3” UTR
probe”). These were amplified from genomic DNA. Using the UTR probes, edn2-a, but not edn2-b was
detected within the future pronephros from st. 30-37 (Fig. S6G), subsequently in dorsal pharyngeal
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Fig. 3. Expression summary of edns in X. laevis. Left lateral views in all non-prime panels
save A, which is an anterior view. Prime panels show anterior views of the correspondingly
lettered panel. Developmental stage(Nieuwkoop and Faber, 1956) for each specimen is indicated
in the bottom right corner of a panel. (A-D) ednl-b expression in X. laevis marks ectoderm
around the nasal placodes, and ventral non-NCC mesenchyme and epithelia in the pharyngeal
arches. (E-H) edn3-a expression in X. laevis marks ectoderm where future ednrb2-positive cells
will migrate. All scale bars represent 100 pum, save those in E and G which represent 500 pm.
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mesenchyme surrounding the eye from st. 35-37, and within the eye. Interestingly, our edn2-a 5> UTR
and cds probes produced different staining patterns, despite having been designed to detect the same
transcript. This may reflect differences in splice variants of the edn2-a gene. edn2-b transcripts were
never detected. edn3 expression was first seen at st. 23 surrounding in the nasal placodes, along the flank,
and in the anterior trunk of the neural tube (Fig. 3E). Expression along the flank expanded and was
maintained in lateral plate mesoderm surrounding the pronephros through st. 37, and ceased thereafter
(Figs. 3E-H and S6K). ISH staining around the dorsal neural tube proceeded in an anterior to posterior
fashion, and was no longer detected by st. 37. In the head, expression in the nasal placode expanded and
was joined by other expression in mesenchyme overlying the border between PAs 1 and 2 and around the
eye (Fig. 3G and H).

Expression of X. laevis endothelin receptors

As previously described, ednra-a but not ednra-b expression was detected along the neural plate
border during mid-neurulation (Fig. 4A). Thereafter, transcripts from both ednra-a (not shown) and
ednra-b (Fig. 4B) genes were detected in completely overlapping regions. Expression was found in the
otic placodes, uniformly throughout migratory cranial neural crest at st. 23, and along the flank in
migratory trunk NCCs. These trunk NCCs could later be seen positioned between the boundaries of the
somites, and aggregating along the future lateral line (Fig. 4C). By st. 31, expression had begun in the
heart region, which continued throughout the entire series assayed here (Fig. 4C-E; st. st. 38-40 not
shown). At stages 33-37, transcripts in the PA NCCs were apparently depleted ventrally compared to
dorsal mesenchyme (Fig. 4D and E). Transcripts were also detected strongly in the medial fin at stage 40
(Fig. 4G). ednra transcripts were also detected in nephrostomes at stages 30-40 (Fig. 4D-F; arrows in Fig.
S6R and S). ednrbl expression was observed only in the medial PAs from st. 31-40, and in the eye from
st. 35-40 (Figs. 4H-J and S6L-N; stages 38-40 not shown). ednrb2-a and ednrb2-c were both detected in
pre-migratory and migratory nascent pigment cells, cranial ganglia, the forebrain, and peripheral nervous
system derivatives of the trunk (Figs. 4K-M and S60-Q).

Discussion

Duplication and specialization of endothelin signaling pathways occurred in stem
vertebrates

To better understand the ancestral roles of the endothelin pathway in vertebrate development, we
performed an exhaustive search of lamprey genomic and transcriptome sequences for edn and ednr
homologs. We then determined their expression throughout early development. To facilitate comparisons

with gnathostomes, we also characterized and analyzed the embryonic and larval expression of all edns
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Fig. 4. Expression summary of ednrs in X. laevis. Left-lateral views in all non-prime panels
save A and B, which are dorsal (A) an anterior (B) views. All prime panels show anterior/oral
views of the correspondingly lettered panel save K’, which is a dorsal view. Developmental
stage(Nieuwkoop and Faber, 1956) for each specimen is indicated in the bottom right corner of a
panel. (A-G) ednra expression in X. laevis. (A) ednra-a uniquely marks pre-migratory NCCs. (B-
G) ednra-b expression in migratory and post-migratory NCC derivatives, nephrostomes, the heart,
and fin mesenchyme. (H-J) ednrbl-a expression in X. laevis marks the eye and medial pharyngeal
arch NCCs. (K-M) ednrb2-c expression in X. laevis marks migratory pigment cells, nerves, and
the forebrain. All scale bars represent 100 um, save those in D, G, K’, L, and M which represent
500 pm.

59



and ednrs in X. laevis. To our knowledge, this is the first report detailing the embryonic and larval
expression of all edns and ednrs in a single gnathostome.

Phylogenetic analysis lends weak support to a scenario wherein a single ancestral ednr gene was
duplicated in stem vertebrates, with ednrb later duplicated in stem gnathostomes (Fig. S3). Our data
showing similar expression of lamprey and gnathostome ednra and ednrb paralogs supports this, with
ednras marking the heart and post-migratory skeletal NCCs, and ednrbs marking migrating pigment cells,
cranial glia, and other peripheral nervous system precursors. Overall, duplication and functional
specialization of ednrs is similar to that of other regulators of NCC development, including SoxE
(McCauley and Bronner-Fraser, 2006), Tfap2 (Van Otterloo et al., 2012), DIx (Cerny et al., 2010), and Id
(Kee and Bronner-Fraser, 2005; Liu and Harland, 2003), which all have multiple paralogs expressed in
NCC. Furthermore, like SoxE (McCauley et al., 2014), Tfap2 (Van Otterloo et al., 2013; Van Otterloo et
al., 2012), 1d (Kee and Bronner-Fraser, 2005; Liu and Harland, 2003), and FoxD (Ono et al., 2014), there
is evidence that duplication of ednrs was accompanied by biochemical subfunctionalization and/or
neofunctionalization. In mouse, Ednra binds most strongly to Ednl and Edn2, while mouse Ednrb (a type
B1 receptor) binds all Edns with similar affinity (Yanagisawa, 1994); in X. laevis Ednrb2 preferentially
binds Edn3 (Karne et al., 1993). Furthermore, rescue experiments have shown that mouse Ednrb cannot
rescue the function of Ednra in maxillary skeletogenic cranial NCC, due to the inability of Ednrb to signal
through Go/Goy; proteins (Sato et al., 2008a). Whether these differences reflect the loss of Ednrb
functionality or a gain of Ednra functionality awaits testing of amphioxus Ednr, the only invertebrate Ednr
known, and the only appropriate outgroup.

It is unknown if lamprey Ednra and Ednrb have diverged with regard to ligand binding affinities
or signal transduction outputs. However, their divergent expression patterns support the hypothesis that
distinct Ednra and Ednrb signaling pathways evolved in stem vertebrates. Because of the unique roles
different Ednrs play in NCC migration and fate determination, it is tempting to speculate that duplication
and divergence of vertebrate ednrs facilitated the evolution of the highly patterned and multipotent NCC
of modern jawed and jawless vertebrates.

Given that endothelin cleaving enzymes are responsible for the final processing of endothelin
ligands, their appearance was a critical evolutionary step in the advent of the first vertebrate-type
Endothelin pathway. In an attempt to understand when the first ECE appeared, we analyzed M13
metallopeptidases from a variety of deuterostomes. Given the available genomic and transcriptomic
resources, we were unable to identify coding sequences most closely resembling ECE-1/2 in any
invertebrate. However we did find coding sequences resembling the closely related ECE-likel and
Neprilysin in amphioxus (Branchiostoma floridae) and sea urchin (Strongylocentrotus purpuratus), and

PHEX in sea urchin only. It seems probable then that the gene duplications giving rise this suite of genes
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(ECE-likel, Nep, and PHEX) predate the divergence of echinoderms and chordates. Given that
recombinant in vitro experiments have shown that ECE-likel is unable to cleave Big Endothelin 1 in an
in vitro assay (Valdenaire and Schweizer, 2000), and Neprilysin degrades Big Endothelin 1 in a manner
that yields no detectable Ednl ligand (Abassi et al., 1993), it seems plausible that these invertebrate genes
identified here do not have a role in any type of rudimentary Endothelin ligand processing. Thus, in
combination with the apparent absence of any edn-like gene outside of vertebrates (Braasch et al., 2009),
there is no evidence that true Endothelin ligands or Endothelin converting enzymes exist outside of
vertebrates based on deposited these deuterostome sequences. Despite the overall sequence similarity of
amphioxus Ednr-like to vertebrate Ednrs, this invertebrate Ednr exhibits many divergent features,
including the absence of one highly conserved lysine residue within the 2™ transmembrane domain
known to be important for ligand binding (Adachi et al., 1994a; Braasch and Schartl, 2014). While it is
possible that invertebrate chordate edns or ECEs may have been overlooked during genome sequencing or
annotation, the available data strongly suggest that early vertebrates greatly expanded on the elaborate
biochemistry underlying these pathways. If no modern invertebrate ECE or Edn ligand truly exists, this
would suggest that the Endothelin signaling pathway itself is a vertebrate synapomorphy, which thereafter
diversified into a complex system of different ligands, processing enzymes, and receptors before the

divergence of cyclostomes and gnathostomes.

Differences in ednr expression reveals flexibility in the timing and extent of ednr

transcription in NCC

While P. marinus and gnathostomes express their ednra and ednrb paralogs similarly, there are
some clear differences (see Tab. 1). For one, lamprey ednra is restricted to NCCs in the head, while
zebrafish (Nair et al., 2007), X. laevis, chicken (Nataf et al., 1998), and possibly mouse (Yanagisawa et
al., 1998) all express ednra in trunk NCCs. Furthermore, while zebrafish (Nair et al., 2007), Xenopus, and
mouse (Clouthier et al., 1998; Yanagisawa et al., 1998) express ednra in some migrating NCCs, lamprey
and chicken (Nataf et al., 1998) do not express ednra in NCCs until they have reached their destinations.
Whether these differences reflect an expansion of the ancestral ednra expression pattern in gnathostomes,
or a restriction of ednra to post-migratory cranial NCC in lamprey and chicken is unclear.

P. marinus expresses ednrb more broadly in NCCs than any gnathostome, with strong expression
apparent in the peripheral nervous system, pigment cells, and all skeletogenic NCCs during and briefly
after migration. By contrast, Zebrafish (Arduini et al., 2009; Lister et al., 2006) and mouse (RM et al.,
2006; Shin et al., 1999) restrict ednrb-type expression to pigment cells and peripheral nervous system
derivatives, though early zebrafish ednrbb expression has not been well-described, leaving open the

possibility of more widespread ednrb expression in this species. X. laevis expresses ednrb-type receptors
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in pigment cells, peripheral nervous system derivatives, and a minor subset of post-migratory
skeletogenic NCCs. As in lamprey, avian ednrb1 (Nataf et al., 1996; Pla and Larue, 2003) appears to

broadly mark early migratory cranial NCCs, although it is unclear if this expression persists after those

cells reach the pharynx. Based on these comparisons, we speculate that lamprey-like ednrb expression in

all, or most, migrating NCC represents the ancestral vertebrate state, with the loss of some expression

domains occurring after duplication of ednrb in the gnathostome lineage.

Tab. 1 A summary of ednr subfunctionalization in vertebrates.

. Post- Migrat .
Migratory, migrO:tory, tru:wgkr ?\l(():rés _Post- Hefirt (post- M |grat_ory and
pre-skeletal migratory migratory post-migratory
NCCs Pre-skeletal (non- DRGs NCCs?) melanophores
NCCs melanophores) ' P
Sea lamprey ednrb ednrb, ednra ednrb ednrb ednra ednrb
ednral + ednrb1(Arduini ednrb1(Arduini
Zebrafish ednral(Nair et ednra2(Nair et ednral(Nair et etal., 2009; ednra(Nair et etal., 2009;
al., 2007) al.. 2007) al., 2007) Lister et al., al., 2007) Lister et al.,
B 2006) 2006)
Xenopus ednra edn_ra + ednrbl ednra ednrb2 ednra ednrb2
laevis (minor subset)
ednrbl(Nataf
Chick/auail ednrb1(Nataf ednra(Natafet  ednrbl(Natafet  etal.,, 1996) + ednra(Natafet  ednrb2(Lecoin
q et al., 1996) al., 1998) al., 1996) ednrb2(Lecoin al., 1998) et al., 1998)
et al., 1998)
ednra(?)(Yanagi
dnra(Clouthi dnra(Clouthi tal., dnra(Clouthi
ednra(Clou |.e ednra(Clou |.e sawaessa ednrb1(RM et ednra(Clou |-e ednrb1(RM et
retal., 1998; retal., 1998; 1998) + . retal., 1998; .
Mouse . . al., 2006; Shin . al., 2006; Shin
Yanagisawa et  Yanagisawa et ednrb1(RM et et al., 1999) Yanagisawa et et al,, 1999)
al., 1998) al., 1998) al., 2006; Shin h al., 1998) h
etal., 1999)

Tab. 1 note: Genes are separated by commas to indicate a temporal change, while
a + sign indicates they are coexpressed. For X. laevis, “ednra” indicates that both
the “-a” and “-b” copies are coexpressed. All zebrafish duplicates are listed by
their specific name. Mouse ednrb is referred to here as ednrbl since it is an
ednrbl gene (see fig S3). DRGs, dorsal root ganglia; NCCs, neural crest cells.

ednrb duplicates in X. laevis highlight divergent subfunctionalization in different

gnathostome lineages

Recent phylogenetic analysis suggests that ednrb was duplicated in stem gnathostomes, giving

rise to ednrbl and ednrb2 (Braasch and Schartl, 2014). Most modern gnathostomes retain both duplicates,
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with the exception of zebrafish and therian mammals, which have both lost ednrb2 (Braasch and Schartl,
2014). In X. laevis, ednrb2 is expressed in pigment cells, while ednrbl is only expressed in the eye, and a
small population of post-migratory NCCs in the intermediate domain of the PAs, reminiscent of dIx4
(Square et al., 2015a). In quail and chicken embryos, ednrb2 is also expressed in pigment cells. However,
unlike X. laevis, both avian ednrb receptors are expressed in dorsal root ganglia and Schwann cells,
though at different times (Lecoin et al., 1998; Nataf et al., 1996). Interestingly, both mouse and zebrafish
appear to have compensated for the loss of ednrb2 by expressing ednrbl in NCC-derived pigment cells
(Arduini et al., 2009; Lister et al., 2006; RM et al., 2006; Shin et al., 1999), an expression domain not
seen in any other gnathostome examined to date. The differential ligand binding properties of ednrbl
(Yanagisawa, 1994) and ednrb2 (Karne et al., 1993) open up the possibility that these divergent
expression patterns may reflect lineage specific-differences in the migration patterns and/or fate of ednrb-

expressing NCC, in particular, pigment cells.

Endothelin receptor expression in pre-migratory neural crest supports an ancestral
function in NCC specification

Only P. marinus and X. laevis transcribe an ednr in pre-migratory NCC in a pattern reminiscent
of neural crest specifiers such as Sox9/SoxE2 and FoxD3/FoxD-A (Bonano et al., 2008; Sauka-Spengler et
al., 2007). Work in X. laevis suggests a role for early Ednra signaling in the maintenance of NCC identity
and regulation of neural crest specifiers (Bonano et al., 2008). In P. marinus, ednrb rather than ednra is
expressed broadly in premigratory NCC (Fig. 2H), however it is unknown if it performs a similar

function.

Similar expression domains support shared function of some lamprey and gnathostome
Endothelin ligands

Despite poor sequence similarity, gene expression patterns lend support to shared functions of
some lamprey and gnathostome Endothelin ligands. Specifically, gnathostome ednl and lamprey ednA
have similar expression patterns around the future mouth, pharynx, and in the presumptive nasal
epithelium (Kuratani et al., 2001) (Fig. 5; arrows in Fig. 5B and F), while gnathostome edn3 and lamprey
ednE have broadly similar expression in domains populated by ednrb-expressing melanophores (Fig. 6).
While these similarities may be due to the direct orthology of these genes, it could also be due to similar
regulatory subfunctionalization of non-orthologous Edns produced by duplications before or after the
gnathostome/agnathan split. Such convergent subfunctionalization could have been facilitated by the

organization of the ancestral Edn cis-regulatory landscape.
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Fig. 5. Lamprey ednA expression is reminiscent of gnathostome ednl expression, despite low
support for strict orthology. Oral/anterior views in A, B, C’, E, F, and H. Left lateral views in
C, D, G, and I. Developmental stage(Nieuwkoop and Faber, 1956; Tahara, 1988) for each
specimen is indicated in the bottom right corner of a panel. (A-D) X. laevis expression of ednl-b
from stage 19 to 33. Dotted outline in A surrounds the cement gland. Arrows in B indicate
expression in ectoderm which will eventually contribute to the nostrils (E-1) P. marinus
expression of ednA from stage 22.5 to 26.5. Arrows in F indicate expression in ectoderm which
will eventually move rostrally to cover the nasohypophyseal plate, contributing to the future
medial nostril. In a similar sequence, both genes are expressed in bilateral patches above the
future mouth, surrounding the nasal placodes/nasohypophyseal plate, in pharyngeal arch
mesoderm and ectoderm, and just below the stomodeum. All scale bars represent 100 um. cg,
cement gland; nhp, nasohypophyseal plate; np nasal placode; st, stomodeum.
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Fig. 6. Lamprey ednE and gnathostome edn3 expression patterns both predict
neural crest-derived melanophore migration routes. All panels show left
lateral views. Developmental stage (Nieuwkoop and Faber, 1956; Tahara, 1988)
for each specimen is indicated in the bottom right corner of each panel. ISH

panels (A-F) are labeled with the targeted gene transcript in the top right corner.
Arrowheads in C and D mark regions where edn3-a (C) or ednk (D) are
expressed. Arrowheads in E and F indicate cells expressing ednrb2-a (E) and
ednrb (F). Panels G and H show light microscopy photos of larval X. laevis (G)
and P. marinus (H). Arrowheads in G and H indicate areas where pigment cells
migrated. All scale bars represent 100 um.
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Phylogenetic analysis suggests a fourth Endothelin ligand gene, edn4, was lost in lobe-finned
fish; its embryonic expression pattern has not been described. It is possible one of the other lamprey edns
is an edn4 ortholog. Embryonic edn2 expression is only known in X. laevis (this work), and does not
strongly resemble any of the lamprey edns alone (save the dorsal pharyngeal expression found in most
lamprey edns). Further analyses of edn2 and edn4 may resolve these apparent discrepancies.

Differences in ednl/ednA expression correlate with differences in gnathostome and
agnathan head skeleton patterning

While ednl and ednA have broadly similar expression patterns, there are some clear differences.
In gnathostomes, ednl is expressed in the ectoderm, mesoderm, and endoderm of the ventralmost
pharynx, where it acts through Ednra to drive expression of the ventral specifier genes hand1 and dIx5/6
(Clouthier et al., 2010; Clouthier et al., 1998; Miller et al., 2000; Nair et al., 2007; Sato et al., 2008b). In
lamprey, ednA transcripts are restricted to the pharyngeal mesoderm and ectoderm in the dorsal-
intermediate domain of the pharynx. Unlike gnathostomes, this expression does not abut hand-expressing
NCC in ventral pharynx (Cerny et al., 2010) (Fig. 1). The significance of this positional difference in
ednA and ednl is unclear, though it is tempting to speculate that it may relate to differences in the dorso-
ventral patterning of the pharyngeal skeleton between these groups, namely the pronounced asymmetry in

gnathostome PAs as compared to lamprey.

Conclusions

To our knowledge, lamprey has the most edn ligands expressed during early development of any
vertebrate. This could be the result of cyclostome- or lamprey-specific duplications, and/or the loss of edn
ligand genes in gnathostomes. Regardless, the presence of multiple edns and ednrs in P. marinus strongly
suggests that sophisticated Endothelin signaling in NCCs predates the split between modern jawed and
jawless vertebrates. Given the essential involvement of these pathways in NCC guidance and
differentiation, we posit that Endothelin receptor duplication and subfunctionalization played a role in the
evolution of the multipotent and highly patterned NCC of modern vertebrates. New methods for high-
efficiency mutagenesis (Square et al., 2015b) in lamprey should allow us to better deduce the ancestral

roles of Edn signaling in vertebrates and test this hypothesis.
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CHAPTER V: CRISPR-mediated mutagenesis in the sea

lamprey

Introduction

The first vertebrates had simple cartilaginous head skeletons that lacked proper joints. Today,
only two groups of jawless (agnathan) vertebrates survive: lampreys and hagfish. Comparisons between
lamprey, hagfish, and jawed vertebrates (gnathostomes) have been used for over a century to identify
ancestral vertebrate features and deduce potential gnathostome novelties. However, due to the
inaccessibility of hagfish, which live and spawn on the ocean floor (Ota et al., 2007), most studies of
agnathan biology have focused on lampreys. Work on lamprey embryos, larvae, and adults have provided
important insights into the evolution of key vertebrate features including the adaptive immune system
(Pancer et al., 2004), the endocrine system (Sower et al., 2009), regenerative capacity (Smith et al., 2011),
the head skeleton (McCauley and Bronner-Fraser, 2006) and large-scale gene duplications (Smith et al.,
2013). There is also high interest in understanding lamprey biology to support efforts to conserve native
lamprey species, and control invasive lampreys (Close et al., 2010; reviewed by Sower, 2003).

Among lamprey species, the sea lamprey, Petromyzon marinus, has been used extensively to
study the evolution of vertebrate development (Beamish, 1980; McCauley and Kuratani, 2008; Piavis,
1971). Several features make the sea lamprey particularly well-suited for such work. During their summer
spawning season, large numbers of sexually mature adults can be trapped in shallow freshwater streams.
Ripe, captured females can be held and manually stripped of tens of thousands of eggs over the course of
several days (Nikitina et al., 2009). Once fertilized, lamprey embryos develop slower than most
gnathostomes, allowing for fine-grained staging. Lamprey embryos are also similar in size to amphibian
embryos, making them amenable to microsurgical grafting, vital dye labeling, and microinjection.
Lamprey embryos have been injected with both synthetic mMRNA and DNA to achieve gain-of-function
phenotypes and analyze cis-regulatory sequences (Parker et al., 2014; Sauka-Spengler et al., 2007).
Translation-blocking morpholinated anti-sense oligonucleotides (morpholinos) have also been used to test
the function of genes involved in early developmental process, like neural crest specification (McCauley
and Bronner-Fraser, 2006; Sauka-Spengler et al., 2007). However, morpholino-mediated gene
knockdown is not a permanent perturbation in any organism, making analyses of later developmental
functions difficult. This difficulty is pronounced in lampreys given their relatively long developmental
time compared to other model vertebrates (~4 days until gastrulation, ~6 days until neural crest

migration). Furthermore, the effectiveness of different morpholinos can vary dramatically in lamprey,
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with a large proportion producing no effect or early embryonic death (Lakiza et al., 2011; Nikitina et al.,
2011; Sauka-Spengler et al., 2007)(unpublished results).

The CRISPR/Cas system is a bacterial immune response mechanism that targets and degrades
foreign DNA (Barrangou et al., 2007). Bacteria deploying CRISPR/Cas transcribe RNAs from genomic
regions called ‘clustered regularly interspaced short palindromic repeats’ (CRISPRs), some segments of
which correspond to sequences present in pathogenic bacterial viruses. Upon infection, these small RNAs
direct sequence-specific cleavage of the viral genome by the CRISPR-associated nuclease Cas9. The
specificity of the CRISPR/Cas mechanism has made it a powerful tool for targeted mutagenesis of
eukaryotic genomes (Mali et al., 2013). To do this, a synthetic RNA called a ‘guide RNA’ (JRNA) is
designed against a target sequence in the host genome immediately upstream of an endogenous
protospacer-adjacent motif (PAM; 5° NGG 3”). The gRNA is then introduced into the cell together with
Cas9 mRNA or protein, allowing the Cas9 protein and gRNA to form a complex that finds and cuts the
target sequence. Once cleaved by the gRNA-guided Cas9 enzyme, the DNA is repaired by endogenous
repair mechanisms, leading to deletions and/or insertions via non-homologous end joining. CRISPR/Cas9
mutagenesis has been successfully applied to several traditional developmental model organisms,
including Drosophila melanogaster (Bassett et al., 2013), Mus musculus (Wang et al., 2013), Danio rerio
(Hwang et al., 2013), Xenopus tropicalis (Guo et al., 2014; Nakayama et al., 2013), nematodes (Lo et al.,
2013), sea anemone (Ikmi et al., 2014), and seed plants (Belhaj et al., 2013). Though versatile,
CRISPR/Cas9-mediated mutagenesis is not equally efficient in all organisms. Not surprisingly, model
vertebrates such as zebrafish and Xenopus tropicalis seem to require different concentrations of mMRNA
and gRNA for efficient FO gene knockdown (Jao et al., 2013; Guo et al., 2014).

In hopes of improving the tractability of the sea lamprey for developmental genetic studies, we
tested the efficacy of the CRISPR/Cas9 system in sea lamprey embryos and larvae. As a proof-of-
principle, we targeted two genes with easily scored knock-down phenotypes, but different levels of
pleiotropy: Tyrosinase (Tyr) and FGF8/17/18. Tyrosinase is an enzyme needed for melanin synthesis in
all vertebrates. Successful mutagenesis of the lamprey Tyr gene should reduce pigmentation, but have no
other effects on development. In contrast, gene expression and pharmacological inhibition have shown
that the FGF8/17/18 gene family is involved in several conserved developmental processes including
mesoderm specification, somitogenesis, CNS patterning, pharyngeal segmentation, and skeletal
differentiation (Abzhanov and Tabin, 2004; Jandzik et al., 2014a; Mason et al., 2000; Reifers et al., 1998;
Sun et al., 1999). Depending on the timing and penetrance of CRISPR/Cas9-mediated mutagenesis in
lamprey embryos, we expected mutation of the single lamprey FGF8/17/18 homolog to produce a range

of phenotypes mimicking the effects of pharmacological FGF signaling inhibition. We found that
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CRISPR/Cas9-mediated mutagenesis of both genes was highly effective, validating the method in this

evolutionarily informative species.
Materials and Methods

Lamprey spawning and husbandry

Adult spawning phase Petromyzon marinus were supplied by Hammond Bay Biological Station
(Millersburg, MI) in spring and kept in holding tanks until fully ripened. Eggs and sperm were stripped
manually from ripe adults (Nikitina et al., 2009). For Tyr and Fgf8/17/18 gRNA injections, 6 and 7
different females (respectively) were used during 8 and 10 different fertilization events (respectively).
Sperm from 2-4 males was typically combined per fertilization event, though some fertilization events
had a single sire. Embryos and larvae were kept at 17-18°C either in a closed, recirculating system, or in
single 0.5-1L dishes containing deionized water supplemented with 400-600 ppm artificial sea salt. Water
was changed as necessary, and dead embryos were removed from each dish every day to prevent
contamination. Staging was performed according to Tahara (Tahara, 1988). Injected embryos (including
negative controls) typically exhibited a slight developmental delay; to account for this delay, all staging
was performed based on morphological landmarks of unaffected embryos rather than actual age (usually

resulting in a 0.5-1 day delay in fixation compared to WT siblings).

Identification and cloning of P. marinus Tyrosinase

Using gnathostome Tyrosinase protein sequences as a query, we searched the March 2007 P.
marinus genome assembly for a Tyrosinase homolog (Smith et al., 2013). We identified four putative Tyr
exons on contig 46507, amplified one of these via PCR, and ligated it into the pJet1.2 vector (Thermo
Fisher Scientific, Waltham, Massachusetts). Orthology of the protein encoded by this exon to
gnathostome Tyrosinase was confirmed by alignment and phylogenetic analysis using the Maximum
Likelihood method in the software package MEGA6 (Tamura et al., 2013) (Fig. S1). The corresponding

sequence was deposited to GenBank (accession number KR150760).

RNA design and synthesis

Human codon-optimized Streptococcus pyogenes Cas9 mRNA (Cong et al., 2013) was
transcribed as previously described (Guo et al., 2014). After digestion with DNAse, unincorporated
nucleotides were removed using a Sephadex G-50 column (GE healthcare, Wauwatosa, Wisconsin). The
mRNA was further purified by phenol/chloroform extraction and precipitation per standard procedures.

Precipitated mMRNA was resuspended in RNAse-free water for injection.
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CRISPR/Cas9 target sites with the sequence 5 “GG(18N)NGG” 3’ were chosen based on three
criteria: 1) 50-80% GC content, 2) maximal proximity to the presumptive start codon, and 3) no off-target
matches to the known P. marinus genome or EST databases showing more than 80% similarity by
BLAST, or with less than 3 mismatches in the 10 bases proximal to the PAM sequence. The sequences of
all target sites can be found in Tab. S1 within (Square et al., 2015b). Complementary oligonucleotides
(Life Technologies, Carlsbad, California) corresponding to the selected genomic target sequences and
containing 4 nt overhangs were annealed, phosphorylated in vitro, then ligated into the Bsal-digested
DR274 plasmid (Hwang et al., 2013). gRNAs were produced as previously described (Blitz et al., 2013)
using full or half-sized reactions of the T7 High Yield Kit (New England Biolabs, Ipswich,
Massachusetts). gRNAs were purified for injection as described above for Cas9 mRNA. Two target sites

within the same exon were chosen per targeted gene.

Preparation of Protein

Cas9 protein was purchased from PNA Bio Inc. (Thousand Oaks, CA). Cas9 protein was
resuspended per the manufacturer’s instructions, aliquoted, and stored at -70° C. 1 pug of Cas9 protein was
incubated with 400 ng of gRNA (a 1:2.5 ratio by mass) for 10 minutes on ice, then brought up to 5 ul with
LRD and H,O for injection (see below).

Microinjection

Microinjections were performed in embryo system water in a room kept at 19°C-20°C. Embryos
were injected at the 1-2 cell stage with approximately 5nL of injection solution containing 500 or 1000 pg
Cas9 mRNA, 400 or 800 pg gRNA, and 10% lysinated rhodamine dextran (LRD). For injections with
Cas9 protein we used 400 Tyr gRNA 2 plus 1000 pg of Cas9 protein. For some injections, 125 pg GFP
MRNA was included to test for degradation of injected RNAs. Embryos were sorted by fluorescence at

stage 21-26, and LRD-negative embryos were discarded.

Phenotypic analyses of mutant embryos and larvae

To assess the efficiency of Tyr mutagenesis, we fixed Tyr gRNA + Cas9 mRNA/Cas9 protein -
injected lamprey larvae at stage 30 (approximately 30 days post-fertilization). Larvae were compared to
wildtype siblings and scored as having: 1) wildtype pigmentation, 2) <50% pigment reduction, 3) 50 to
90% pigment reduction, or 4) 90% to 100% pigment reduction. FGF8/17/18 gRNA + Cas9 mRNA-
injected larvae were fixed when their injected, unaffected siblings reached st. 23.5 or st. 26.5 and scored
for gross morphology. Phenotypic scoring for head size (by total estimated volume) was split into 5
mutant classes, as follows: 1) no or almost no head; only a small bump is visible, 2) head is highly
reduced with no discernable morphological landmarks 3) head is 50-75% of its normal volume, with
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visible (but reduced) first stream neural crest mesenchyme, 4) Head is slightly reduced in volume, with
most head characters discernable, though the upper lip is usually truncated, 5) appears grossly wildtype.
Changes in the expression of Eng, Ednra, SoxE1, and Mef2 were visualized by in situ hybridization. It
should be noted that there was some variability in the severity and frequency of non-specific defects
between injection batches due to differences in how eggs from different females tolerated injection.
Females with particularly robust eggs showed survivorship, and frequencies of development delay and
deformity identical to uninjected wildtype embryos. In contrast, females with sensitive eggs showed a
higher percentage of death and non-specific defects upon injection compared to their wildtype siblings.
Such variation is not unexpected, given the genetic and environmental variation inherent in wild

populations, and is effectively mitigated by injecting each gRNA into two or more females per season.

Genotyping

To confirm mutagenesis, we isolated genomic DNA from gRNA + Cas9 mRNA-injected
embryos and larvae per standard methods. The target loci were amplified via PCR and ligated into the
pJetl.2 vector. All genotyping primer sequences can be found in Tab. S1 within (Square et al., 2015b).
After transformation and plating per standard methods, single clones were amplified, purified, and

sequenced.

In situ hybridizations

Riboprobe templates were amplified via PCR using primers incorporating an SP6 RNA
polymerase site. Riboprobes were then synthesized with SP6 RNA polymerase, and in situ hybridizations
were carried out as previously described (Cerny et al., 2010). In situ hybridizations were performed in
parallel on wildtype embryos and larvae to normalize signal development times. Stage 25+ larvae probed
for Tyr expression were bleached in 1X SSC/5% formamide/1% H202 to allow for visualization of signal

in pigmented cells.
Results

Tyrosinase expression

Lamprey possesses neural crest-derived melanocytes that emerge from the dorsal neural tube
around st. 25.5. The lamprey eye begins depositing melanin as the larva approaches stage 27. At stage
26.5 we observed Tyr mRNA expression in presumptive neural crest-derived melanocytes, and in the eye,

presaging melanin deposition in the retina (Fig. 1A and B).
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TyrISH - st. 26.5

Tyr CRISPR/Cas9-mediated mutants

Tyr mutant

Fig. 1. Tyrosinase expression and disruption via CRISPR/Cas9. Lateral
views with anterior to left in all panels. (A) A st. 26.5 larva showing
expression in neural crest-derived melanocytes near the pharynx, and retinal
expression in the presumptive eye (arrow). (B) Lateral flank view of a st. 26.5
larva showing neural crest-derived melanocytes in the dorsal neural tube and
on the dorsal surface of the yolk. (C) Brightfield and (C’) red channel
fluorescence images showing the absence of pigment cells in an embryo that is
positive for the LRD lineage tracer. (D-G) Example larvae of each mutant
class at st. 30. Pharyngeal arches are labeled by number (1-9); e, eye; he, heart;
mo, mouth.
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Optimization of Tyrosinase mutagenesis

We synthesized two different gRNAs targeting an exon of lamprey Tyrosinase homologous to
exon 1 of human Tyrosinase. We then co-injected 500 pg of Cas9 with 200pg Tyr gRNA 1 and 200pg Tyr
gRNA 2, as described for Xenopus tropicalis (Guo et al., 2014). Using these quantities, 37% of larvae
displayed an obvious reduction in pigmentation of 10% or more. We then increased the amount of Cas9
mRNA to 1 ng and the amount of gRNA to 400 pg Tyr gRNA 1 and 400 pg Tyr gRNA 2. While the
occurrence of albino or nearly albino larvae was highest with this treatment (59%), we also observed a
severe developmental delay or abnormal morphology in 24% of the larvae. We then injected individuals
with the same amount of Cas9 mRNA (1 ng), but reduced the gRNA concentration to that of the initial
trial (400 pg). This treatment produced a high frequency of albino/nearly albino (21%) and partially
pigmented (44%) larvae, and reduced larval deformity to the level typical for healthy uninjected controls
(~5-8%) (Tab. 1; See Fig. 1D-G for scoring examples). After determining the highest-tolerated RNA
quantities for injection, we sought to test the relative effectiveness of the two Tyr gRNAs. To do this we
injected zygotes from a single fertilization event with 400 pg of each gRNA singly, along with 1 ng Cas9
MRNA to directly compare the efficiency of each gRNA (g1 n=58, g2 n=66). After scoring, a Wilcoxon
Rank-Sum test was performed to test for differences in the ability of each of these gRNAs to produce a
mutant phenotype; this resulted in a p-value of 0.7865, indicating that their activity is very similar. Prior

to scoring, deformed embryos were removed from this experiment only.

Table 1. Mutagenesis Efficiency Vs. Deformities of Tyr gRNA and Cas9 Mixtures

0-10% >10-50%  >50-90% >90% Total
Injection mix affected affected affected affected deformed
500 pg Cas9 mRNA, 400 pg
66% 14% 13% 7% 5%
gRNA 1+2 (n=226)
1 ng Cas9 mRNA, 400 pg gRNA
35% 24% 20% 21% 6%
2 (n=231)
1 ng Cas9 mRNA, 800 pg gRNA
16% 13% 12% 59% 24%
1+2 (n=301)
1 ng Cas9 mRNA, 400 pg
) 100% 0% 0% 0% 6%
negative control gRNA (n=218)
1 ng Cas9 protein, 400 pg gRNA 2
0% 0% 1% 99% 12%

(n=174)
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To verify disruption of the Tyr locus, two nearly-albino individuals injected with Tyr gRNA 1 and
two nearly albino embryos injected with Tyr gRNA 2 were pooled and genotyped. Of the 7 unique alleles
observed, one was wild type, five contained a deletion, and one contained both a deletion and an insertion
(Fig. S2A). To look for a correlation between the prevalence of mutant alleles and the phenotype
generated, we genotyped an LRD positive individual from each of the 4 mutant categories (Fig. 2). We
found that the individual that appeared to have a WT level of pigmentation (but was LRD positive)
displayed 0/14 mutated sequences, the individual showing ~25% reduction in pigmentation had 5/13
mutant alleles (2 of which were frameshifts), the individual with ~75% reduction in pigmentation showed
9/10 mutant alleles (5 of which were frameshifts) and the completely albino individual showed 13/13
mutant alleles (9 of which were frameshifts).

Recently, Cas9 protein has become commercially available. To test if an injection solution using
Cas9 protein instead of mMRNA is capable of generating a higher frequency of mutant lamprey, we
injected 400 pg of Tyr gRNA 2 in combination with 1 ng of Cas9 protein. This resulted in an astounding
99% completely albino individuals (173/174), but a higher level (12%) of developmentally perturbed
lamprey (21/174).

Mutagenesis of FGF8/17/18

As with Tyrosinase, we found that injection of 1 ng Cas9 mRNA and 800 pg FGF8/17/18 gRNA
caused high mortality. However, at lower RNA concentrations (500 pg Cas9 mRNA, 400 pg total gRNA),
survivorship was similar to that of uninjected sibling controls, and surviving embryos displayed
phenotypes consistent with FGF8/17/18 loss-of-function (Jandzik et al., 2014a; Reifers et al., 1998)
(Crump et al., 2004b). The earliest and most common mutant phenotype was a reduction in head size
(Tab. 2; Fig. 3). This effect was observed at a high frequency in embryos injected with Cas9 mRNA and
either FGF8/17/18 gRNA alone, or in combination (FGF8/17/18 gRNA 1+ gRNA 2). A Wilcoxon Rank-
Sum test revealed that these gRNAs do differ significantly in their ability to produce a mutant phenotype
(91 n=170, g2 n=224; p-value=0.0108). Mutant scores for each gRNA can be seen separately in Tab. 2.
To verify that animals displaying these phenotypes were alive and injected rather than exhibiting
autofluorescence due to cell death, we documented the relative brightness on both GFP and LRD
absorption channels. Dead embryos fluoresced more strongly on the GFP channel than injected embryos,
whereas they fluoresced less strongly on the LRD channel (Fig. S3). This supports the idea that these

strong, consistent phenotypes observed are due to actual genetic perturbations rather than a
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Tyr g1 + Cas9 mRNA injected larvae

CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCT! TCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGC——————————————————————————— GAACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTG -~~~ === === == === — e TCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCG---GCGAACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCGT ~——~— ===~ GGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC

CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCGTCG-~-~AACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC

CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCANICETCEECEARCTIGETETCEAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCAGAATAGAAGGGGC! R e o 2 st i Yo o A B B e B X s S0 0 0 B o O 0 o 0 S O TGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTG——————— GCGAALLlhbthLLAAGALLththLLLLLELGGLCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGC-———~~ --CCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTC—————~ GAALLththLLAAGALLLELIhLLLLLLthhLLthLbALthLLLL
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCG-~~-GCGAACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCGT ————————————~—| GTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC

CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCGTG~~~GAACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCGTGT-CGAACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCGTGTG ~————~~========= ATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC

CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCA_AAGA1 CTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCECCGT G = = == = = = e e e e e e e e e e m e m e e GCCCGGCGACGGCTCTC
CCCCCCGCCCTCGCETAGCGCAGT mm == mrrromom s s e s s o o st s s e o o e GTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCC———————— GAACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCCCCGCCCCGCGTAGCGCAGTTCCCCCGAGCCTG-—~—=========——==—=— GTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTG————— ~GCGAACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCAC -~~~ —— === ===/ TTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
GGCGAACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC

CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTC— == == ===~ TTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCG————=—, AACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC
CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCTGCACCTCGTGT-CGAACTTGGTGTCCAAGATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC

CCGCCGCCGTGCGTAGCGCAGTTCCCCCGAGCCGTGCGTAGCGCAGTTCCCCCGAGCC~~—~~ ATCTGCTGCCCTCCGTGGCCCGGCGACGGCTCTC

Fig. 2. Genotyped Tyr loci of injected individuals. All sequences show the
non-template strand in 5’ to 3’ orientation with respect to the Tyr gene. The
target sequence and PAM are shown in orange and red, respectively, in the wt
sequence. Deletions relative to wt are shown as red dashes, while
polymorphisms and insertions are shown as red letters (despite some inserted
letters matching the wt sequence). All inferred insertions are stacked on the
left side of the deletion region. (A) Sequencing of an injected, LRD positive
individual showing no reduction in pigmentation returned 14/14 wt sequences.
(B) Sequencing of a Tyr mutant displaying ~25% pigmentation reduction
returned 5/13 mutated sequences, 2 of which were frameshifts. (C) Sequencing
of a Tyr mutant displaying ~75% pigmentation reduction returned 9/10
mutated sequences, 5 of which were frameshifts. (D) Sequencing of a
completely albino individual returned 13/13 mutated sequences, 10 of which
were frameshifts.
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Mutant class
1 2 3 4 5 (wt)

500 pg Cas9 mRNA + 200 pg each of 2 FGF8/17/18 gRNAs

=}

(wt autofluorescence)

Fig. 3. Mutant classes used for phenotypic analysis of FGF8/17/18
CRISPR/Cas9-mediated mutants. (A) brightfeild image of sibling lamprey
embryos. The leftmost four were injected with 500 pg Cas9 mRNA and 200 pg
each of 2 FGF8/17/18 gRNAs. The rightmost animal is uninjected. (B) Red
channel fluorescence showing LRD deposition in embryos. Mutant class is
indicated at the top of the figure; see Tab. 2 for information on the distribution
of observed mutant classes in FGF8/17/18 experiments.
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Table 2: Phenotypes of FGF8/17/18 gRNA and Cas9-injected larvae

Mutant class 1 2 3 4 5 (wt)
gRNA 1 total % per mutant class (n = 170) 95% 17% 24.6% 21.1% 27.8%
gRNA 2 total % per mutant class (n = 224) 6.7% 143% 18.8% 25.4% 34.8%
Eng ISH (totals per mutant class) 3 7 7 7 3
# with completely absent Eng expression 3 7 2 0 0
# with reduced or unilateral Eng expression 0 0 4 3 0
# with WT Eng expression 0 0 1 4 3

termination of development. We further analyzed FGF8/17/18 gRNA + Cas9 mRNA-injected embryos
and larvae for changes in gene expression by in situ hybridization (Figs. 4 and 5). We examined three
genes known to be dependent on FGF signaling in lamprey and gnathostomes: Engrailed (Eng), which is
expressed in the midbrain-hindbrain boundary (Reifers et al., 1998), Ednra, an Endothelin receptor
expressed in post-migratory neural crest cells (Jandzik et al., 2014a), and SoxE1, a sox9 ortholog that
marks pre-chondrocytes (Jandzik et al., 2014a; McCauley and Bronner-Fraser, 2006). We also looked at
the expression of Mef2, a marker of formed somites and pharyngeal mesoderm, to monitor somitogenesis
and pharyngeal segmentation (Jandzik et al., 2014a). Consistent with previous reports, expression of
Engrailed (Fig. 4), Ednra (not shown), and SoxE1 (Fig. 5A-D) was lost or reduced in presumptive
FGF8/17/18 mutants, while Mef2 expression revealed a loss of somites and disruptions in somite
patterning, as seen in the zebrafish FGF8 mutant acerebellar (Reifers et al., 1998) (Fig. 5E-K). Mef2,
Ednra, and SoxE1 expression in the pharyngeal arches also revealed a loss of pharyngeal segmentation, a
consequence of FGF8/17/18 loss-of-function in both gnathostomes and lamprey (Jandzik et al., 2014a;
Reifers et al., 1998) (Crump et al., 2004b). Occasionally these disruptions were unilateral, presumably
resulting from localization of the injection solution to a one of two blastomeres when injections were
performed at mid-cleavage (e.g. Fig. 4E). We also assayed HhA expression, a lamprey ortholog of sonic
hedgehog, which is a marker of the zona limitans intrathalamica (ZLI) within the forebrain. As expected,
HhA expression in this signaling center was unaffected in FGF8/17/18 mutant larvae, indicating that loss
of Eng expression reflects a specific loss of FGF8/17/18 in the midbrain-hindbrain boundary, rather than a
non-specific disruption of neural patterning (Fig. 5L and M).

To verify disruption of the FGF8/17/18 locus in putative mutants, two embryos with reduced
heads (mutant class 3) that were injected with Cas9 mMRNA + FGF8/17/18 gRNA 1 alone, and two
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Engrailed ISH

dorsal lateral

reduced wit

unilateral
disruption

absent

Fig. 4. Engrailed ISH on FGF8/17/18 CRISPR/Cas9-mediated mutants at
stage 23. Anterior to left in all panels except G, where anterior is to right. (A
and B) wt Eng expression in the midbrain-hindbrain boundary of a control
embryo. (C-1) Eng expression in FGF8/17/18 CRISPR/Cas9-mediated
mutants. Reduction (C and D), unilateral disruptions (E-G), and total absence
(H and 1) of Eng expression were all observed (see Tab. 2 for counts). Dotted
line in (E) indicates the dorsal midline. st, stomodeum.
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SoxE1 ISH

Fig. 5. SoxE1, Mef2, and HhA ISH on FGF8/17/18 CRISPR/Cas9-
mediated mutants. Anterior to left in all panels except H, where anterior is to
right. (A-D) SoxE1 ISH on wt (A and B) and FGF8/17/18 CRISPR/Cas9-
mediated mutant larvae. (B) A unilateral disruption of FGF8/17/18 resulted in
the loss of SOXE1 expression in the posteriormost 6 pharyngeal arches (white
stars). (E-K) Mef2 ISH on wt (A) and FGF8/17/18 CRISPR/Cas9-mediated
mutants (F-K). (F) Some highly affected mutant larvae showed a complete loss
of pharyngeal arch SoxE1 expression (white stars). (G and H) Some
moderately affected mutant larvae showed a unilateral disruption of Mef2
expression in pharyngeal pouch mesoderm (white stars in H). (I-K) Mef2 also
revealed somite shape and spacing, which was sometimes slightly disrupted (J)
or highly disrupted (K). (L and M) HhA ISH on wt (L) and a presumed
FGF8/17/18 CRISPR-mediated mutant larva (M); both larvae show proper
expression of HhA in the ZLI (arrow in each), indicating that this organization
center has expectedly remained unperturbed.
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embryos with reduced heads (mutant class 3) injected that were with Cas9 mRNA + FGF8/17/18 gRNA 2
alone were pooled and genotyped. Of the 12 alleles observed, 6 were wild type and 6 contained a deletion
(Fig. S2B and C).

Negative controls

To ensure that our pigment and FGF-related phenotypes were specific to these perturbations
rather than being a result of non-specific Cas9 or gRNA activity, a negative control gRNA was
synthesized against Xenopus laevis tyrosinase and injected at 400 pg per embryo with 1 ng of Cas9
MRNA (n=231). 5.6% (13/231) of these negative control lamprey showed non-specific, inconsistent
developmental defects (such as a severe delay, or bending along the antero-posterior axis), supporting the
specificity of the head-reduction phenotype of FGF8/17/18 mutants. Similarly, no control-injected
embryo showed a reduction in pigmentation, ruling out the possibility that these levels of Cas9 mRNA or

gRNA inherently disrupt melanin production.

Discussion

Sea lampreys take 7-15 years to mature, can grow to almost 1 meter long, and require large, live
prey as adults. As a result, the establishment of mutant or transgenic lines of this species is a practical
impossibility. Here we present a proof-of-principle application of CRISPR/Cas9-mediated mutagenesis in
the sea lamprey. Using our optimized parameters, we found that a majority of injected “F0” embryos
develop into complete or partial mutants with reproducible phenotypes and minimal confounding side
effects. Remarkably, this efficiency approached 100% when using purified Cas9 protein in the injection
mixture. The ability to generate large numbers of genotype-verifiable mutant FO larvae from the embryos
of wild-caught adults opens exciting new possibilities for studying the genetic bases of development in
this phylogenetically important species.

Our study suggests the sea lamprey has a combination of features that make it well-suited to
CRISPR/Cas9-based genetic manipulation. Like amphibian embryos, sea lamprey embryos are easy to
inject, and can tolerate large quantities of synthetic RNA and protein. Having more Cas9 protein and
gRNA per cell not only increases mutagenesis efficiency, but opens up the possibility of mutagenizing
multiple genes simultaneously. We also found that the nucleotide composition of the lamprey genome
makes it relatively easy to design multiple, high-quality gRNAs for a given target exon. The most
effective CRISPR gRNAs have a GC content of over 50% (Doench et al., 2014; Gagnon et al., 2014), and
all target sites must incorporate a 3° PAM signal (5° NGG 3”). Because of this, genes that are very AT
rich can lack appropriate target sites near PAM motifs. Sea lamprey exons have an average GC content of

61% (Smith et al., 2013). As a result, a typical lamprey exon will have several potential CRISPR/Cas9
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target sites near PAM signals. This permits multiple gRNAs to be designed against a single target exon
and coinjected, mitigating potential variation in the effectiveness of individual gRNAs. Having multiple
gRNAs per gene also provides opportunities to control for off-target phenotypes. For example, if two or
more different gRNAs (or gRNA cocktails) targeting the same gene have the same effect on development,
it can be safely assumed the phenotype is specific to the gene, even before genotyping.

While the lamprey genome lends itself to CRISPR/Cas9-mediated manipulations, we did
encounter some challenges with the current publicly-available assemblies. Due to large sequence gaps,
many sea lamprey genes identified as cONAs, or through transcriptome sequencing, are not present in the
current version of the genome. Because the exon structure is unknown, CRISPR target sites for these
genes run the risk of spanning exons, and thus not being contiguously represented in the genome (which
is required for recognition by the Cas9/gRNA complex). Fortunately, exon structure tends to be strongly
conserved across animals (Rogozin et al., 2003), thus the risk of spanning exons can be reduced by
focusing on evolutionarily conserved exons. The incomplete genome also makes it impossible to scan for
all potential off-targets, as is becoming standard practice for other model organisms. These issues should
be resolved with future versions of the lamprey genome assembly.

A perennial challenge for understanding the function of developmental regulatory genes is that
many are highly pleiotropic. In genetic model systems, strategies for temporally or spatially restricting
expression of Cas9 enzyme or gRNA have been proposed as a way to circumvent this problem. We
targeted the highly pleiotropic gene FGF8/17/18 to get a sense for how this issue might affect the creation
and scoring of sea lamprey mutants. We found that while a large percentage of CRISPR/Cas9-mediated
FGF8/17/18 mutants appeared to be near-complete nulls, many others had milder phenotypes consistent
with mosaics or hypomorphs, frequently displaying unilateral disruptions in FGF-dependent processes.
This difference in penetrance corresponded well to the intensity of lineage tracer fluorescence in the
mutant embryos (Fig. 3), as reported in axolotl (Flowers et al., 2014). Going forward, sorting mutants
according to lineage tracer intensity and distribution should allow workers to separate and score complete
versus partial mutant embryos. In addition, it should be possible to intentionally restrict CRISPR/Cas9
activity to particular embryonic domains by injecting single blastomeres at later cleavage stages (i.e. 8 or
16 cell stage). One strategy for this would be to inject Cas9 mRNA or protein into zygotes, followed by
gRNA injection at later cleavage stages. Though there is no modern developmental fate map for lamprey,
lamprey embryos are easy to inject, and thousands can be injected by a single worker each hour.
Coinjections of gRNA with a lineage tracer should allow selection of embryos and larvae with the gRNA

restricted to the desired tissue, facilitating the study of highly pleiotropic developmental regulators.
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In this study, a pair of gRNAs designed against FGF8/17/18 showed different levels of activity,
while the pair designed against Tyr did not. Variation in gRNA efficiency is well-documented (Hsu et al.,
2013), and likely has to do with the specific binding properties of each RNA. Individual genotyping of
Tyr mutants revealed that there was likely a correlation between the number of mutated Tyr sequences
and the level of albinism observed in a given individual (Fig. 2), though a true test of this would require
much more genotyping of many more individuals. Furthermore, Tyr disruptions using gRNA 1 yielded up
t0 99% albino individuals when used in combination with the protein (see Tab. 3), suggesting that the
targeted region of Tyrosinase is catalytically important, not requiring a frameshift to hinder melanin
synthesis. If a frameshift were required, we would at best still expect ~1/3 of all pigment cells in a given

batch of larvae to retain proper melanin deposition.
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CHAPTER VI: Beyond the jaw joint: Endothelins patterned

neural crest cells in stem vertebrates

Jawed vertebrates (gnathostomes) are the most species-rich deuterostome group and account for
~97% of all living chordate species (Nelson et al., 2016). Developmentally, the jaws form from neural
crest cells (NCCs) that migrate into the oral region (reviewed by (Santagati and Rijli, 2003)). Both
Endothelin receptor (Ednr) and ligand (Edn) loss-of-function leads to a loss of the primary jaw joint in all
gnathostomes examined to date, all of which are bony vertebrates (osteichthyans) (Alexander et al., 2011;
Charite et al., 2001; Miller et al., 2000; Miller et al., 2003; Nair et al., 2007; Sato et al., 2008b; Tavares et
al., 2012). During head skeleton development, Ednl is secreted from pharyngeal epithelia and mesoderm
and bound by the endothelin receptor Ednra, which is expressed by pre-skeletal NCCs as they invade and
proliferate in the pharynx. In zebrafish and mouse, these signals regulate the combinatorial expression of
dIx and hand transcription factors in oral region and pharyngeal arches (PAs) which, in turn, activate the
morphogenetic and differentiation programs that shape skeletal elements and position the jaw and other
joints. Specifically, Ednl signaling is needed for dix5/6 and hand expression in ventral PA NCCs, and
also dorsal to this region it similarly drives dIx5/6 expression in the intermediate PA NCCs (Alexander et
al., 2011; Charite et al., 2001; Miller et al., 2000; Miller et al., 2003; Nair et al., 2007; Sato et al., 2008b;
Tavares et al., 2012), but not the dorsalmost PA domains. Importantly, intermediate domain morphologies
and gene expression patterns have been shown to be more sensitive to Ednl or Ednra perturbations than
the ventral domains (Alexander et al., 2011; Tavares et al., 2012). In addition to oropharyngeal skeleton
patterning, Endothelin signals have multiple other early roles in NCC development. Ednra mediates the
migration and differentiation of ectomesechymal NCC in the cranial region, including precursors of the
head skeleton and heart (Bonano et al., 2008; Clouthier et al., 1998; Yanagisawa et al., 1998). Meanwhile,
Edn3 signaling through Ednrb receptors is critical for the migration, proliferation and differentiation of
NCC-derived pigment cells and certain peripheral nervous system components (Adachi et al., 1994b;
Baynash et al., 1994; Kawasaki-Nishihara et al., 2011; Krauss et al., 2014; Kusafuka and Puri, 1997;
Lahav et al., 1998; RM et al., 2006; Sakai et al., 2000; Shin et al., 1999). Gnathostome Edn2 and Edn4
have no known function in NCC development, though it has been shown that Edn2 is capable of binding
mouse and Xenopus Ednra and Ednrb-type receptors (Karne et al., 1993; Sakamoto et al., 1993).
Intriguingly, Endothelin signaling appears to be absent in invertebrates, suggesting the recruitment of this
signaling pathway by NCCs was a key factor not only in jaw evolution, but in NCC evolution overall
(Braasch and Schartl, 2014; Braasch et al., 2009; Martinez-Morales et al., 2007; Square et al., 2016a).
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To better understand when and how the various roles of Endothelin signaling in NCC
development arose, we have been analyzing the expression and function of edns and ednrs in the modern
jawless (cyclostome) vertebrate, the Sea Lamprey (Petromyzon marinus) (Square et al., 2016a).
Cyclostomes and gnathostomes diverged shortly after the appearance of vertebrates around 500-550
million years ago(Donoghue and Keating, 2014; Kuraku and Kuratani, 2006). While the gnathostome
clade contains many well-developed model systems, the only cyclostomes amenable to developmental
genetic perturbations are lampreys. While all living vertebrate lineages display some level of
specialization in development, any characters shared by lamprey and gnathostomes were likely present in
the vertebrate common ancestor (reviewed by (Square et al., 2016b)). Thus we used CRISPR/Cas9-driven
mutagenesis to disrupt both Ednrs and two Edns expressed specifically during P. marinus embryogenesis,
and generated the first completely Endothelin signaling-deficient vertebrate. To help with side-by-side
comparisons and add phylogenetic depth to our understanding of gnathostome Endothelin function, we
performed some parallel experiments in the African Clawed Frog (Xenopus laevis). Our data provide
strong support for a scenario wherein Endothelin signaling gained a new function in NCC development
early in vertebrate evolution. This cooption event was then followed by duplication and specialization of
two functionally distinct Ednr signaling pathways with separate and essential functions in the
development of ectomesenchymal (Ednra-sustaining) versus non-ectomesenchymal (Ednrb-sustaining)
NCC lineages. We posit that this early specialization was critical in initially achieving and/or maintaining
the developmental distinction between these two major NCC lineages through the selective regulation of
skeletogenic SoxE genes. Finally, we find that lamprey also uses Endothelin signaling to achieve nested
dIx expression in the pharynx, though uniquely, both lamprey Ednrs work synergistically in this process.
Furthermore, unlike zebrafish, X. laevis, and mouse, lamprey hand expression is largely unaffected by
Endothelin disruption, even when all endothelin signaling is perturbed. Based on our findings, we
speculate that new roles for Endothelins in NCCs during stem vertebrate evolution may have facilitated
finer-scale patterning and/or developmental modularity apparent in all NCCs, including head skeleton

precursors.

Cas9-driven mutagenesis of Endothelin pathway genes

To discern the functions of Edn signaling during lamprey development, we disrupted P. marinus
ednA, ednE, ednra, and ednrb using Cas9-mediated mutagenesis (Fig. 1; see methods) and analyzed
injected (FO) embryos and larvae. We targeted each gene with at least two different single guide RNAs
(sgRNAs) designed to recognize unique target loci within each coding region (see controls and methods
sections). We used this same strategy to disrupt ednl, edn3, and ednra in Xenopus laevis. Because X.

laevis has an allotetraploid genome (Session et al., 2016), it is typically necessary to target both the
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Fig. 1. Endothelin ligand and receptor mutant P. marinus. a-e, Affected individuals from each type of
gene perturbation at st. 30. All photos are left lateral views. Scale bar in A represents 0.5 mm and applies
to all panels. Targeted gene is indicated in each panel. Arrowheads in c indicate ectopic melanocytes. he,

heart; PAs, pharyngeal arches.
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“Long” and “Short” homoeologs to disrupt protein function (Wang et al., 2015); e.g. to disrupt Ednra, we
targeted both ednra.L (ednra-a) and ednra.S (ednra-b) simultaneously (see control and methods sections).
Despite the mosaic nature of the indel mutations created in these Cas9-injected FO embryos, the
consistency of the phenotypes observed and our genotyping data suggest that we regularly achieve a high
percentage of null- or near-null individuals (See Tab. S1 for phenotype frequencies).

Disruption of ednra, ednA, and ednl

In P. marinus, both ednA and ednra mutants consistently developed a heart edema starting at st.
24-25. By st. 26, the future head skeleton appeared slightly smaller and condensed. Both of these features
became more pronounced as development proceeded (Fig. S2). We presume that the presence of this heart
edema was responsible for the head skeleton being stretched ventrally. These aspects of the ednA and
ednra phenotypes were highly consistent, allowing us to track them through development and diagnose
specimens as affected for ISH, IHC, and alcian blue staining. Occasionally, the upper lip was wholly
absent in the most severely affected ednra mutants. X. laevis ednl and ednra also produced similar head
skeleton phenotypes, however this was not apparent until stage 40-41 (the beginning of cartilage
differentiation). Consistent with the larval onset of these phenotypes, we observed no downregulation or
disruption of X. laevis sox8.L or sox9.S during cranial NCC migration st. 25, nor P. marinus SoxE2 in at
st. 22 (not shown; see Tab. S2 for ISH counts).

Alcian blue staining in both species revealed that cartilages in the pre-oral region, PAL, and PA2
(the mandibular and hyoid arches) more considerably more affected in both shape and size when ednra,
ednA, or, ednl were disrupted (Fig 2a-d, Fig. 3a-c). Some small regions of cartilage, or occasionally
entire posterior elements were absent in P. marinus, though the presence of any heterotopic PA
morphologies was not clear (Fig. S1). Consistent with a reduction in chondrogenesis, we found that the P.
marinus aggrecan homologs lecticanl (Fig. S3) and lectican2 (Fig. 2e-g) exhibited diminished,
sometimes patchy expression in postmigratory pharyngeal NCC. We next looked at lamprey SoxE2 and X.
laevis s0x9.S, putative upstream regulators of chondrogenesis in lamprey and gnathostomes, respectively.
We detected reduced transcription of both genes (Fig. 2h-j and Fig. 3d and e), suggesting that Ednra
signaling is necessary for the maintenance of chondrogenic SoxE transcription in both species. Similarly,
lamprey FGFRa and FGFRb were both downregulated in ednra mutant lamprey, including both nascent
heart and PA tissues (Fig. S3). In contrast to soxE and FGFR genes, general markers of ectomesenchymal
NCC specification such as TwistA, myc, and ID, in lamprey (Fig. S3), and sox8 in X. laevis (not shown),
were expressed normally (see Tab. S2 for counts).

In addition to being hypomorphic, we also observed skeletal patterning defects in the head

skeleton of X. laevis Ednra mutants. As in other bony vertebrates, intermediate and ventral components of
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Fig. 2. Head skeleton defects in ednA and ednra mutant P. marinus. a-d, Alcian blue staining reveals
truncated or missing head skeletal elements, especially in certain PAL and PA2 derivatives (red numbers
indicate alcian-negative PAs). Scale bar in A represents 500 um and applies to b-d. e-j, ISH for SoxE2 (e-
g) and Lec2 (h-j) in ednra sgRNA-injected lampreys reveals downregulation in the PAs at st. 26.5 (white

stars). Scale bar in e represents 100 um and applies to E-1. PAs are numbered in a-d and WT ISH panels.
I, lower lip; Imp, lateral mouth plate; ul, upper lip.
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Fig. 3. Head skeleton defects in ednl.L/S and ednra.L/S mutant X. laevis. a-c, alcian blue staining
reveals truncated head skeletal elements, especially in certain PA1 and PA2 derivatives (outlined). a-c are
shown in ventral view with anterior facing upwards. Scale bar in a represents 500 um and applies to b and
c. a’ and b’ show further dissected (red dotted lines) and enlarged oral cartilages from panels a and b,
respectively, and are not shown to scale with each other. Arrowheads in a’ and b’ indicate the remaining
intramandibular joint. Arrow in a’ indicates the primary jaw joint. Stars in b’ indicate the loss of the
primary jaw joint. d-f, sox9.S (d and e), dIx3.S (f and g), and hand2.L (h and i) ISH in ednra.L/S mutants
reveals disrupted expression in post-migratory cranial NCCs (red arrowheads and white stars). PAs are
numbered in panel d. Scale bar in d represents 100 um and applies to e-i. fn, frotonasal prominence; hy,
hyoid; ir, infrorostral; mc, Meckel’s cartilage; pq, palatoquadrate.
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the pharyngeal skeleton were most affected, including a loss of the primary jaw joint, and a severe
reduction of the hyoid (Fig. 3a-c). Consistent with this, dIx3.S and hand2.L (Fig. 3 f-i) were disrupted in
~50% of randomly chosen injected individuals at st. 33 (mirroring the penetrance of the assay; see Tab S1
for ISH counts), prior to the gross morphological onset of the phenotype (Fig. 3). We detected no defects
in msx1.S expression (n=0/15; not shown). Interestingly, the anuran-specific intramandibular joint was
still recognizable in most cases (arrowheads in Fig. 3b’). In the P. marinus branchial skeleton, we found
slightly reduced DIXA, -B, -C, and -D expression in the intermediate PAs of the most severely affected
ednra mutants (Fig. 4a-i), though this affect was generally much weaker than is observed in bony
vertebrate models, wherein a complete or near-complete absence of these gene transcripts is typical in the
absence of ednl or ednra prior to any gross malformation in the nascent head skeleton (e.g. Fig. 3f-i). By
contrast, Alx, Hand, and MsxB displayed normal overall expression patterns in the P. marinus branchial
skeleton, with no DV shifts in expression (Fig. 4j-I, Fig. S3). Correlating with the more severe effect on
anterior cartilages as seen by alcian blue staining, lamprey PAL, PA2, and pre-oral ectomesenchyme was
most severely affected transcriptionally as well, frequently lacking the expression of most DIx genes, Alx,
Hand, MsxB, and SoxE1 (Fig. 4f-i and Fig. S3).

While we observed slight defects in skeletal patterning genes in lamprey ednra mutants (relative
to bony vertebrates), ednra disruption led to improper migration and dramatically increased numbers of
melanocytes, with ectopic melanocytes populating the cardiac region and fin folds (arrowheads in Fig. 1c
and Fig. S4). This effect appears unique to lamprey, as Ednra disruption does not cause excess pigment
cell production in X. laevis or any other bony vertebrate thus addressed. Both ednra sgRNAS also
occasionally caused excess pigmentation without any heart edema or reduced head skeleton (in ~8% of
injected individuals; Fig. S4), though we never observed any individual that had a reduced head skeleton
without aberrant pigment cells. Neither ectopic melanocytes nor novel melanocyte migration patterns
were ever observed in any ednA mutagenesis experiment (Fig. S5). Given that ednra is not expressed in
WT pigment cells, and ednra mutants have less skeletal tissue, our results strongly suggest that the excess
pigment cells in ednra mutants are preusmptive skeletogenic NCCs that have taken on a pigment cell fate.
Interestingly, P. marinus ednrb is temporarily coexpressed with ednra throughout all postmigratory
pharyngeal NCCs (Square et al., 2016a), an expression domain not seen in gnathostomes. ISH for ednrb
at mid-pharyngula stages revealed that its expression is completely eliminated from the pharynx in ednra
mutants during late NCC migration, and thereafter an excess of ednrb-positive cells begin aggregating
over the future heart and at the top of the pharynx (Fig. S3), indicating that these genes somehow interact
in the future head skeleton. Regardless of mechanism underlying these ectopic pigment cells, these results
are consistent with an ancient function for of vertebrate Ednra signaling in specifying and/or reinforcing

ectomesenchymal NCC fate.
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Fig. 4. DIXA, -D, -B, and Hand expression in sgRNA injected lampreys. a-l, left lateral views showing
ISHSs of DIXA (a-c), DIXD (d-f), DIxB (g-i), and Hand (j-I), reveal disrupted expression in sgRNA injected
lampreys. Red arrowheads indicate missing PA1 expression in ednra mutants. White arrowheads indicate
PAs missing only intermediate expression. White stars indicate highly disrupted pharyngeal expression in
ednra+b sgRNA injected lampreys. Scale bar in a represents 100 um and applies to all panels.
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Disruption of ednrb, ednE, and edn3

Previous work on the Edn3/Ednrb signaling in gnathostomes has shown it is necessary for normal
NCC-derived pigment cell proliferation, differentiation and migration (Kawasaki-Nishihara et al., 2011;
Krauss et al., 2014; RM et al., 2006). Similarly, Cas9-driven mutagenesis of P. marinus ednrb or ednE,
and X. laevis edn3 all consistently produced a severely (>50%) reduced pigmentation phenotype, together
with pigment cell migration defects (Fig. 1, Fig. S6-8; see Tab. S1 for phenotype counts). In P. marinus,
these defects included the accumulation of melanocytes around the otic placode starting at st. 25, which is
the region where they first emerge in WT larvae. Despite the extensive expression of ednrb in migratory
pre-skeletal NCCs (see Fig. S3), no defects in head skeleton formation were observed during ednrb
mutagenesis. Concordantly, DIXA, DIxB, and DIXD in the nascent head skeleton at st. 26.5 were
completely normal (not shown). In X. laevis, unilateral injection (one of two blastomeres) of edn3 sgRNA
designed to target both edn3.L and -S led to a unilateral disruption in pigment migration. Injection at the
one cell stage led to a higher rate of overall pigment loss, including some completely leucistic larvae (Fig.
S8; n=11/71). These leucistic larvae were lacking both NCC-derived melanophores on the body, as well
as iridophores overlying the gut (Fig. S8).

In placental mammals, Ednrb(1) signaling is also required for proper formation and migration of
some, but not all NCCs that generate the peripheral nervous system (PNS), namely enteric neurons of the
esophagus and gut (RM et al., 2006; Sanchez-Mejias et al., 2010; Stanchina et al., 2006). We thus looked
at the distribution of Neurofilament protein, a marker of neuronal processes, and Soxblb, Jagged,
Gremlin, and Phox mRNA, which mark various subsets of the PNS in P. marinus. Neurofilament IHC
revealed the complete absence of a population of ganglia above the heart at st. 27 (Fig. 5), in the region of
the pronephros, surrounding the esophagus (red arrows in Fig. 5D). By contrast, we observed no defects
in gene expression within, or differentiation of cranial ganglia (which may not form from NCCs in
lamprey), dorsal root ganglia (DRGSs), or the putative Phox-positive Schwann Cell Precursors (SCPs)
overlying the gut (Green et al., 2017) (Fig. S3, some data not pictured; see Tab. S2). This suggests that,
like in bony vertebrates, despite Endothelin receptors being expressed throughout all or most of the PNS,
they are critical for the normal development of only a small subset of these neurons and glia. Given that
recent evidence suggests that enteric neurons are a jawed vertebrate synapomorphy (Green et al., 2017),
the Endothelin-independent NCC subtypes (DRGs and SCPs) might represent the most ancient type of
neural crest derivative, predating the cooption of Endothelin signaling by NCCs. Alternatively, these PNS
derivatives may simply have a more robust developmental program, with a higher level of redundancy

that negates Endothelin signaling as a necessity. In any case, in both lamprey and bony vertebrates, only a
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Fig. 5. Neurofilament staining reveals a missing neuronal population in ednrb mutants. a-d, left
lateral views showing neurofilament IHC in WT and sgRNA injected lampreys. Stage and assay are
indicated in each panel. Scale bar in a represents 100 pum and applies to all panels. Black arrowheads
indicate peripheral nervous system derivatives near the esophagus and pronephros present in WT from st
26-27 (a and b) and ednra mutants (c) at st. 26.5. Red arrowheads in d indicate the lack of this neuronal
cluster in ednrb mutants.

92



small subset of the PNS relies on Endothelin signaling in its proper formation; thus we infer this condition

was also present in the vertebrate common ancestor.

P. marinus combined ednra + ednrb disruption

Given their brief expression overlap in NCCs (Square et al., 2016a), to discern the level of Ednr
redundancy and/or synergy in P. marinus we targeted ednra and ednrb simultaneously using three
different pairs of sgRNAs. All three of these assays yielded a range of different phenotypes and
combinations of phenotypes all characteristic of the single receptor perturbations. This result would be
expected given the imperfect penetrance of Cas9-mediated mutagenesis occurring independently at two
different loci with different developmental effects. Despite this range in phenotypes, we did find that the
most consistent phenotype was combinatorial: a reduced head skeleton, an enlarged heart, and a very
small number of pigment cells (Fig. 1F and Fig. S9; see Tab. S1 for counts). Notably, the onset of the
head skeleton reduction was at the same stage as in the ednra perturbations (24-25), but was perhaps
slightly more severe than in the ednra-only mutants by st. 26+ (compare Fig. 1c and f). The most severely
affected individuals were missing their upper lip, as in ednra mutagenesis. Genotyping of three
individuals with a strong phenotype revealed no more than 17% WT alleles between ednra and ednrb,
with one individual (Fig. 1F) returning 0% WT alleles (Fig. S9). ISH at st. 26.5 revealed that SoxE2
expression was disrupted throughout the head, but not Hand and MsxB in the ventral and dorsalmost
domains (save PAL derivatives) just as in the ednra single perturbations. Strikingly, in contrast to the
ednra-only perturbations, DIXA, -B, -C, and -D expression were severely reduced at st. 26.5 in the
intermediate domain of pharyngeal skeletal precursors, with DIXA being wholly undetectable in the future
branchial skeleton in many cases (Fig. 4). Alcian blue (n=6) and Toluidene blue (n=2) staining on the
most highly affected specimens at st. 30 confirmed the presence of a highly truncated, but never
completely absent head skeleton, wherein some or most cartilage elements were abbreviated or

completely missing.

Genotyping individuals

To verify that affected phenotypes in P. marinus were a predictor of a high proportion of
mutagenized target loci, we genotyped three or more individuals with severe phenotypes from each
perturbation (see Fig. S4, S5, S6, S7, and S9). In most cases, WT alleles accounted for 0-15% of the
alleles we observed; in only three affected individuals did WT alleles exceed 20% of sampled loci, and
never accounted for more than 33%. In X. laevis, we genotyped at least four specimens from each of the
ednl and ednra experiments (Fig. S10), including some so0x9.S ISH stained larvae (both affected and
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unaffected individuals). All affected larvae displayed <25% WT loci. Of the three unaffected (but
injected) X. laevis individuals we genotyped from the ednra assays, one had 100% WT ednra.L and -S
loci, while the two others showed moderate or even high, but not complete levels of indels (37% and 27%
WT loci). Considering the tetraploid nature of the X. laevis genome, it seems logical that the mutation rate
in this species might be a particularly poor predictor of an effect given that we lack information regarding
whether or not these indel alleles are combined in different cell types. For edn3, we genotyped a single,
leucistic individual that returned 7% WT alleles between edn3.L and edn3.S (Fig. S8).

Of all 35 specimens’ loci thoroughly genotyped for this work (nine or more allele sequences
returned), the smallest number of unique indel alleles ever observed was four, which occurred six times
between P. marinus and X. laevis. Most frequently, we found six or more alleles at a given locus in a
single specimen (considering the homoeologous “L” and “S” X. laevis loci separately), which indicates
that biallelic Cas9-driven mutagenesis in the pre-mitotic zygote may be rare, or biochemically implausible
in these two species. Notably, when insertions of DNA fragments were discovered, these motifs were
always fully or mostly accounted for on the reverse and/or forward strand very close to the target
site/lesion (see alleles in Fig. S4, S6, S7, S9, and S10). This insertion pattern can also be seen in other
studies (Flowers et al., 2014; Square et al., 2015b; Wang et al., 2015).

CRISPR/Cas9 controls

To control for off-target effects, each P. marinus Endothelin gene was targeted via at least two
unique target sites, as previously described (Square et al., 2015b). For ednA, ednE, ednra, and ednrb, all
sgRNAs targeting the same gene consistently produced the same mutant phenotype, though usually with
different efficiencies (see Tab S1). Observing the same phenotype by targeting the same gene in two
locations mitigates the possibility of off-target effects of a given sgRNA. To further test for sgRNA
specificity in P. marinus, and to ensure that sgRNA or Cas9 injections do not inherently cause any
phenotype we address here, we designed a negative control sgRNA that bridges an exon/exon boundary in
the P. marinus ednrb gene transcript (see Tab. S1). This sgRNA should target a locus that does not exist
within the ednrb coding sequence, or elsewhere in the P. marinus genome to our knowledge. Negative
control sgRNA was injected as all others (see methods) with either cas9 mRNA or Cas9 protein (see Tab.
S1), and resulted in neither pigment reduction nor any other consistent, discernable larval phenotype.

For X. laevis ednra and ednl experiments, sgRNAs targeting both homoeologs were coinjected to
strongly disrupt gene function, as previously described (Wang et al., 2015). As negative controls for the
ednl and ednra experiments, we targeted the -L and -S loci separately (see methods for injection

specifics). These injections caused no discernible head skeleton malformations at st. 48 (see Tab. S1). For
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edn3, a single sgRNA was designed to target both loci, confirming the morpholino-based knock down
phenotype previously published in X. laevis (Kawasaki-Nishihara et al., 2011).

Discussion

Outside of vertebrates, the only known rudiment of the endothelin pathway is a single ednr-like
gene in amphioxus, which does not appear to be expressed at larval stages (Yu et al., 2008a), and is
missing an amino acid residue critical for binding Edns. Furthermore, there are no known endothelin
ligands or Endothelin Converting Enzymes (ECEs) in any living invertebrate (Braasch and Schartl, 2014;
Braasch et al., 2009; Martinez-Morales et al., 2007; Square et al., 2016a). Thus the initial appearance of
bona fide Endothelin signaling occurred in early stem vertebrates after the evolution of the first ECE and
edn genes. This was followed by one or more duplication events for each of these genes, as well as ednr,
in stem vertebrates, likely during whole-genome duplication(s) (Braasch and Schartl, 2014; Smith and
Keinath, 2015). Previous work showed that P. marinus shares extensive gnathostome-like expression of
DV patterning genes in its nascent head skeleton (Cerny et al., 2010). Similarly, they possess a
gnathostome-like complement of Edns and Ednrs in their genome, which are expressed in and around
different NCC derivatives. Here, we confirm grossly similar specialization in Endothelin pathway
function between bony vertebrates and P. marinus. Both groups rely on Ednra for proper heart formation,
and head skeleton proliferation via skeletogenic soxE maintenance, while Ednrb signaling is critical for
the development of pigment cells and some neuronal derivatives. This suggests the evolution of distinct
Ednra and Ednrb signaling pathways was a critical step in the segregation of ectomesenchymal (heart and
skeleton) and non-ectomesenchymal (pigment and nervous system) NCC lineages in the first vertebrates.
Beyond broad-scale NCC fate and migration, the use of Endothelin signaling in head skeleton patterning
is somewhat divergent between these two lineages. In P. marinus, Ednra and Ednrb work synergistically
to activate nested DIx, but not Hand transcription throughout the pharynx, while in all bony vertebrates
thus addressed Ednra functions alone to activate both nested dIx and hand transcription. This suggests that
the evolution of Ednra-dependent jaw joint and facial bone development made use of already-present
Endothelin-driven DIx expression in the head skeleton, which predated these gnathostome morphological
innovations by 75 million years or more (Fig. 6). Barring extreme convergence, this means that the head
skeleton “pre-pattern” previously inferred to have existed in the vertebrate common ancestor (Cerny et
al., 2010) was at least partially driven by Endothelin signaling.

Thus, phylogenetically coincident with the evolution of bona fide Endothelin signaling and the
diversification of these ligands and receptors, NCCs began utilizing these pathways in the development of
most NCC subtypes during stem vertebrate evolution. This includes driving soxE and dIx transcription in

post-migratory NCCs. The relative timing of these events is not clear, though post-migratory
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Fig. 6. Endothelin pathway evolution in chordates. A summary tree depicting the inferred phylogenetic
position of various events in Endothelin pathway evolution. In stem chordates, the first ednr evolved,
which was apparently lost in stem tunicates. In stem vertebrates first occurred Endothelin ligand(s) and
Endothelin Converting Enzyme(s), ednr duplication(s), the specialization of these pathways into different
NCC fates, and their driving dIx expression in the pharynx. These processes that occurred in stem
vertebrates coincide with the appearance of multipotent NCCs (purple). Later, either in stem
gnathostomes or stem bony vertebrates (osteichythyians), the Edn-driven dlx expression was coopted for
jaw joint placement in the head skeleton.
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ectomesenchyme that sustains ednra expression vs. post-migratory non-ectomesenchyme that sustains
only ednrb expression appears to be one of the most deeply conserved differences in the specialization of
these receptors (see (Square et al., 2016a) for a table comparing ednr expression domains in vertebrates).
Cartilaginous fish (Chondrichythian) Endothelin functional assays are needed to determine if
Ednl/Ednra-dependent jaw joint placement is a synapomorphy of jawed vertebrates as a whole, or bony
fishes only, however using the inferences generated here we predict that Chondrichythyian dIx expression

in the pharynx will also be driven by some form of Endothelin signaling.
Methods

Lamprey husbandry, Cas9 manipulations, and assays

P. marinus fertilizations, husbandry, embryo injections, design and preparation of all SgRNAs,
preparation of Cas9 mRNA, and preparation of Cas9 protein were as described previously (Square et al.,
2015b), with some slight modification. Lamprey zygotes were injected with a 5 nL droplet containing 400
pg of sgRNA, and either 800 pg of Cas9 protein (a 2:1 ratio of protein:sgRNA by mass) or 1 ng of Cas9
mMRNA, 5 mg/mL lysinated rhodamine dextran, and nuclease free water. For the combined ednra + ednrb
experiments, 200 pg of each sgRNA was used with .8 ug of Cas9 protein. Genotyping was carried out as
described previously (Square et al., 2015b) to confirm that animals with severe phenotypes generated
from each sgRNA were reflective of successful mutagenesis. A list of target sites and genotyping primers
can be found in Tab. S1. Lampreys were staged according to (Tahara, 1988). As previously noted, all
injected animals (including negative controls and otherwise unaffected individuals) displayed a slight
developmental delay (~10%, i.e. 10 day old animals appeared 9 days old); due to this, developmental
events such as somite segregation and yolk absorption were used to stage the embryos and larvae, and
injected animals were usually fixed 1-3 days later than their WT siblings. All injected embryos were
sorted for fluorescence at 4-6 days post fertilization; individuals lacking fluorescence were discarded.
IHC was as described previously (McCauley and Bronner-Fraser, 2002), with the addition of 1%
dimethyl sulfoxide (DMSO) to the phosphate buffer solution prior to the blocking step. For IHC, the WT
embryos shown were stained in parallel (in the same tubes). All ISH and alcian blue cartilage staining was
carried out as described previously (Cerny et al., 2010; Square et al., 2015a). Control ISHs on WTs were
always performed in parallel (in the same tubes, with tails cut off for identification) to ensure proper
signal development. See supplementary methods for drug treatment information. All lamprey

manipulations were in accordance with CU-Boulder IACUC protocol #2392.
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Xenopus husbandry, manipulations, and assays

X. laevis fertilizations and husbandry were performed according to standard methods. As reported
previously (Wang et al., 2015), both the “long” (-L) and “short” (-S) alleles of the allotetraploid X. laevis
were simultaneously targeted to make null animals for each ednl, edn3, and ednra. Zygotes or two-cell
embryos were injected with a 5 nL droplet containing 800 pg of total SgRNA (a single sgRNA targeting
both edn3.L (edn3-a) and edn3.S (-b), or 400 pg of each of two sgRNAs in for ednl and ednra), and either
1 ng of Cas9 mRNA, or 1.6 ng of Cas9 protein (a 2:1 protein:sgRNA ratio, as suggested by the
manufacturer). All staging was according to (Nieuwkoop and Faber, 1956). A list of target sites and
genotyping primers can be found in Tab. S1. All ISH and alcian blue cartilage staining was carried out as
described previously (Square et al., 2015a). Control ISHs on WTs were always performed in parallel (in
the same tubes, with tails cut off for identification) to ensure proper signal development. All Xenopus

manipulations were in accordance with CU-Boulder IACUC protocol #2392.
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Methods for culturing Florida Amphioxus (Branchiostoma

floridae)

In order for us to have a tractable, relevant outgroup for developmental assays of vertebrate
evolution, being able to culture cephalochordates in the lab becomes pertinent. Despite their modernly
accepted position as the sister group to Olfactores (vertebrates + urochordates), the body plan of an adult
amphioxus is widely held as less derived than that of urochordates Thus B. floridae represents a
meaningful system to use as an outgroup despite their not being the closest sister group to vertebrates. To
these ends, | visited the lab of Dr. Jr Kai Yu in order to experience firsthand how they have been so
successful in culturing the Florida amphioxus (Branchiostoma floridae). This lab has successfully raised
an F3 generation of this species, which to our knowledge was the only case of this in the world at the time
of my visit. Success raising amphioxus is contingent on four main practices (arranged into sections within

this chapter):

1) Culturing algae
1.1) Making Seawater
1.2) Algae inoculations
2) Animal husbandry
2.1) Larval husbandry
2.2) Adult husbandry

Previous to this visit, our lab had little or modest success with all of the above items, but our
inability to feed the adults properly meant we were unable to ripen and spawn our own B. floridae, a
critical step that is crucial to the efficacy of this developmental system. During my visit | was able to
participate in all of the above items daily, except for item 3) which only occurred one time upon my
arrival. During my time there | took extensive notes on how these methods are executed in order to

generate a protocol to be disseminated to anyone interested in working with B. floridae.

1) Culturing algae

The following steps are applicable to most algal genera, however Rhodomonas specifically tends
to be quite variable in different environments, and requires some special practices (mentioned when
appropriate below). For all other cultures, all of the following steps can be carried out at room
temperature (RT), at about 3000 to 3500 lux. When choosing light bulbs, It is best to use between 25%
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and 50% of bubs designed specifically for growing plants (which have high emission in the 500-600nm
range), while the rest should be standard “soft-white” fluorescent bulbs. Avoid bulbs with an orange or
red hue, as these emit light that is mostly unusable to plants.

Rhodomonas requires special conditions. In our hands, cultures of this genera do best at 19
degrees C (the cultures do not crash as quickly), though we do grow 10L cultures at RT, these typically
are only useable (alive) at or near saturation for around four days. We also shade our cultures down to
between /5 and % of the amount of light input as the other genera receive, as they seem to do better in
lower light (for small cultures, we use a paper ‘veil,” for large cultures we block ¥z of the light bulbs with
a black piece of foam). This genera also does best with much higher aeration (for small cultures, we use a
stir rig on a medium to high setting to create a small vortex in the solution), and its highest density is still
far below the other strains outlined here. Although this strain tends to be more difficult to culture, it has a
high nutritional value, and it is therefore a very healthy food source (especially for larvae). At the time of
this visit, Linda Holland’s lab has had success growing their larvae without Rhodomonas, using
Isochrysis as a substitute, while Dr. Jr Kai Yu’s lab never feeds larvae without adding Rhodomonas. We
feed this stain to both larvae and adults, and we are currently collecting data on growth rates (of both

larvae and adult gonads) to determine the level of its value.

1.1) Seawater

All seawater should have salt concentration between 29 and 32 parts per thousand (ppt). If water
from the ocean is available, be sure to filter it with at least a .22 micron filter and adjust salinity
accordingly. If using artificial sea water (ASW), either use a .22 micron filter, or chemically sterilize the
container which you will use for the algae, and keep the salt and DI H20 free of contaminants
before/while adding. Chemical sterilization with bleach is an option, however the sodium thiosulfate used
to inactivate the bleach can alter algal growth (and potentially the ASW buffering mechanism), so we do
not use this procedure. Autoclaving seawater can also destroy its buffering system. It is best to allow large
volumes of ASW to sit overnight on medium aeration before using them — this will completely dissolve
the salt (especially important for amphioxus). We use Crystal Sea Marinemix (Aquaneering, San Diego,
CA) as our sea salt, a very high-quality variety of aquarium salt. This tends to leave behind a precipitate
in larger volume carboys, which is easily dissolved away with a 15 mM solution of HCI. Certain brands
of salt are best avoided for algae and amphioxus: namely Instant Ocean (InstantOcean, Blacksburg, VA)

which contains some sort of chelator (likely EDTA) to assist in its dissolution.
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1.2) Algal medium and growth

We use F/2 medium for all algal strains as defined by Bigelow Laboratory for Ocean Sciences.
As recommended, silica is omitted whenever we are not growing diatoms. To create F/2 medium plates,
mix nine grams of Bacto-Agar with 1L ASW, and heat until mostly dissolved (to avoid autoclaving, we
use a microwave). Once cool, add F/2 ingredients, mix, pour into plates (preferably at least 1 cm thick),
and let settle.

Here | outline how to grow up to a 20L culture of algae. This is enough to feed ~200 animals for
10 days. It is advised that this protocol be started from the beginning every 6 months to ensure healthy
algae strains; the .5L or 2L stages can be used as a ‘reservoir’ to inoculate larger amounts more
frequently.

To create a plate of algae, add 1 mL of liquid F/2 medium, spread, and let soak for 3-5 minutes.
With your alga of choice, pick a colony from a plate, break it up with a spreader, or add one mL of liquid
algae culture, and spread. Place face-up at around 3000 lux until the pool of liquid is soaked in/evaporated
(usually two days), and flip upside down after this occurs. Algal growth should be apparent within 4 to 5
days after inoculation.

Using a sterilized loop, pick an algae colony and whisk into 50 mL of sterilized F/2 medium. Let
sit in beaker (no aeration), covered with foil (or the like), swirling approx. daily until absorption reaches
the minimum saturation for your given genera specified in table 1 below (these respective absorptions
will be referred to as ‘high density’ for the remainder of this protocol). Once one is familiar with the
color/density of these genera, it is possible to ‘eyeball’ their density before moving on to the next step
(cultures top out and will remain stable for at least a few days).

Once the 50 mL culture reaches high density, use all of it to inoculate a .5L culture in a flask (a
1:10 dilution) covered with foil (or the like). Aerate lightly or use a stir bar on a medium to low setting to
increase the evaporation/dissolution of gasses into the culture, but do not use so much aeration that the
solution evaporates quickly. If the solution evaporates noticeably, add sterilized DI water to bring it back
up to its original volume.

Once the .5L culture reaches high density, use 200 mL to inoculate a 2L culture (again, a 1:10
dilution). Aerate such that bubbles are constantly flowing, and the algae is circulated lightly (analogous to
a simmer/light boil). When this 2L culture reaches high density, you can use it to inoculate a large carboy
(15-20L), again using a 1/10 volume to inoculate. Aerate such that the solution is well circulated
(analogous to a boil). Use as needed to feed animals (below). If a larger volume culture is desired, simply
use a 1:10 inoculation volume, and aerate such that the solution is well-circulated.

Note that after the algal culture reaches its maximum density, it will die within the next 3 to 7

days (this depends on strain, temperature, light, etc.). Adult amphioxus can eat dead algae, but we don’t
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recommend feeding them dead algae regularly (or at all for larvae) as the dead algae will pollute the water
and can lead to sudden and widespread death of the animals.

Table 1. Absorption at 740 nm of various algal genera at high density.

Genera Optical density at 750 nm for a
“high density” culture

Isochrysis 115

Tetraselmis 125

Rhodomonas .045

Note: These numbers are referr to as “high density” throughout this protocol. These
measurments are taken in a spectrophotometer set to 750 nm, which measures diffracted
light. These are not the absorption measurments at highest saturation — only those
necessary to continue to the next step.

2) Amphioxus husbandry

Amphioxus are filter feeders. With this in mind, the amount of algae added per animal, as well as
the density of the algae, are both important factors. Changing the amount of water the animals are housed

in can drastically increase or decrease how well they are able to feed on a given amount of algae.

2.1) Larval Husbandry

Culturing larvae at RT is sufficient, but faster development (up to about 50% faster) has been
observed at 30° C (Yu et al., 2010). The seawater used to keep amphioxus is the same as outlined in
section 1.1 above, but with the addition of antibiotics. Adding antibiotics to seawater is recommended for
amphioxus larvae to prevent bacterial and fungal growth via dead or dying algae. This prevents a biofilm
from forming at the surface of the water (which greatly reduces the dissolution of oxygen into the water),
and reduces the amount of effort needed to keep animals healthy. If desired, add .1mg/mL streptomycin,
and .5 mg/mL penicillin G. If no antibiotics are to be used, daily water changes are suggested to avoid
suffocation and widespread death.

Since larvae swim towards light until they are a few weeks old, it is best to keep them in the dark,
or with lighting beneath them to avoid their getting caught in the air/water interface and drying out (this is

especially important for animals less than 20 days old). Animals can be kept in small bowls or petri
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dishes, initially at a maximum of 5 animals per mL of sea water. We typically keep 500 — 1000 young
larvae in around .5L of ASW (1-2 animals per mL), though this volume changes between water changes
(i.e. they start in 500 mL, but the volume increases with feeding every day until a water change, when
they return to .5L again — see below for details on water changes). At 2-3 weeks of age, the volume of
water per animal should be increased by 100-200%. At this point, we typically keep 500-1000 animals in
1 to 2 liters of ASW.

It is best to change the water and dish your larvae are kept in once every 2 days until one week of
age, and once every 3-4 days until they are 40 days old (past 40 days we will consider them juveniles,
although we have observed metamorphosis being delayed until as late as 70 days). The dead, uneaten
algae will pollute the water rapidly if left alone. For small amounts of larvae, swirling them in a petri dish
can concentrate them in the middle for removal with a pipette/eyedropper, but for larger amounts, a filter
made from a 50 mL tube and 20 micron mesh is suggested to concentrate them (later, you can use larger
sizes of mesh when the animals are larger — by 2 weeks of age, you can switch to 70 micron mesh). When
changing the water and dish, removal of deformed animals, unfertilized eggs, dead algae, and feces as
much as possible is recommended. Swirling the dish also aids in this. To remove deformed animals, swirl
everything to the center of the dish, apply light to the edges of the dish (which healthy animals will swim
towards), and wait 5-10 minutes for the healthy animals to swim to the periphery. Remove the middle
contents, (which will still have some healthy animals), place these into a new dish, and repeat as
necessary to select for the deformed and/or dead animals for their disposal. Transferring some waste when
doing a water change is not detrimental to their health, but removing as much as possible favors healthy
development.

Once the majority of the larvae reach the seven gill slit stage (2-3 weeks of age), they can be put
on sterilized sand. We have seen success using both commercially available silica sand, and fine grain
beach sand collected from the ocean. Whether or not sand significantly aids in amphioxus feeding is not

yet known (successful spawnings have occurred without the use of sand).

2.1.1) Feeding Larvae

Amphioxus larvae need to eat live algae starting from the time their digestive systems begin
working (about 36h at RT, about 28h at 30 degrees C). If their feeding is disrupted long enough (as little
as one day for very young larvae), their guts shut down, and the animals will be destined for death within
a few weeks. Therefore, it is safest to constantly give them small amounts of food from the time their
mouths form until metamorphosis.

The best feeding strategy is to check your larvae periodically to see how much food is in their

guts, and how much uneaten food is in their water, and modulate their feeding based on these criteria.
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With this in mind, the following feeding schedule is approximate; if followed stringently, animals will
likely be fed successfully, but monitoring every colony is the only way to ensure adequate but not
excessive feeding. After feeding, it is useful to observe the contents of their stomachs under a microscope
(a light source beneath the animals greatly aids in this). Their ilium (where the spinning contents of their
hindgut are housed) should always have food in it, and it is best if there is also some food in their gut
directly anterior to this (not spinning, and larger in diameter). If they are given more food than needed,
their water can become easily polluted. If there is ever uneaten food 24 hours after a feeding, delay the
next feeding and/or delay the next increase in feeding (see below). It may also be appropriate to do an
immediate water change to remove the uneaten algae if there are very high amounts (i.e. the water is
considerably brown). After one week of age, they are more resilient, and can go without eating for up to
two days if necessary (although this is not encouraged). Be certain to look for the contents inside their
guts, not the outer layer of pigment that builds up over time.

From the time their mouths open until one week of age, feed one mL of 20 micron filtered 1:1
Rhodomonas/Isochrysis (by cell count) per 200 animals (which we house in around 60 mL of ASW)
daily. If your cultures behave as ours did, this should be about 4:1 Rhodomonas/Isochrysis by volume
(again, Rhodomonas is the most dilute algae at saturation). This ratio is optimal for larvae, though feeding
only Rhodomonas or Isochrysis seems sufficient as well. Starting at one week, increase the amount of
feed by around 50% (rounding is fine) every two days until they are 40 days old. This should mean that at
the 40 day mark, the animals are being fed about three mL of the above mix per animal (656 mL/200
larvae). This will obviously require a larger bowl or container, and the water they are in will be composed

largely of the algae solution between water changes. This does not seem to negatively affect them.

2.2) Juvenile and Adult Husbandry

All animals older than 40 days are housed in tubs with 8-12L of ASW, with 2-10 cm of sand.
Animals can be kept at RT, although preliminary data indicates that faster gonad growth in the adults
occurs at 19 degrees C (Jr Kai Yu, personal communication). A full water change with sand rinsing is

performed weekly (below).

2.2.1) Cleaning Tubs

To clean their enclosures, shake/swirl the tub to sift the animals from the sand, and pour them out
with the water. Rinse with seawater and repeat until all animals are removed. Then rinse the sand out with
DI water, stirring/agitating vigorously to remove waste. Once the rinse water no longer turns brown/has
waste in it, rinse the sand with ASW two times, then replace 8-12 L of ASW into the tank, and catch the

animals with a net (or the like) and put them back into the cleaned tank.
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The number of animals housed in one tank described above depends on their size. For 40+ day
old juveniles, up to 4000 per tank is ok. For every centimeter they grow, cut the number of animals in one
tank down by about half until they reach 5 cm in length (which will be the maximum size of most
individuals), such that they should be at a density of ~200 per tank by the time they reach 5 cm. This
maximum density will be sufficient for the rest of their lives (which is thought to be up to 4 years). If
using silica sand, the fully grown adults are large enough to be filtered out with netting on an insert in the

tank, which greatly reduces the amount of time needed to do a tank cleaning.

2.2.2) Juvenile and Adult Feeding

Feed each 8-12L tub with ~200 animals in it twice daily with 1L of 20 micron filtered 3:1
Isochrysis:Tetraselmis (by cell count, which in our hands nearly corresponds to volume), spaced out by at
least 6 hours. Dr. Jr Kai Yu’s lab uses sometimes replaces Isochrysis for a diatom, Chaetoceros, and
Tetraselmis for another green alga, Chorella. Our lab has observed gonad growth on feeding regimens
consisting of 3:1 Isochrysis: Tetraselmis, as well as 3:1 Isochrysis:Rhodomonas (by volume, not cell
count; unpublished data). The food:animal ratio will increase when you reduce the number of animals per
tank based on their growth. Participating labs are still collecting data on the relationship between the type
of food and gonad growth, though the amount of food seems to be a bigger determining factor here (so
long as their diet is composed mostly of either Chaetoceros or Isochrysis). We remove water from each

tank daily to avoid overflow, which also aids in keeping their water clean.
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CHAPTER 1l

Fig. S1. Expression of prrxA, emxA, and hand in P. marinus. A, B, C, F, G, |, and J show left lateral
views. D and J show ventral/oral views with anterior to left. E and H show coronal sections with anterior
to left. Developmental stage(Tahara, 1988) is indicated in the bottom right corner of each panel. (A-F)
prrxA expression marks the poles of each PA, the upper lip, and mesenchyme surrounding the otic
placode. Red line in C indicates the plane of section in E. Arrow in E indicates prrxA expression in the
future medial velar skeleton. (G and H) emxA expression is not found in mid-pharyngula CNCCs. Red
line in G indicates the plane of section in H. Arrow in H indicates epithelial ectodermal expression of
emxA. Arrowhead in H indicates endodermal expression of emxA.(I and J) hand expression marks ventral
CNCCs. Note the medial stripe of hand expression in the lower lip.
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Fig. S2. Nested dIx expression in Xenopus laevis at st. 33. Left column of photos shows left lateral
views, and the right column shows anterior/oral views. dIx3-a is shown in purple in all panels. dIx2 is
shown in purple in the top row, and dIx5 is shown in purple in the bottom row. Note the common dorsal
border of dIx3-a and dIx5 (lack of blue staining above the purple).
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Fig. S3. A phylogeny of deuterostome Prrx proteins, with urchin and mouse Alx proteins serving as
the outgroup. Bootstrap supports are shown at each node. Accession numbers are as follows (in common
name alphabetical order): Gallus gallus (chicken) Prrx1: NP_001007822.1, Prrx2: NP_001280027.1;
Prrx2: XP 005234079.1; Xenopus tropicalis (frog) Prrx1: XP_004913839.1, Prrx2: XP 002940803.1;
Homo sapiens (human) Prrx1: NP_073207, Prrx2: NP_057391.1; Mus musculus (mouse) Alx1:
NP_766141.1, Alx4: NP_031468.1, Prrx1: XP_006496766, Prrx2: NP_033142.2; Monodelphis domestica
(opossum) Prrx1: XP_001364765, Prrx2: XP_007475194.1; Petromyzon marinus (sea lamprey) Prrx:
KX650614; Callorhinchus milii (shark) Prrx1: XP 007893876, Prrx2: XP 007901045.1;
Stongylocentrotus purpuratus (urchin) Alx: NP_999809.1, Prrx: XP_787382.1.
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Fig. S4. The lamprey medial velar skeleton is contiguous with both PA1 and the ‘trabecular’ region.
(A) Image of a st. 26.5 lamprey. Red lines in (A) indicate the plane of section in (B) and (C). (B) a
transverse section of a st. 26.5 lamprey showing the medial velar skeleton is contiguous with the dorsal
trabecular cartilages (dotted oval). (C) a coronal section of a st. 26.5 lamprey showing the medial velar
skeleton is contiguous with PA1 mesenchyme. MVS, medial velar skeleton; NC, notochord; PA1, 1%

pharyngeal arch; TR, trabecular.
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CHAPTER 111

stage 33/34 stage 35/36 stage 37/38 section
D

alx1

dix2

st. 33/34

dix3-a

dix4

Daels
st. 37/38

dix5

st. 35/36

dix6-a

mef2c

t. 37/38MMst. 37/88 st 33/34
Fig. S1. Expression of dIx genes and mef2c. Gene and stage are indicated in figure. Anterior to left in all
lateral views, anterior to top in all sections. For those genes with a section shown, the plane of section is
shown as a red line on the corresponding wholemount panel. (Q) at stage 37/38, the dIx4 signal in the
pharynx is mostly due to riboprobe trapping (arrows in Q and S), though some expression in the posterior
arch CNC remains. (HH) expression of mef2c is detected in pharyngeal CNC (arrows).
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Fig. S2. Expression of emx2, nkx3-2-b, nkx3-3, handl, hand2-a msx1-b, and msx2. Gene and stage are
indicated in figure. Anterior to left in all lateral views, anterior to top in E, N, dorsal to top in Il. For those
genes with a section shown, the plane of section is shown as a red line on the corresponding wholemount

panel. (J, N) nkx3-3 is expressed in CNC where the primary jaw joint will eventually form (arrow).
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‘ 1 . \’o

Fig. S3. Expression of sath2, gsc-b, thx3-a, and tbx2-a. Gene and stage are indicated in figure. Anterior
to left in all lateral views, anterior to top in all sections. For those genes with a section shown, the plane of
section is shown as a red line on the corresponding wholemount panel. (Q) thx3-a is expressed in both

CNC (black arrow) and endoderm (white arrow) of the PAs.
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: Fig. S4.
Expression of alx1, alx4, prrx1, prrx2, pou3f3, barx1, and sox9-a. Gene and stage are indicated in
figure. Anterior to left in all lateral views. Red line in (O) shows plane of section in (T).
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— hand? + barxf—m —

Fig. S5. Gene expression in the intramandibular joint, PA1, and PA2 derivatives. Gene and stage are
indicated in figure. Lateral view with anterior to left (A), anterior views (B, D, H) and anteroventral views
(C, E, F, 1), and sections with anterior to left (G, K). (B) gdf5 expression between the suprarostal and
ethmoid plate (arrow). (E, F) black line shows the outline of the lower jaw. (G) gdf5 is expressed in tissue
flanking the future basihyal (white arrows). (H) nkx3-3 is expressed in the lateral portion of the primary
jaw joint (arrow). (J) nkx3-2-b is expressed within the future basihyal (white arrowhead).
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Fig. S6. Progression of cartilage differentiation in X. laevis as revealed by alcian blue reactivity.
View is indicated in figure. (A, E) at st. 41 heavy staining in the hyoid is seen, with no reactivity in the
posterior PAs. (B, F) at st. 43, staining becomes apparent in the intermediate/ventral aspect of the
posterior arches (arrows). (C, D) at stage 46, the majority of all future head skeleton elements have begun
glycosaminoglycan deposition. (D) a dorsal view with a ventral focal plane of at st. 48 when head
skeleton differentiation is largely complete.
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CHAPTER IV

Fig. S1. An unrooted phylogenetic tree built from edn gene sequences in sea lamprey (Petromyzon
marinus) and the Japanese lamprey (Lethenteron japonicum). Maximum likelihood analysis was used
to determine lamprey ligand orthology. Bootstrap values are shown at the base of each node. Accession
numbers for all sequences can be found in Tab. S2.
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Fig. S2. A phylogenetic tree built from Edn amino acid sequences in vertebrates. Maximum
likelihood analysis was used in attempt to determine the orthology of lamprey Edn ligands. This tree was
midpoint rooted between the Edn1/3 clade and the Edn2/4 clade. All calculated bootstrap values are
shown at the base of each node. Accession numbers for all sequences can be found in Tab. S2.
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Fig. S3. A phylogenetic tree built from EdnR amino acid sequences in chordates. Maximum
likelihood analysis was used to assign orthology to the lamprey EdnRs. Bootstrap values above 50 are
shown at the base of each node. Amphioxus EdnR-like was selected as the outgroup. Accession numbers

for all sequences can be found in Tab. S2.
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Fig. S4. A phylogenetic tree built from ECE-related metallopeptidase amino acid sequences in
deuterostomes. Maximum likelihood analysis was used to assign orthology to the lamprey ECEs.
All bootstrap values are shown at the base of each node. Three gnathostome LTA4H sequences
were selected as the outgroup. Accession numbers for all sequences can be found in Tab. S2.
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Fig. S5. Expression of ednA-F, ednRA, and ednRB in P. marinus at pharyngula stages. Left lateral
views in panels A, C, E, G, I, K, M, O, and Q. Sections shown in panels B, F, H, J, L, N, P, and R
correspond to the labeled red line in the wholemount ISH panel for each gene. Developmental
stage(Tahara, 1988) for each specimen is indicated in the bottom right corner of the wholemount panel for

each specimen.
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edn1-b

edn2-a

edn3-a

Fig. S6. Expression of ednl-3, ednRA, and ednRB in X. laevis. Left lateral views in panels A, D, G, H,
J, L, O, and R. Sections shown in panels B, C, E, F, I, K, M, N, P, Q, and S correspond to the labeled red
line in the wholemount ISH panel for each gene. Developmental stage(Nieuwkoop and Faber, 1956) for
each specimen is indicated in the bottom right corner of the wholemount panel for each specimen. Arrows
in O and P indicate ednRB2-a expression in the branchial nerves. Arrows in Q indicate expression
consistent with dorsal root ganglia. Arrowheads in Q indicate expression in melanocytes. Arrows in R and
S indicate ednRA-b expression in nephrostomes.
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CHAPTER V
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Fig. S1. Phylogenetic analysis of Tyrosinase amino acid sequences. Alignment and phylogenetic
analysis of nine deuterostome Tyrosinase sequences were performed in MEGAG®, using the WAG model
of protein evolution for Maximum Likelihood tree construction. A 250 replicate bootstrap test was
performed; the scores for this analysis are found at the nodes in the tree. Sequence accession numbers are
as follows: Branchiostoma floridae Tyrosinase: XM_002598584, Canis lupis familiaris Tyrosinase:
NP_001002941.1, Ciona intestinalis Tyrosinase: XM_002123004, Danio rerio tyrosinase: AAN17339.1,
Gallus gallus Tyrosinase: NP_989491.1, Homo sapiens TYROSINASE: NP_000363.1, Mus musculus:
NM_011661, Petromyzon marinus Tyrosinae: KR150760, Saccoglossus kowalevskii Tyrosinase-like:
XP_006817095.1.
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Fig. S2. Genotyped loci of targeted genes. All sequences show the sense strand in 5’ to 3” orientation
with respect to the corresponding gene. Forward target sites and PAMs are shown in yellow and purple,
respectively, while the reverse strand target and PAM are shown in orange and red, respectively, for
FGF8/17/18 gRNA 2. Deletions relative to the WT sequence are shown as red dashes, while
polymorphisms and inferred insertions are shown as red letters. (A) WT (top sequence) and 5 example
mutant sequences are shown for Tyr gRNA 2 target site; “(+28)” indicates a 28 bp insertion. (B) WT (top
sequence) and 3 mutant sequences returned for genotyping of the FGF8/17/18 gRNA 1 target site. (C)
WT (top sequence) and 3 mutant sequences returned for genotyping of the FGF8/17/18 gRNA 2 target

site.
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—FGF8/17/18 mutants

dead embryos

Fig. S3. Severely affected FGF8/17/18 mutants do not display autofluorescence associated with
death. Whole-mount embryos from each of 4 mutant classes, and a WT embryo shown with normal light
(top), LRD fluorescence (middle), and on the GFP channel (bottom). Note the high level of
autofluorescence exhibited by the dead embryos, whereas even the most affected mutants glow only as

strongly as a WT embryo.
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CHAPTER VI

Fig. S1. Head skeleton morphology in WT and ednra mutant P .marinus. Top panels show a WT
alcian blue stained st. 30 lamprey with anterior to left, which is labeled below to identify different
cartilage elements. Warmer colors represent more medial structures, cooler colors represent more lateral
structures. Inset shows WT PA3 from the same specimen. Below shows an ednra and ednra+b mutants,
which are missing most anterior cartilages as revealed by alcian blue (red arrowheads). Inset shows PA3
from these same mutant specimens, though for ednra this photo was taken from a different angle to better
see its shape. Scale bar represents 500 um and applies to all images save the PA3 enlarged insets. I,
lower lip; Imp, lateral mouth plate; mvs, medial velar skeleton; PA, pharyngeal arch (numbered); tr,

WT

ednra mutant

ednra + ednrb mutant

trabecular; ul, upper lip.
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ednra sgRNA 4 wildtype

st. 24

st. 25

st. 26

st. 28

Fig. S2. ednra mutant development. A time series of lamprey larvae showing how the phenotype
manifests through time. Anterior to left in all panels, which are all to scale with each other. This
phenotype was extremely repeatable and consistent, allowing identification of severely affected
individuals prior to ISH or IHC at st. 26.5. The phenotype first appears as a slight heart edema at st. 24,
which grows constantly until at least st. 30. By St. 25-26, head skeleton morphology is slightly perturbed,
which becomes greatly accentuated during histogenesis at st. 28+. Excess pigment cells covering the heart
also appear at these later stages. Scale bar in the upper right image represents 100 pm and applies to all
images.
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Fig. S3. Gene expression in ednra sgRNA injected lampreys. Anterior to left in all panels. Gene is
indicated for each panel. All specimens are at st. 26.5 unless indicated otherwise. Top panels show genes
mostly unaffected, though occasionally missing from PA1/2 only, bottom shows genes with stronger
downregulation throughout the pharynx or heart. White arrowheads indicate WT expression in PAL (or

the heart in FGFRa), red arrowheads indicate missing expression in ednra mutants. Scale bar in the upper
right image represents 100 um and applies to all images.
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Fig. S3. Gene expression in ednra sgRNA injected lampreys. Anterior to left in all panels. Gene is
indicated for each panel. All specimens are at st. 26.5 unless indicated otherwise. Top panels show genes
mostly unaffected, though occasionally missing from PA1/2 only, bottom shows genes with stronger
downregulation throughout the pharynx or heart. White arrowheads indicate WT expression in PA1 (or
the heart in FGFRa), red arrowheads indicate missing expression in ednra mutants. Scale bar in the upper
right image represents 100 pum and applies to all images.
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A ednA sgRNA3

40/42 mutant alleles from Fig. 1B (summary below)

CGTGCGTCTCTCTGCTCGTGTCCACACAGATGGGGCAATCGGCGCTGAGCTG-ACCCCAGACATCGCAGACCCCGCGATGCCGAGCTCTTCCCGGGTC

CGTGCGTCTCTCTGCTCGTGTCCACACAGATGGGGCAATC -~ ~~=====~ TGGGGACCCCACACATCACATACCCCACGATGCCGAGCTCTTCCCGGGTC
CGTGCGTCTCTCTGCTCGTGTCCACACAGATGGGGCAATCGGCGC-~~~~~ GGGGACCCCAGACATCGCAGACCCCGCGATGCCGAGCTCTTCCCGGGTC
CGTGCGTCTCTCTGCTCGTGTCCACACAGATGGGGCAATCGGCGCT -~~~ GGGGACCCCAGACATCGCAGACCCCGCGATGCCGAGCTCTTCCCGGGTC
CGTGCGTCTCTCTGCTCGTGTCCACACAGATGGGGCAATCGGCGCT ~~~~~~ GGGACCCCAGACATCGCAGACCCCGCGATGCCGAGCTCTTCCCGGGTC
CGTGCGTCTCTCTGCTCGTGTCCACACAGATGGGGCAATCGGCGCTG- -~~~ GGGACCCCAGACATCGCAGACCCCGCGATGCCGAGCTCTTCCCGGGTC
CGTGCGTCTCTCTGCTCGTGTCCACACAGATGGGGCAATCGGCGCTGT-CT ACCCCAGACATCGCAGACCCCGCGATGCCGAGCTCTTCCCGGGTC

B ednA sgRNA3

16/20 mutatant alleles (summary below)

GACCCCAGACATCGCAGA JICECEATECEEAGETETTCEEGGGTCGCCTCGGTGGCGCCCGCTTTGCATCGCCGGCAGAAGCGCTGCTCCTGCTCCTCC

GACCCCAGACATCGCA--~==-===~ TGCCGAGCTATTCCCGGCTCGCCTCGGTGGCGCCCGCTTTGCATCGCCGGCAGAAGCGCTGCTCCTGCTCCTCC
GACCCCAGACATCGCAG--—--==========~ CTCTTCCCGGGTCGCCTCGETGGCGCCCGCTTTGCATCGCCGGCAGAAGCGCTGCTCCTGCTCCTCC
GACCCCAGACATCGCAGACC-——============~ TTCCCGGGTCGCCTCGETGECGCCCGCTTTGCATCGCCGGCAGAAGCGCTGCTCCTGCTCCTCC
GACCCCAGACATCGCAGACCCCG-—================-= GGTCGCCTCGGTGGCGCCCECTTTGCATCGCCGGCAGAAGCGCTGCTCCTGCTCCTCC
GACCCCAGACATCGCAGACCCCGC--—-~ CGAGCTCTTCCCGGETCGCCTCGGTGGCGCCCGCTTTGCATCGCCTGCAGAAGCGCTGCTCCTGCTCCTCC
GACCCCAGACATCGCAGACCCCGC ~ = = == = = = = = = = = = = = = = = o o o e o e e oo TCCTCC

Fig. S5. P. marinus ednA genotyping examples. Example individuals and their loci shown from both
ednA sgRNAs. Scale bars represent 500 um. A maximum of 6 alleles are shown per individual. Forward
target sites are shown in yellow with a purple PAM, while reverse target sites are shown in orange with a
red PAM.

152



ednrb sgRNA2

ednrb sgRNA3

16/16 mutant alleles (summary below)
TCTTCGTGGTGGGCCTCGTGGGGAACGCCACGCTGCTCAGGATCATCTG- -GCGCAACAAGHATGCGCAACGGACCCAACGCGCTCATCGGCAGCCTG

TCTTCG GATGCGCAACGGACCCAACGCGCTCATCGGCAGCCTG
TCTTCGTGGTGGGCCTCGTGGGGAACGCCACGCTGCTCAGGATCATCTG-—~~ =~~~ ========= GCGCAACGGACCCAACGCGCTCATCGGCAGCCTG
TCTTCGTGGTGGGCCTCGTGGGGAACGCCACGCTGCTCAGGATCATCTGT TEEETCCETTGCGGATGCGCAACGGACCCAACGCGCTCATCGGCAGCCTG
TCTTCGTGGTGGGCCTCGTGGGGAACGCCACGCTGCTCAGGATCATCTG-~GCGC-~~~~~~====== GCAACGGACCCAACGCGCTCATCGGCAGCCTG
TCTTCGTGGTGGGCCTCGTGGGGAACGCCACGCTGCTCAGGATCATCTG-~GCGCA-~~ -~~~ ~======= ACGGACCCAACGCGCTCATCGGCAGCCTG
TCTTCGTGGTGGGCCTCGTGGGGAACGCCACGCTGCTCAGGATCATCTG--GCGCAAC- ~~~~ === ======= GGACCCAACGCGCTCATCGGCAGCCTG

Fig. S6. P. marinus ednrb phenotypes and genotyping. Left lateral images of affected ednrb mutants.
Scale bar in the first image represents 500 um and applies to all images. 100% mutant alleles were
returned for the indicated individual. Target site for sgRNA3 is shown in yellow with a purple PAM. Six
example alleles are shown. An insertion from the reverse strand is shown in green, its source is
underlined.
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AGCGCTGCACCTGCGAGTCCTACCTGGA NCEARTCOCTCTACTACTGOOACC ATCTGGGTCAACTCGCCC GTCGACGCGCTCGGT
AGCGCTGCACCTGCGGTCATTGACCCAGATEACC TGGGAGTCATCTGGGTCAACTCGCCC 'GTCGACGCGCTCGGT
AGCGCTGCACCTGCGAGTCCTAC! GCTCGGT
AGCGCTGCACCTGCGAGTCCTACCTGG '‘CATCTGGGTCAACTCGCCCGAGTAAGGCGTCGACGCGCTCGGT
AGCGCTGCACCTGCGAGTCCTACCTGGACC ATCTGGGTCAACTCGCCC ‘GTCGACGCGCTCGGT
AGCGCTGCACCTGCGAGTCCTACCTGGACC ATCTGGGTCAACTCGCCCGAGTAAGGCGTCGACGCGCTTGGT
AGCGCTGCACCTGCGAGTCCTACCTGGACCGGGA ATCTGGGTCAACTCGCCC GTCGACGCGCTCGGT

CGCTACCGCTTGCCGCTTGTCAGCAGGTGCCAGGGCGCAARGTCGGAGCGGCGAGCARACTCTCIIGTCGCTGGCC GCGCGGGCACG
CGCTACCGCTTGCCGCTTGTCAGCAGGTGCCAGGGT GCTGGC( GCGCGGGCACG
CGCTACCGCTTGCCGCTTGTCAGCAGGTGCCAGGGCGCARATC GG

CGCTACCGCTTGCCGCTTGTCAGCAGGTGCCAGGGCGCAAAGTCGGAGC:
CGCTACCGCTTGCCGCTTGTCAGCAGGTGCCAGGGCGCAAAGTCGGAGCGG -~~~ ~=========~ GCTGGCC

Fig. S7. P. marinus ednE genotyping examples. Left lateral images of genotyped individuals from ednE
mutagenesis experiments. Scale bar in the first image represents 500 um and applies to all images. 100%
mutant alleles were returned for the indicated individuals. (A) Reverse target site is shown in orange with
ared PAM. Six example alleles are shown form the indicated individual. An insertion from the reverse
strand is shown in green, while an insertion from the forward strand is shown in purple; their sources are
underlined. (B) Target site shown in yellow with a purple PAM. Only four types of alleles were returned
from the indicated individual.
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F edn3.S: 4/4 mutant alleles

CCGGGGATTCTGGGGGAGCCCACAGCAGAGATICGTTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCATCTGGATATCATATGGATC
CCGGGGATTCTGGEGGAGCCCA == == = = = = = = = = = = = o e e e e e e e e TATGGATC
cc TTCT GCCCACACCT-~======~ GTTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCATCTGGATATCATATGGATC

CCGGGGATTCTGGGGGAGCCCACAGGA--~--TCGGCGTTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCATCTGGATATCATATGGATC

edn3.L: 9/10 mutant alleles

CAGGGGATTCTGGGGGAGCCCACAGGAGAGAT-CGCTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCACCTGGATATCATATGGATC
CAGGGGATTCTGGGGGAGC~~~~~=====cccccncccaxx, ACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCACCTGGATATCATATGGATC
CAGGGGATTCTGGGGGAGCCCACAGG-~~~~~~~~ CGCTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCACCTGGATATCATATGGATC
CAGGGGATTCTGGGGGAGCCCACAGGAGA - -TCGGCGCTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCACCTGGATATCATATGGATC

Fig. S8. edn3.L/S mutant X. laevis. (A) shows a dorsal view of a st. 41 specimen with anterior to the top.
A’ shows the GFP channel, A’ shows merged panels A and A’. Note unilateral pigment migration defect.
Scale bar in A represents 1 mm and applies to A’ and A”. (B and C) WT and edn3 mutant X. laevis at st.
50. Dorsal views with anterior to the right. Note that both melanocytes throughout the body and
iridophores that normally cover the gut and kidneys (green and yellow in color, respectively) are
completely missing. Scale bar in B represents 5 mm and also applies to C. (D and E) WT and edn3
mutant X. laevis juveniles. Scale bar in D represents 5 mm and also applies to E. (F) Genotyping of a
single leucistic larva revealed 93% indel alleles. Only six alleles are shown.
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14/14 mutant alleles from Fig. 1F (ednra sgRNA3)

ccaccTCCGTCllSCATACACACCEETATEAGEEACGTGTTCAAGTACATCAACACCATCCTGTCGTGCGCGATCT TCGTCGTGGGGATCATCGGCAACACCACGCTG

CCACCTCCGTGCT--CATACAGAGCGGTATGAGCCACGTGTTCAAGTACATCAACACCATCCTGTCGTGCGCGATCTTCGTCGTGGGGATCATCGGCAACACCACGCTG
CCACCTCCGTGCCC-~~~~-~. AGAGCGGTATGAGCCACGTGTTCAAGTACATCAACACCATCCTGTCGTGCGCGATCTTCGTCGTGGGGATCATCGGCAACACCACGCTG
CCACCTCCGTGCCC-CATGAGCCACG---TGAGCCACGTGTTCAAGTACATCAACACCATCCTGTCGTGCGCGATCTTCGTCGTGGGGATCATCGGCAACACCACGCTG

10/10 mutant alleles from Fig. 1F (ednrb sgRNA4)

AGGTACCGCGCGGTGGCGTCTTGGAGHIBCATCCACEECATEEECETEECGGTGTGCACGGCGCTCGAGATCGTCGCCATCTGGCTGCTCTCGCTGCTGC

AGGTACCGCGCGGTGGCGTCTTGGAGC -~~~ -—-======———————————————— ACGGCGCTCGAGATCGTCGCCATCTGGCTGCTCTCGCTGCTGC
AGGTACCGCGCGGTGGCGTCTTGGAGCC- -~~~ CAGGGCATGGGCGTCCCGGTGTGCACGGCGCTCGAGATCGTCGCCATCTGGCTGCTCTCGCTGCTGC
AGGTACCGCGCGGTGGCGTCTTGGAGCCG-~~~~~~ GGCATGGGCGTCCCGGTGTGCACGGCGCTCGAGATCGTCGCCATCTGGCTGCTCTCGCTGCTGC

AGGTACCGCGCGGTGGCGTCTTGGAGCCGCA- -~ -GGGCATGGGCGTCCCGGTGTGCACGGCGCTCGAGATCGTCGCCATCTGGCTGCTCTCGCTGCTGC

Fig. S9. P. marinus ednra + ednrb genotyping examples. Left lateral images of affected ednra + ednrb
mutants. Scale bar represents 500 um. 100% mutant alleles were returned for the individual from Fig. 1F.
Target sites are shown in orange with a red PAM. For ednra, six example alleles are shown. Insertions
from the forward strand are shown in purple, their sources are underlined. For ednrb, only four types of
alleles were detected.
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edn1.L: 11/12 mutant alleles
TTGTTTCCTCTCTCTTTGCAGAGTCTCTCAGTGACAGCCCEET = EC I ARCEAGEEEEETGCACCAACTGTACAGACGCACTCACAGCGCTCATC
TTGTTTCCTCTCTCTTTGCAGAGTCTCTCAGTGACAGCGCCACGCT - TTTGCTAACCAGCCCCCTGCACCAACTGTACAGACGCACTCACAGCGCTCATC
TTGTTTCCTCTCTCTTTGCAGAGTCTCTCAGTGACAGCGCCACGCAGACGGCTAACCAGCCCCCTGCACCAACTGTACAGACGCACTCACAGCGCTCATC

TTGTTTCCTCTCTCTTTGCAGAGTCTCTCAGTGACAGCGCCACGCT-~~~~~~. AACCAGCCCCCTGCACCAACTGTACAGACGCACTCACAGCGCTCATC
TTGTTTCCTCTCTCTTTGCAGAGTCTCTCAGTGACAGCGCCACG-— ===~ ========~ CCCCCTGCACCAACTGTACAGACGCACTCACAGCGCTCATC
TTGTTTCCTCTCTCTTTGCAGAGTCTCTCAGTGACAGCG-————=======———— == CCCCTGCACCAACTGTACAGACGCACTCACAGCGCTCATC
edn1.S: 15/15 mutant alleles
TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGACAGC! 'GCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC
TTTTATCTTGTTTCTTTGCAGAATCTCTCACT = = == = = = = = = = = o e e e AACGAGCCCCCTGCAGCAGCAGCAGCAACACAGACAGCCTCACACCGCTC
TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGAC-~~~~=~======~ TAACGAGCCCCCTGCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC
TTTTATCTTGTTTCTTTGCAGAATCTCTCACTGAC == === === === = = ACGAGCCCCCTGCAGCAGCAGCAGCAACACAGACAGCCTCACACCGCTC
TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGACAGC ~ === == == == = == o o o o TGCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC
TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGACAGCGCCA-—~————========—— CCTGCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC

TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGACAGCGCCAGGCT -~~~ ~AACGAGCCCCCTGCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC

ednra.L: 10/12 mutant alleles

ed nra. L. + S AATGCAACCCTGCTCAGGATCATTTATCAGAACAAGTGTATGAGGAATGGAAATGCCCTCATATCARGEE T TGCTCTAGGAGACCTCATCTACATTG
AATGCAACCCTGCTCAGGATCATTTATCAGAACAAGTGTATGAGGAATG -~ —--—~ CCCTGATATCAAGCCTTGCTCTAGGAGACCTCATCTACATTG
{ AATGCAACCCTGCTCAGGATCATTTATCAGAACAAGTGTATGAGGAATGGCCC -~~~ =~ TGATATCAAGCCTTGCTCCAGGAGACCTCATCTACATTG
¢ AATGCAACCCTGCTCAGGATCATTTATC - = = === = == = = = = == = = TGATATCAAGCCTTACTCTAGGAGACCTCATCTACATTG
L. ey ednra.S: 10/12 mutant alleles
» -~~~ ARAT -~ ~GCCCTGATAGCAAGCCTGGCCCTAGGAGACCTCATTTAC
"~ ]
TAGGATCATTTACCAGA rrac

Fig. S10. X. laevis ednl.L+S and ednra.L+S genotyping examples. Ventral views with anterior to the
top. Scale bar in the first image represents 500 um and applies to all images. Insertions from the forward
strand are shown in purple or pink, their source is underlined. Top: an uninjected WT sibling individual.
Middle: an ednl.L+S mutant specimen returned 96% mutant alleles. All five types of alleles we detected
are shown for ednl.L; six example alleles are shown for ednl.S. Bottom: an ednra.L+S mutant specimen
returned 83% mutant alleles. Only four types of alleles were detected for ednra.L; six example alleles are
shown for ednra.S.
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CHAPTER VI: Table S1

proportion
with a
target strong
organism gene (s) target site phenotype genotyping primers (forward, reverse)
(Cas?9
protein
counts
P. marinus only)
GCACTCACAGACTCGCAC,
22/67 GAGATCCGTGGGACTCAC
ednA (g1l) GGGCAATCGGCGCTGAGCTG (GGG) (~33%)
GCACTCACAGACTCGCAC,
29/38 GAGATCCGTGGGACTCAC
ednA (g3) (CCC)CGCGATGCCGAGCTCTTCCC (~76%)
CGACCCCCTGTATACCAG, ,
70/73 TAACAAGCGATCACCCTGAC
ednk (g2) (CCG) GGAATGCGTCTACTACTGCC (~96%)
CGACCCCCTGTATACCAG,
38/51 TAACAAGCGATCACCCTGAC
ednk (g3) GGAGCGGCGAGCAAACTCTG (CGG) (~74%)
TGAACGGCCAAGGAAACCGAC,
113/154 GCCCGTTGCGCATGCAC
ednra (g3) (CCC) CATACAGAGCGGTATGAGCC (~73%)
GGCCCCAACTCATTTCCTC,
264/325 CCACTACGCCTCTCCAG
ednra (g4) (CCA) CCATGTGCAAGATGGTGCCC (~81%)
40/52
ednrb (g2) GGTACCGCGCGGTGGCGTCT (TGG) (~77%) n/a
AAGGCGGTGAACACGGCGGTG,
177/403 GACACGGGCAGCGCGATGACG
ednrb (g3) GGATCATCTGGCGCAACAAG (CGG) (~44%)
ednrb (g4) (CCG) CATCCAGGGCATGGGCGTCC n/a n/a
-ra SG4 (above) + -rb SG3 33/98
ednra+ednrb (above) (~34%) same as above for each target
-ra SG4 (above) + -rb SG2 54/88
ednra+ednrb (above) (~61%) same as above for -ra, -rb n/a
-ra SG4 (above) + -rb SG4
ednra+ednrb (above) n/a same as above for each target
negative
control cGgGacgcAG/CTCCTGGCCG (AGG) 0/102 (0%) n/a
X. laevis
AGACTGCTGCTATGAGCTG,
ATGATGTCCAAGTGGCAG
ednl.L(neg.
control) (CCA) CGCTCGCTAACCAGCCCCCt 0/33 (0%)
TGTCATGCCAGATTGCTG,
ATGATGTCCAAGTGGCAG
ednl.S (neg.
control) (CCA) GGCTTACTAACGAGCCCCCt 0/57 (0%)
(both above combined; see 20/47
ednl.L+S methods) (~42%) (both above)
TGTTTTCCCCAAACTCCAG,
31/71 TTACTCTGGGGTGTTGATCC
edn3.L/S GGGGAGCCCACAGGAGAGAT (CGG) (~44%)
TTGTGCCCAGAAAGGAC,
CTGTATCTTTGTGACTTTATAGC
ednra.L(neg.
control) (CCC) AAATGCCCTGATATCAAGCC 0/56 (0%)
ednra.s AATCGGACTGATGCCAG,
(neg. TGACTTCATACAGTAGCTTACTG
control) (CCC) AAATGCCCTGATAGCAAGCC 0/72 (0%)
(both above combined; see 37/71
ednra.L+S methods) (~52%) (both above)
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CHAPTER VI: Table S2
Petr_omyzon
marinus
# affected notes
*4/6 missing it from PA1/2, none missing from
ednra* alx (st. 26.5) 4 6 | BAs
dIxA (st. 26.5) 7] 21
dIxB (st. 24) 4 6
dIxB (st. 26.5) 2 5
dIxD (st. 26.5) 5 14
ednra (st. 26.5) 0 3
ednrb (st. 26.5) 8 | 10 | *missing from skeletogenic NCCs
etsld (st. 26.5) 0 9
FGFRa (st. 26.5) 3 6
FGFRb (st. 26.5) 5 7
foxD-A (st. 26.5) 0 3
grem (st. 26.5) 0 4
*only missing from lower lip, not mucocartilage
hand (st. 26.5) 5 8 | ventral to the BAs
ID (st. 26.5) 0 5
jagged (st. 26.5) 0 3
lecl (st. 26.5) 6 8
lec2 (st. 26.5) 16 | 16
*0/4 missing expression from formed pouches,
though some specimens were lacking
mef2 (st. 26.5) 0 4 | posteriormost pouches altogether
msxB (st. 26.5) 0 12
myc (st. 26.5) 0 6
prdm (st. 26.5) 0 4
prrx (st. 26.5) 0 4
RARL (st. 26.5) 0 3
SOXE1 (st. 26.5) 0 4
SOXE2 (st. 23) 0 20
SOXE2 (st. 26.5) 15| 21
SOXE3 (st. 26.5) 0 4
twistA (st. 26.5) 0 6
ednrb* dIxA (st. 26.5) 0 7
dIxB (st. 26.5) 0 5
dIxD (st. 26.5) 0 7
grem (st. 26.5) 0 8
jag (st. 26.5) 0 8
phox (st. 26.5) 0 12
soxblb (st. 26.5) 0 8
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ednra*+b* dIxA (st. 26.5) 20| 24
dIxB (st. 26.5) 4 6
dIxC (st. 26.5) 4 7
dIxD (st. 26.5) 7 8

*only missing from lower lip, not mucocartilage
hand (st. 26.5) 5 9 | ventral to the BAs
msxB (st. 26.5) 0 8
SOXE?2 (st. 26.5) 9 10
SOXE3 (st. 26.5) 0 3
Xenopus laevis

ednra.S*+L* | dIx3.S (st. 33) 3 7
hand2.L (st. 33) 4 7
msx1.S (st. 33) 0| 15
sox8.L (st. 25) 0 20
50x9.S (st. 33) 12 20
s0x9.S (st. 25) 0 15

160




