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Evolution of cyclostome Hox clusters
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Abstract

Hagfish and lampreys represent the only two lineages of agnathan (jawless) vertebrates that have
survived to the present day, and both form the monophyletic group of cyclostomes, which is sister
to the rest of the vertebrates, the gnathostomes (jawed vertebrates). Comparisons between
cyclostome and gnathostome models are thus essential to infer and understand ancestral traits of
vertebrates and their subsequent morphological, genomic, and physiological evolution. It is
thought that Hox gene evolution had a major impact in vertebrate morphological diversification,
but it has not been until the last decade or so that significant knowledge on the organization and
regulation of the Hox clusters of cyclostomes has started to accumulate. In this chapter, we review
current data on cyclostome Hox biology, presenting an integrated view of what we know thus far
from studies of Hox genes of both the lamprey and hagfish, including their gene complements,
cluster evolution, functional and expression diversification, and how this all relates to their body
plans and the general vertebrate architecture. We present the similarities and differences with the
most well-known gnathostome Hox genes, and infer common, ancestral traits. In conclusion, we
propose a common ancestor radically different to previous reconstructions, with only two Hox
clusters instead of four, but in which most of the well-known traits of Hox genes —spatial and
temporal collinearity, association with cranial segmentation and posterior growth— were already
established. This relatively simpler two-cluster ancestor was then independently modified in the
cyclostome and gnathostome lineages, where although Hox characteristics have been broadly
retained, lineage-specific differences arose over hundreds of millions of years of independent

evolution, which could be behind the morphological diversification of each of the groups.
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Introduction

Hagfish and lampreys are the only living representatives of jawless vertebrates, or agnathans, a
group of vertebrates that diverged before the advent of the articulated jaw, a trait that defines the
group of jawed vertebrates, or crown gnathostomes. Although hagfish and lampreys have
traditionally been considered to form a paraphyletic group from a morphological point of view,
with lampreys considered more closely related to gnathostomes and thus excluding hagfish from
vertebrates, advances in both morphological and molecular phylogenetics have clearly shown that
both form a monophyletic group, called Cyclostomata (from ‘round mouth’), which is the extant
sister group of all gnathostomes (Fig. 1A). Moreover, most of the morphological evidence used to
support the paraphyly of hagfish and lamprey has been revised with the most recent works on
hagfish development, mainly coming from the laboratory of Shigeru Kuratani (Higuchi et al.,
2019; Oisi et al., 2013; Ota et al., 2011; Ota et al., 2007; Sugahara et al., 2016; see Kuratani, 2021,
for a review). However, despite the monophyletic character of cyclostomes now being the most
widely accepted view, the phylogenetic position of the hagfish is still surprisingly debated by some,
and the previous morphology-based tree is still considered, although only occasionally in current
studies (see Figure 1 in Theofanopoulou et al., 2021, for a relevant recent example). Clearly, a
deep phylogenomic analysis taking advantage of whole genome data from the hagfish would likely
solve the debate about the hagfish position definitively (currently, an early, fragmented version of

a hagfish genome is publicly available at https://www.ensembl.org/Eptatretus burgeri/; Pascual-

Anaya et al., 2018). In either case, hagfish and lampreys are fundamental models in comparative
analyses with gnathostomes to infer ancestral conditions of vertebrates from genomic,
morphological, and evolutionary developmental perspectives (Shimeld and Donoghue, 2012).
Despite their key phylogenetic position, cyclostome models have been, probably together
with chondrichthyans (sharks, rays and chimaeras), the least studied vertebrate groups, mainly due
to the difficulty with accessing samples of both adults and eggs, especially from the hagfish. In the
case of cyclostomes, the lamprey is relatively easier to access than the hagfish, and it has therefore
been the model of choice by laboratories studying early evolution of vertebrates (see Shimeld and
Donoghue, 2012, for a review). Lampreys can provide thousands of eggs in the laboratory —
although seasonally and during a short period of the year—, and this has permitted, in recent years,

the adaption of state-of-the-art functional techniques for application to their embryos, such as the


https://www.ensembl.org/Eptatretus_burgeri/

76  introduction of gene reporter constructs (Parker et al., 2014b), or more recently the application of

77  CRISPR/Cas9 genome editing (Square et al., 2015).
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79 Figure 1. Hox evolution in cyclostomes (A) Schematic phylogenetic tree depicting selected representative species
80 of the main vertebrate lineages (cyclostomes: hagfish and lamprey; gnathostomes: shark, human and fish) with
81  representations of their Hox repertoires on top, not to scale. Hox genes are represented by gradient grey squares, with
82 white squares representing known pseudogenes. Hox genes are oriented with 5° on the left to 3° on the right and all
83 Hox genes are transcribed with the same orientation. Evolutionary events such as whole genome duplications (red
84  circles) together with the increase or loss of Hox clusters are indicated. Solid lines depict genomic linkage; dashed

85 line in shark represents the unknown nature of the HoxC cluster (Hara et al., 2018) in Scyliorhinus torazame; (B) Two
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possible evolutionary scenarios to explain the presence of 6 Hox clusters, at least in the lamprey, after 3R of
cyclostome-specific WGD events (c2R and c3R). Black lines indicate presence of a cluster, while grey lines represent
losses (marked by a red cross); (C) Schematic representation of expression patterns of Hox1-4 genes in the hindbrains

of the mouse (Mus musculus), sea lamprey (Petromyzon marinus) and inshore hagfish (Eptatretus burgeri).

Cyclostome and gnathostome lineages diverged over 500 million years ago (mya), with
hagfish and lamprey lineages splitting from each other relatively soon after, around 400 mya
(Kuraku and Kuratani, 2006). Despite having evolved for almost the same amount of time as
gnathostomes, cyclostomes are generally wrongly considered more primitive than gnathostomes
(Omland et al., 2008), which has contributed to the misperception that what is observed in
cyclostomes is primitive while gnathostome characters display derived states. The striking
differences we observe today between cyclostome and gnathostome body plans are, however,
consistent with the long and independent evolution of both lineages, which include both primitive
and derived character states in both groups. This is also the case between lampreys and hagfish,
since both lineages are characterized by striking differences, the most conspicuous being that
hagfish are direct developers, while all living lamprey species have a larval stage in their life cycles.
Nonetheless, both the hagfish and the lampreys display some common features during
development, suggesting a common ground plan that is consistent with their common ancestry
(Kuratani, 2021). These long, independent evolutionary histories are likely behind the acquisition
of radically different body plans, rather than one being ancestral and the other derived, and these
differences must be somehow reflected in the genomes, including the Hox genes (Fig. 1A), as
these are expected to have had an important contribution to the evolution of morphological
diversity (Wagner et al., 2003). Here, we review and bring together all the current knowledge
pertaining to Hox genes of cyclostomes: the gene complements, their expression during
cyclostome development, and their regulation and integration into gene regulatory networks that
are associated with key morphological traits of vertebrates. We conclude that, despite having
retained conserved features, which originated in an ancestral vertebrate that possessed two rather
than four Hox clusters, the independent expansion and evolution of Hox clusters in cyclostomes
and gnathostomes are likely behind their morphological differences and their respective novelties
(such as the jaw and paired appendages of gnathostomes) and, importantly, illustrates that there

are two ways, rather than one, of making a vertebrate.
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Evolution of cyclostome Hox complements
It has been proposed that the genomes of vertebrates have been shaped by several whole genome
duplication (WGD) events early in their evolution (Fig. 1A). For instance, it is generally accepted
that the gnathostome genome is the result of two ancestral tetraploidization events, classically
known as the 2R Hypothesis (Dehal and Boore, 2005). As a result of these 2R events, the ancestral
gnathostome genome contained four paralogous Hox clusters (Fig. 1A), which are more
specifically ohnologous, in reference to Susumo Ohno, who was the first to propose these WGD
events and their importance in genome karyotype evolution (Ohno, 1970). Invertebrates typically
have one pre-duplicative Hox cluster (Pascual-Anaya et al., 2013). Most groups of jawed
vertebrates have retained these four clusters, with distinct gene repertoires depending on
differential Hox gene losses (Fig. 1A). The 2R are, however, not the only duplicative events that
have contributed to shape vertebrate genome architecture, and some lineages, particularly fish,
have experienced extra rounds of WGD in the past, the most well-known being that of teleost
fishes (teleost-specific genome duplication or TGD; Amores et al., 1998; Taylor et al., 2001) (Fig.
1A). Due to this TGD, the teleost last common ancestor possessed 8 Hox clusters, and species
deriving from that ancestor nowadays have retained >4 Hox clusters, with numbers ranging from
5 to 8, depending on whether one or more Hox clusters eroded or not: the African butterfly fish
Pantodon buchholzi with 5 clusters (Martin and Holland, 2014); the zebrafish Danio rerio, 7
clusters (Amores et al., 1998) (Fig. 1A); and the European eel Anguilla anguilla, 8 clusters (Henkel
et al,, 2012), to mention some examples. An additional WGD after the TGD has occurred
independently in the carp/goldfish (Luo et al., 2020; Xu et al., 2019) and salmonid (Berthelot et
al., 2014; Lien et al., 2016) lineages, increasing their number of Hox clusters even further up to 13
(Moghadam et al., 2005a, b; Mungpakdee et al., 2008; Xu et al., 2014). Other non-teleost fish
lineages have experienced an independent WGD event, namely paddlefish (Cheng et al., 2021)
and sturgeon (Cheng et al., 2019; Du et al., 2020), and their genomes also contain 8 Hox clusters.
There thus seems to be a clear trend relating the number of WGD events to the number of
Hox clusters in a lineage. This is important because whether the 2R happened before or after the
cyclostome divergence has been, and continues to be, a matter of much debate. Several hypotheses
have been proposed, based on different approaches. One that gained early, and the most recent

support is that cyclostomes diverged after the 1R but before the 2R, making the 2R a gnathostome-
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specific event (Escriva et al., 2002; Nakatani et al., 2021; Simakov et al., 2020). An alternative
hypothesis considers that the 2R is ancestral to all vertebrates (Kuraku et al., 2009; Sacerdot et al.,
2018). A minority view is that the 2R never occurred, and the vertebrate karyotype is the result of
a 1R followed by extensive segmental duplications (Smith and Keinath, 2015; Smith et al., 2018).
Before the current genomic era, describing the full complement of Hox clusters of cyclostomes
provided early hints towards answering this long-standing question. The first studies aiming at
describing the Hox clusters of cyclostomes utilized degenerate PCRs to find Hox genes in both
hagfish and lamprey. In lampreys, these surveys were carried out in different species: Petromyzon
marinus (Carr et al., 1998; Force et al., 2002; Irvine et al., 2002; Pendleton et al., 1993), Lampetra
planeri (Sharman and Holland, 1998) and the Arctic lamprey Lethenteron camtschaticum (syn.
Lethenteron japonicum: Kuraku et al., 2008; Takio et al., 2007; Takio et al., 2004). In the case of
the hagfish, the first PCR-based assay (Stadler et al., 2004) described the presence of 33 Hox genes
in the Pacific hagfish Eptatretus stoutii, which was one of the lowest counts of Hox genes for any
vertebrate up to that date, but was still indicative of multiple clusters. Without whole genome
sequence information, all these studies were far from conclusive and the 2R conundrum remained
unsolved. Stadler and colleagues hypothesized, based on their very short sequence information,
that cyclostomes diverged at least after the first WGD and that subsequent independent
gene/cluster duplications expanded the Hox inventory. The analysis of the somatic genome of P.
marinus, the first of a cyclostome species, did not solve this problem either, contributing only
scattered information regarding Hox clusters (Smith et al., 2013). The description of the complete
Hox repertoire of lampreys had to wait until the analysis of the genome of L. camtschaticum
(Mehta et al., 2013), and was later confirmed with the analysis of the germ line genome sequence
of P. marinus (Smith et al., 2018); in total lampreys have a conserved set of 42 Hox genes arranged
in 6 intact clusters (Fig. 1A). The presence of more than 4 clusters suggested the existence of
additional WGDs in lampreys, independently from whether the 2R was shared with gnathostomes
or not (Mehta et al., 2013). Interestingly, the recent analysis of a preliminary draft genome
assembly of the inshore hagfish Eptatretus burgeri together with its developmental transcriptome
identified 40 Hox genes in at least 6 Hox clusters (Fig. 1A), very similar to the lamprey and thus
implying the possibility that their origin preceded the divergence of the lamprey and hagfish
lineages (Pascual-Anaya et al., 2018). Intriguingly, cyclostome Hox clusters are much larger in

size than their gnathostome counterparts (with reported sizes ranging from 145 to 526 kb in L.
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camtschaticum, compared to the 100-200 kb average size for gnathostomes) and contain higher
levels of interspersed repetitive elements (Mehta et al., 2013).

More recent, robust chromosome-level macrosynteny analyses of gnathostomes and
several lamprey genomes have eventually confirmed that cyclostomes diverged after a pan-
vertebrate ancestral 1R, but before the gnathostome-specific, classic 2R; secondarily, at least
lampreys have evolved after an independent 2R-3R (Nakatani et al., 2021; Simakov et al., 2020)
(Fig. 1A), which is supported by phylogenetic and synteny analyses, including linked non-Hox
genes, that suggest that lamprey Hoxp and -¢ clusters and —although less likely— Hoxa and -6
clusters come from a lamprey duplication (Parker et al., 2019a; Smith et al., 2018). Due to the
generally weak phylogenetic signal between lamprey and hagfish Hox genes and the lack of a
hagfish chromosome-level genome assembly to use for a more robust macrosynteny analysis
(Pascual-Anaya et al., 2018; Smith et al., 2018), whether the hagfish shares these additional WGD
events with lampreys or not remains unclear (Fig. 1A). The presence of 6 Hox clusters implies
some losses during cyclostome evolution: either one cluster was lost after the
lamprey/hagfish/cyclostome-specific 2R, resulting in 3 clusters before a 3R, or two losses from an

8-cluster ancestor (Fig. 1B).

Ancestral loss of Hox12 paralogs

Analyses of both the lamprey and the hagfish Hox catalogues revealed the striking lack of all
members of the Hox12 paralogy group (PG). Given that orthology relationships between posterior
Hox genes of invertebrate chordates and vertebrate PGs do not correspond with each other
(Pascual-Anaya et al., 2013), a remote formal possibility is that at least two gnathostome Hox12
genes could have originated as independent tandem duplications from another posterior Hox gene
at least in the ancestral two Hox clusters of a stem gnathostome after divergence from cyclostomes,
and that a Hox12 would have never existed in the last common ancestor of vertebrates. However,
the paralogy of all gnathostome Hox12 genes is strongly supported by phylogenetic analyses,
which unequivocally implies the presence of a Hox12 gene in a pre-duplicative ancestral Hox
cluster. Therefore, the most plausible scenario is that at least two Hox12 genes were lost in the last
common ancestor of cyclostomes, one per each of the two ancestral Hox clusters. Phylogenetic
analyses done using Hox protein sequences from both hagfish and lamprey together with

gnathostomes have clearly shown that cyclostomes have members of the other posterior PGs,
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strongly supporting the gene loss scenario (Pascual-Anaya et al., 2018). This is the only case in
which one of the two major vertebrate groups lacks all members of a single Hox PG, and the
impacts such losses could have had on the early divergence of cyclostomes remain unclear. Hox12
genes have important roles in patterning not only the posterior body, but also secondary structures
like the distal parts of paired appendages of jawed vertebrates (fins and limbs). Since these paired
appendages are not present in cyclostomes, this suggests that PG12 genes might have gained
selective pressures in the gnathostome lineage while the genes could be lost in cyclostomes,
potentially due to overlapping functionality with other posterior genes, for example in the tailbud

(Kuraku et al., 2008; Takio et al., 2007).

Spatial collinearity and the Hox code in cyclostomes
In most animals, Hox genes are expressed following a nested pattern where the expression domain
of each gene correlates with its position in the cluster, from 3’/rostral towards 5’/caudal (Gaunt,
2015). In this way, a distinct combination of Hox genes, or Hox code, is created along the anterior-
posterior axis of the animal. In jawed vertebrates, this pattern is most clearly observed in the
hindbrain and the neural crest-derived mesenchyme of pharyngeal arches, where the rostral border
of anterior Hox gene expression sharply corresponds with or is restricted to these morphologically
distinct segments (rthombomeres and pharyngeal arches), with the exceptions of rhombomere (1) 1
and the first pharyngeal arch (PA) 1, which are characterized by the absence of Hox expression.
On the other hand, posterior Hox genes are involved in the patterning of more caudal regions of
the embryo.

Most of the expression data in cyclostomes comes from studies using mainly two species
of lampreys, L. camtschaticum (Kuraku et al., 2008; Murakami et al., 2004; Onimaru et al., 2011;
Takio et al., 2007; Takio et al., 2004) and P. marinus (Parker et al., 2014a, 2019a). A
comprehensive expression analysis of all PG1-4 genes in P. marinus has shown that these Hox
genes are expressed similarly to their gnathostome counterparts, included segmentally restricted
expression patterns of some of them in the hindbrain and the neural crest of pharyngeal arches
(Parker et al., 2019a) (see Fig. 1C). For instance, the rhombomere-restricted expression of hoxf 1
in r4 is reminiscent of that of Hoxb[ in gnathostomes (Parker et al., 2014a, 2019a). In total, 8 out
of 14 lamprey PG1-4 genes are expressed with a rhombomere registration, i.e., that their anterior

borders of expression coincide with the anatomical borders of rhombomeres, like in gnathostomes
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(Fig. 1C). For instance, at stage 23, lamprey hoxa?2 is expressed up to the r1/2 border with high
levels of expression in r3 and r5, like gnathostome Hoxa?2 (Parker et al., 2014a, 2019a). Importantly,
Parker and colleagues also found that some lamprey Hox4 genes (hoxa4 and hox(4) are expressed
from the r6/7 border, like in gnathostomes (Parker et al., 2019a) (Fig. 1C). In the hagfish, very
similar patterns to those of the lamprey and gnathostome have also been found more recently, with
hox2.1V expressed in the hindbrain with an anterior limit at the r1/2 border, hox3.1I at the r4/5
border and hox4.IV at the r6/7 border (Pascual-Anaya et al., 2018) (Fig. 1C). Contrary to
gnathostomes, however, this segmental registration of anterior Hox genes in the hindbrain seems
to be transient and dynamic, at least in the lamprey, where the domain-restricted expression of
some of the Hox genes seems to disappear as development progresses (Parker et al., 2019a). For
instance, sea lamprey hoxa3 has an initial rostral limit of expression at the r4/5 border, like
gnathostome paralogues Hoxa3, -b3 and -d3, but becomes more restricted into r4 at later stages,
as also observed in the Arctic lamprey (Murakami et al., 2004; Parker et al., 2019a).

Five of the lamprey PG2-4 Hox genes are also expressed in nested domains within the
pharyngeal arches, like in gnathostomes. Curiously, only genes from /4oxa and hoxo clusters are
expressed in the pharyngeal arches’ neural crest: hoxa?2, -02, -a3, -03 and -64, but, unlike in
gnathostomes, with little redundancy between genes of the same PG (Parker et al., 2019a; Parker
et al., 2019b; Takio et al., 2007; Takio et al., 2004). In the hagfish, genes of the PG2-5 are also
expressed colinearly in the pharynx, although the exact association of Hox genes with specific
pharyngeal arches is not clear (Pascual-Anaya et al., 2018). In the lamprey, two Hox genes, hoxd2
and hox(4, are also expressed in the endostyle, a structure that during metamorphosis will give rise
to the thyroid (Parker et al., 2019a).

Less it is known about the expression patterns of other central and posterior Hox genes and
their possible functions in the morphological patterning of cyclostomes. Again, most of our
knowledge comes from work with lampreys, in this case the Arctic lamprey. Several studies from
the laboratory of Shigeru Kuratani on L. camtschaticum have reported the expression patterns of
13 out of 28 PG5-14 genes (hoxas, -y3, -06, -7, -08, -€8, -p9, -p10, -€10, -el 1, -y13, -013 and -
el14; Kuraku et al., 2008; Takio et al., 2007; Takio et al., 2004). For most of these genes, they found
colinear expression in the neural tube but not in the PA ectomesenchyme, as in gnathostomes.
Posterior PG9-11 genes that were analyzed were expressed in the progressing tailbud and the

neural tube, where they acquire a fixed anterior boundary, with the notable exception of hoxel0,

10
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whose expression in the neural tube remains continuously restricted to the level of the tailbud,
therefore displaying a dynamic anterior boundary that moves posteriorly throughout development,
unlike in gnathostomes, where Hox genes have fixed rostral limits (Takio et al., 2007). hoxd13 is
also expressed in the tailbud. Finally, hoxyi3, -013 and -¢14 are all found in the most posterior
region surrounding the hindgut, where 4oxy!3 was found in the cloacal region (Kuraku et al., 2008).
Consistent with its lamprey counterparts, hagfish hox13.1I and -13.VI genes have been found in
the cloacal region of the hagfish E. burgeri, although not hox14.1, at least in the stage and region
assayed (Pascual-Anaya et al., 2018). These hindgut/cloacal-associated expression patterns have
been found in gnathostomes as well (Theodosiou et al., 2007; Yokouchi et al., 1995), suggesting
that this was the case for the most posterior Hox genes in the common ancestor of living vertebrates.

In conclusion, the broad similarities between gnathostomes, lampreys and hagfish strongly
suggest that a nested expression of anterior Hox genes associated with the morphological
segmentation of the hindbrain and the pharynx, including Hox absence from r1 and PA1 (Fig. 1C).
In addition, colinear expression in the rest of the neural tube and the most posterior regions of the
body are all traits that were established in the last common ancestor of crown vertebrates before
cyclostomes and gnathostomes diverged. Interestingly, this implies that this integration occurred
in a vertebrate that most likely possessed only two Hox clusters. This system then evolved
independently in both cyclostomes and gnathostomes through lineage-specific duplications and
divergence of paralogs, such as the dynamic expression boundaries observed in some cyclostome

Hox genes, ultimately underlying the morphological differences we observe in both groups.

Regulatory evolution of Hox genes in the lamprey

Gnathostome Hox colinear expression is tightly integrated to the morphological segmentation of
both the hindbrain and the pharynx through conserved gene regulatory networks (GRN; Alexander
et al., 2009; Green et al., 2015; Parker et al., 2019b; Parker and Krumlauf, 2020), and the
similarities found between gnathostome, lamprey and hagfish expression patterns of anterior Hox
genes, together with the transient segmentation of the lamprey and hagfish hindbrain into
rhombomeres (Kuratani et al., 1998; Oisi et al., 2013), strongly suggest the conservation of these
GRNs in vertebrates. Indeed, reporter assays with gnathostome enhancers from Hox1-4 genes
resulted in a temporally activated, segmental reporter activity in the hindbrain of lamprey and

zebrafish embryos reflecting that of the genes these enhancers control endogenously (Parker et al.,
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2014a). Importantly, this activation seems to be mediated by the same regulatory inputs, since
mutations of specific transcription factor binding sites for known segmental regulators, such as
Krox20 and Kreisler, eliminated or reduced the reporter expression of a Hoxb3 r5 enhancer in both
zebrafish and lamprey embryos (Parker et al., 2014a). Consistently, lamprey kreisler and krox20
are expressed in hindbrain segments similarly to Hox genes and reminiscent of their gnathostome
counterparts (Parker et al., 2014a). Furthermore, the dissection of the regulatory landscape of
lamprey hoxa?2 revealed that, despite the lack of sequence conservation, this gene is controlled by
discrete cis-regulatory elements equivalent to those of gnathostome Hoxa2, strikingly including
an exonic/intronic element that controls the expression in r2 and r4 (Parker et al., 2014a; Tiimpel
et al., 2007; Timpel et al., 2008; Timpel et al., 2006). Further characterization of the lamprey
hoxa?2 regulation found an enhancer with shared activity in r4 and its NC, like its Hoxa2 mouse
counterpart, which demonstrated that the NC GRN is also conserved to the base of vertebrates
(Parker et al., 2019b). As in the hindbrain, this activity seems to be mediated by deeply conserved
transcription factor binding sites in both the lamprey and gnathostomes that involves Meis and
Pbx-Hox factors (Parker et al., 2019b). At the same time, some divergence of these regulatory
elements seems to have occurred independently in paralogs in both jawed and jawless vertebrates.
For instance, while the NC enhancer in lamprey hoxa2 has a shared activity in r4, that of
gnathostome Hoxa? is separated into distinct enhancers (but remains shared in Hoxb2) (Parker et
al., 2019b). Taken together, the data by Parker and colleagues suggests that the implementation of
the NC GRN in the lamprey is mediated, as in the hindbrain, by conserved regulatory inputs and
cis-regulatory elements.

Interestingly, although the GRNs for the patterning of the vertebrate NC and hindbrain are
well conserved in all major vertebrate lineages, none of the extant groups represent the ancestral
condition particularly well, as these had to be established in a vertebrate that possessed only two
Hox clusters, rather than the four that have usually been considered until now. There is no doubt
that the independent WGDs taking place separately in the gnathostome and
lamprey/hagfish/cyclostome lineages had a major impact in the divergence of the regulatory
activity of these networks, while selective pressures and constraints on, for instance, cranial
structures has broadly kept these GRNSs intact.

More recently, an analysis of the global presence of active binding sites for CCCTC-

binding factor (CTCF) in the lamprey has demonstrated their presence in the Hox clusters, like in
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gnathostomes. However, unlike in gnathostomes, these seem to be abundant in the anterior regions
of the clusters, which could be reflecting different modes of global regulation between amniotes
and lampreys. However, the specific evolutionary implications of these differences remain

unknown (Kadota et al., 2017; see Chapter 5).

Whole-cluster temporal collinearity of cyclostome Hox genes

Hox genes are also expressed following temporal collinearity (TC), meaning that genes in more
anterior regions of the cluster are expressed at earlier developmental stages than genes in more
posterior regions (Doll¢é et al., 1989; Izpistia-Belmonte et al., 1991). In jawed vertebrates, this
feature is usually observed across the whole cluster in order, which has recently been called whole-
cluster temporal collinearity (WTC; Wang et al., 2017). In contrast, in some protostomes,
subgroups of Hox genes are expressed according to TC in parallel, and this has been called sub-
cluster temporal collinearity (STC; Wang et al., 2017). This raised the question of what mode of
expression the Hox clusters of an ancestral vertebrates followed; either a more invertebrate-like
mode, or WTC as seen in amniotes. Information from the cyclostomes could therefore help to
resolve this. The first reports from the lamprey were unclear, since while the expression patterns
observed from some genes belonging to the same cluster in the Arctic lamprey depicted no traces
of temporal collinearity (Takio et al., 2007), reporter assays with anterior regulatory elements
pointed to the presence of temporally ordered expression of Hox1-3 (Parker et al., 2014a). A recent
comprehensive analysis of all Hox genes from the lamprey L. camtschaticum and the hagfish E.
burgeri, in comparison with the catshark Scyliorhinus torazame, has demonstrated that, at least in
the lamprey, Hox genes of several clusters are expressed following WTC during development,
clearly suggesting that the last common ancestor of vertebrates possessed Hox genes that were
expressed according to the WTC mode (Pascual-Anaya et al., 2018).

Again, it is noteworthy that vertebrate temporal collinearity had to be established in an
ancestor with two Hox clusters, and therefore we can infer the presence of strong constraints that
maintained it in all four Hox clusters of gnathostomes, while in the lamprey this seems to disappear
from some gene-poor clusters (like 40xy), probably reflecting the disappearance of such constraints
in some paralogous clusters after the extra duplications in the cyclostome lineage. The implications
for the morphological evolution of the lamprey remains obscure, but future functional experiments

altering the temporal collinearity in the lamprey will shed light on this question.
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Perspectives on a putative Hox code in the anterior-posterior patterning of the vertebral
column in lampreys

The anterior-posterior patterning along the animal’s body axis is reflected in its vertebral column.
Vertebrae are somite-derivatives (Ebner, 1889; Remak, 1855), and while somites are
morphologically similar, they produce vertebrae with different morphologies. Each vertebra has a
distinct form and function depending on its position along the anterior-posterior body axis (Gadow,
1933). The number of morphofunctional regions as well as the number of vertebrae that contribute
to one region vary across vertebrates (e.g., Bergmann and Irschick, 2012; Berio et al., 2021; Bui
and Larsson, 2020; Jawad, 2015; Johanson et al., 2005; Jones et al., 2018; Maxwell et al., 2021;
Morin-Kensicki et al., 2002; Miiller et al., 2010; Sallan, 2012; Scheyer et al., 2019; Ward and
Mehta, 2014). Mostly, it has been assumed that vertebral regionalization is a gnathostome
innovation, but there is evidence suggesting that it occurred earlier in vertebrate evolutionary

history (Chevrinais et al., 2018; Tretjakoff, 1926).
A B

;
© 000000,
Non-vertebrate chordates ._

}

branchial  predorsal dorsal 1 dorsal2  caudal
p— ® i
Hagfish k ;; )‘Z g
— 444444
Lampreys

Hypothetical last

common ancestor P 4. 4. Hox code?
./ —~o—v Gnathostomes

Figure 2. Vertebral column in agnathans. (A) Non-vertebrate chordates have a notochord (grey rod) lying ventrally

to the neural tube (beige rod). The hypothetical last common ancestor of hagfish, lampreys and gnathostomes had
cartilaginous vertebrae consisting of dorsal and ventral elements. Potentially, dorsal elements got lost during evolution
in hagfish and ventral elements got lost in lampreys. After Ota et al. (2011). (B) Top, Schematic representation of a
lamprey. The vertebral column is regionalized into five sections from head to tail. A vertebral arch representative for
each region is shown. After Tretjakoff (1926) and Chevrinais et al. (2018). Bottom, open question regarding the

possible existence of a Hox code underlying lamprey vertebral column regionalization.

Lampreys have cartilaginous vertebral arches that dorsally surround the spinal cord from

head to tail (Tretjakoff, 1926) (Fig. 2A). Traditionally, hagfish were thought to lack true vertebrae.
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However, a recent developmental study supports the observations made by Ayers and Jackson
(1901) that they do have vertebra-like elements homologous to gnathostome vertebrae (Ota et al.,
2011) (Fig. 2A). These cartilaginous elements lie ventral to the notochord but are restricted to the
tail region in hagfish. It may be possible that the vertebral column in lampreys and hagfish is
secondarily reduced because the extinct relative Euphanerops had vertebral elements at the dorsal
and ventral aspect of the notochord (Janvier, 2011; Ota et al., 2014). Initially present in the
common ancestor of all vertebrates, the ventral elements were then lost in lampreys and the dorsal
elements lost in hagfish (Ota et al., 2011) (Fig. 2A). In contrast to hagfish, in which the vertebral
elements are confined to the post-cloacal region, Tretjakoff (1926) noted that the vertebral column
of lampreys is quite variable along its length, and identified 5 morphofunctional regions based on
distinct characteristics (Fig. 2B): (1) The vertebral arches of the gill region (“Kiemengebiet”) have
an additional hole for the motor nerves; (2) In the cranial trunk region, the vertebral arches of the
heart and liver region (“Herz-Lebergebiet”) are characterized by being bipartite with a cranial and
caudal half. The vertebral elements in this region are more or less vertical but become increasingly
bent caudally; (3) The middle trunk region (“mittleres Rumpfgebiet™) coincides with the cranial
part of the dorsal fin. The vertebral arches are slightly S-shaped and always present as discrete
structures; (4) In the caudal trunk region (“hinteres Rumpfgebiet™), the vertebral elements are taller
compared to the preceding vertebrae. They are irregular in shape partly forming N- and H-formed
structures; (5) The vertebral arches become increasingly smaller in the tail region
(“Schwanzgebiet”). Chevrinais et al. (2018) later supported this observation, identifying a
branchial, predorsal, dorsal 1, dorsal 2 and caudal region that correspond to the regions defined by
Tretjakoff (1926). In total, there are about 130 vertebral arches forming the vertebral column in
lampreys (Tretjakoff, 1926). The absolute number of segments is primarily controlled by the
process of somitogenesis (e.g., Gomez et al., 2008; Schroter and Oates, 2010), whereas the
morphofunctional regionalization is the result of the sequential expression of Hox genes (i.e., Hox
code) in the somites (reviewed by Mallo et al., 2010). In tetrapods, for instance, the transition from
the cervical vertebral region (neck) to the thoracic vertebral region (trunk) correlates with the
anterior expression limit of the Hox PG 6 (Bohmer et al., 2015b; Burke et al., 1995; Mansfield and
Abzhanov, 2010; Woltering et al., 2009). A longer neck with more cervical vertebrae is associated
with a posterior shift of Hox-6 gene expression transposing the neck-trunk transition posteriorly.

The correlation between regional identity of the vertebrae and the Hox gene expression pattern
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even allows for inference of evolutionary modifications in the Hox code based on quantitative
morphological differences in the vertebral column (Béhmer, 2017; Béhmer et al., 2018; Béhmer
et al., 2015a; Bohmer and Werneburg, 2017; Guinard and Marchand, 2010; Head and Polly, 2015;
Johnson and O'Higgins, 1996; Szczygielski, 2017). This prompts the question of whether there is
a relationship between vertebral regionalization and a Hox code in the lamprey as well (Fig. 2B).
In lampreys, information on the somitic Hox gene expression is incomplete to date.
Onimaru et al. (2011) reported on two Hox genes that are expressed in the primitive paraxial
mesoderm: at stage 22, the anterior expression limit of zoxa5 was found at somites 9-10 and that
of hoxa6 at somites 14-15. This data is clearly not sufficient to provide robust evidence, but it may
hint at a spatial collinearity in the somitic expression of Hox genes in lampreys. To date, we can
only hypothesize a correlation between a Hox code and regionalization in the vertebral column of

lampreys (Fig. 2B).

Summary and future perspectives

In the last decade, significant efforts towards understanding cyclostome genomics have enabled
unprecedented comparative analysis with jawed vertebrates, permitting probably the most accurate
depiction of the last common vertebrate ancestor to date. It is important to note that this ancestor
likely possessed two Hox clusters instead of the previously hypothesized four. Unfortunately, no
lineage of vertebrates with this condition has survived to the present day, meaning that
reconstructing this hypothetical animal is more complicated than previously thought. Here we have
seen how cyclostome and gnathostome Hox clusters have originated following independent
lineage specific WGDs, while the main features of the clusters have been broadly retained in both
lineages, especially those involved in the patterning of cranial structures (e.g., conserved hindbrain
and NC GRNs). There are also differences observed between the two groups, with distinct
expression and regulatory divergence of paralogous Hox genes in each lineage. For instance, the
dynamic nature of the anterior border of some cyclostome Hox genes versus the fixed pattern in
gnathostomes, expression of Hox genes in lineage-specific organs (e.g., lamprey endostyle), and
differences in paralog expression (e.g. functionally overlapping in the pharynx in gnathostomes
but not in the lamprey). Whether these differences are behind the morphological divergence and
the origin of novelties in each of the lineages (e.g., jaw versus cyclostome velum) is not clear. We

anticipate that further analyses of the Hox code, especially in non-cranial structures, is still

16



452
453
454
455
456
457
458
459
460
461
462
463
464
465

466
467

468
469
470

471
472

473
474

475
476
477

478
479
480
481
482
483

484
485

486
487

necessary to better understand the Hox system of cyclostomes. This, together with more functional
approaches using lamprey embryos, such as the mutation of specific Hox genes with the
CRISPR/Cas9 system and high-throughput analyses (ChIP-seq, RNA-seq, ATAC-seq, in whole
embryos and single cells), will enable an unprecedented dissection of the roles of cyclostome Hox
genes. Ultimately, this will provide a deeper understanding of the ancestral roles of Hox genes in
vertebrates, how these have changed and if those changes are responsible, at least in part, for

vertebrate morphological diversification.

Acknowledgments
J.P.-A and C.B are indebted to all present and past members of the Kuratani laboratory, for
insightful and fruit discussion about hagfish and lamprey biology. J. P.-A. holds a ‘Beatriz

Galindo’ senior fellowship from the Ministerio de Ciencia, Innovacion y Universidades of Spain.

References

Alexander, T., Nolte, C., Krumlauf, R., 2009. Hox genes and segmentation of the hindbrain and
axial skeleton. Annu. Rev. Cell. Dev. Biol. 25, 431-456.

Amores, A., Force, A., Yan, Y.L., Joly, L., Amemiya, C., Fritz, A., Ho, R.K., Langeland, J., Prince,
V., Wang, Y.L., Westerfield, M., Ekker, M., Postlethwait, J.H., 1998. Zebrafish Aox clusters and
vertebrate genome evolution. Science 282, 1711-1714.

Ayers, H., Jackson, C.M., 1901. Morphology of the Myxinoide. I. Skeleton and musculature. J.
Morphol. 17, 185-226.

Bergmann, P.J., Irschick, D.J., 2012. Vertebral evolution and the diversification of squamate
reptiles. Evolution 66, 1044-1058.

Berio, F., Bayle, Y., Riley, C., Larouche, O., Cloutier, R., 2021. Phenotypic regionalization of the
vertebral column in the thorny skate Amblyraja radiata: Stability and variation. Journal of
Anatomy.

Berthelot, C., Brunet, F., Chalopin, D., Juanchich, A., Bernard, M., Noel, B., Bento, P., Da Silva,
C., Labadie, K., Alberti, A., Aury, J.M., Louis, A., Dehais, P., Bardou, P., Montfort, J., Klopp, C.,
Cabau, C., Gaspin, C., Thorgaard, G.H., Boussaha, M., Quillet, E., Guyomard, R., Galiana, D.,
Bobe, J., Volff, J.N., Genet, C., Wincker, P., Jaillon, O., Roest Crollius, H., Guiguen, Y., 2014.
The rainbow trout genome provides novel insights into evolution after whole-genome duplication
in vertebrates. Nat Commun 5, 3657.

Bohmer, C., 2017. Correlation between Hox code and vertebral morphology in the mouse: towards
a universal model for Synapsida. Zoological Letters 3, 1-11.

Bohmer, C., Amson, E., Arnold, P., van Heteren, A.H., Nyakatura, J.A., 2018. Homeotic
transformations reflect departure from the mammalian ‘rule of seven’ cervical vertebrae in sloths:

17



488
489

490
491

492
493

494
495

496
497

498
499

500
501
502

503
504
505

506
507
508
509

510
511
512

513
514

515
516
517

518
519
520
521
522

523
524

525
526
527

inference on the Hox code and morphological modularity of the mammalian neck. BMC
evolutionary biology 18, 84-94.

Bo6hmer, C., Rauhut, O.W.M., Worheide, G., 2015a. Correlation between Hox code and vertebral
morphology in archosaurs. Proc Roy Soc B 282, 20150077.

Bohmer, C., Rauhut, O.W.M., Woérheide, G., 2015b. New insights into the vertebral Hox code of
archosaurs. Evolution & Development 17, 258-269.

Bohmer, C., Werneburg, 1., 2017. Deep time perspective on turtle neck evolution: chasing the Hox
code by vertebral morphology. Scientific Reports 7, 8939.

Bui, H.-N.N., Larsson, H.C., 2020. Development and evolution of regionalization within the avian
axial column. Zool J Linn Soc, zlaa038.

Burke, A.C., Nelson, C.E., Morgan, B.A., Tabin, C., 1995. Hox genes and the evolution of
vertebrate axial morphology. Development 121, 333-346.

Carr, J.L., Shashikant, C.S., Bailey, W.J., Ruddle, F.H., 1998. Molecular evolution of Hox gene
regulation: cloning and transgenic analysis of the lamprey HoxQ8 gene. The Journal of
experimental zoology 280, 73-85.

Cheng, P., Huang, Y., Du, H., Li, C., Lv, Y., Ruan, R, Ye, H., Bian, C., You, X., Xu, J., Liang,
X., Shi, Q., Wei, Q., 2019. Draft Genome and Complete Hox-Cluster Characterization of the
Sterlet (Acipenser ruthenus). Front Genet 10, 776.

Cheng, P., Huang, Y., Lv, Y., Du, H., Ruan, Z., Li, C., Ye, H., Zhang, H., Wu, J., Wang, C., Ruan,
R., Li, Y., Bian, C., You, X., Shi, C., Han, K., Xu, J., Shi, Q., Wei, Q., 2021. The American
Paddlefish Genome Provides Novel Insights into Chromosomal Evolution and Bone
Mineralization in Early Vertebrates. Mol Biol Evol 38, 1595-1607.

Chevrinais, M., Johanson, Z., Trinajstic, K., Long, J., Morel, C., Renaud, C.B., Cloutier, R., 2018.
Evolution of vertebrate postcranial complexity: axial skeleton regionalization and paired
appendages in a Devonian jawless fish. Palacontology 61, 949-961.

Dehal, P., Boore, J.L., 2005. Two rounds of whole genome duplication in the ancestral vertebrate.
PLoS Biol 3, e314.

Doll¢, P., Izpista-Belmonte, J.C., Falkenstein, H., Renucci, A., Duboule, D., 1989. Coordinate
expression of the murine Hox-5 complex homoeobox-containing genes during limb pattern
formation. Nature 342, 767-772.

Du, K., Stock, M., Kneitz, S., Klopp, C., Woltering, J.M., Adolfi, M.C., Feron, R., Prokopov, D.,
Makunin, A., Kichigin, 1., Schmidt, C., Fischer, P., Kuhl, H., Wuertz, S., Gessner, J., Kloas, W.,
Cabau, C., lampietro, C., Parrinello, H., Tomlinson, C., Journot, L., Postlethwait, J.H., Braasch, L.,
Trifonov, V., Warren, W.C., Meyer, A., Guiguen, Y., Schartl, M., 2020. The sterlet sturgeon
genome sequence and the mechanisms of segmental rediploidization. Nat Ecol Evol 4, 841-852.

Ebner, V.v., 1889. Urwirbel und Neugliederung der Wirbelsdule. Sitzungsber Akad Wiss Wien
Math-Naturwiss K1 III 97, 194-206.

Escriva, H., Manzon, L., Youson, J., Laudet, V., 2002. Analysis of lamprey and hagfish genes
reveals a complex history of gene duplications during early vertebrate evolution. Mol Biol Evol
19, 1440-1450.

18



528
529

530
531

532

533
534

535
536

537
538

539
540
541
542
543

544
545

546
547
548
549

550
551
552

553
554
555

556
557
558

559
560

561
562

563
564
565

Force, A., Amores, A., Postlethwait, J.H., 2002. Hox cluster organization in the jawless vertebrate
Petromyzon marinus. J. Exp. Zool. B Mol. Dev. Evol. 294, 30-46.

Gadow, H.F., 1933. The evolution of the vertebral column. A contribution to the study of
vertebrate phylogeny. Cambridge University Press, London.

Gaunt, S.J., 2015. The significance of Hox gene collinearity. Int J Dev Biol 59, 159-170.

Gomez, C., Osbudak, E.M., Wunderlich, J., Baumann, D., Lewis, J., Pourqui¢, O., 2008. Control
of segment number in vertebrate embryos. Nature 454, 335-339.

Green, S.A., Simoes-Costa, M., Bronner, M.E., 2015. Evolution of vertebrates as viewed from the
crest. Nature 520, 474-482.

Guinard, G., Marchand, D., 2010. Modularity and complete natural homeoses in cervical vertebrae
of extant and extinct penguins (Aves: Sphenisciformes). Evolutionary Biology 37, 210-226.

Hara, Y., Yamaguchi, K., Onimaru, K., Kadota, M., Koyanagi, M., Keeley, S.D., Tatsumi, K.,
Tanaka, K., Motone, F., Kageyama, Y., Nozu, R., Adachi, N., Nishimura, O., Nakagawa, R.,
Tanegashima, C., Kiyatake, I., Matsumoto, R., Murakumo, K., Nishida, K., Terakita, A., Kuratani,
S., Sato, K., Hyodo, S., Kuraku, S., 2018. Shark genomes provide insights into elasmobranch
evolution and the origin of vertebrates. Nat Ecol Evol 2, 1761-1771.

Head, J.J., Polly, P.D., 2015. Evolution of the snake body form reveals homoplasy in amniote Hox
gene function. Nature 520, 86-89.

Henkel, C.V., Dirks, R.P., de Wijze, D.L., Minegishi, Y., Aoyama, J., Jansen, H.J., Turner, B.,
Knudsen, B., Bundgaard, M., Hvam, K.L., Boetzer, M., Pirovano, W., Weltzien, F.A., Dufour, S.,
Tsukamoto, K., Spaink, H.P., van den Thillart, G.E., 2012. First draft genome sequence of the
Japanese eel, Anguilla japonica. Gene 511, 195-201.

Higuchi, S., Sugahara, F., Pascual-Anaya, J., Takagi, W., Oisi, Y., Kuratani, S., 2019. Inner ear
development in cyclostomes and evolution of the vertebrate semicircular canals. Nature 565, 347-
350.

Irvine, S.Q., Carr, J.L., Bailey, W.J., Kawasaki, K., Shimizu, N., Amemiya, C.T., Ruddle, F.H.,
2002. Genomic analysis of Hox clusters in the sea lamprey Petromyzon marinus. J. Exp. Zool. B
Mol. Dev. Evol. 294, 47-62.

Izpista-Belmonte, J.C., Falkenstein, H., Doll¢, P., Renucci, A., Duboule, D., 1991. Murine genes
related to the Drosophila AbdB homeotic genes are sequentially expressed during development of
the posterior part of the body. EMBO J. 10, 2279-2289.

Janvier, P., 2011. Comparative anatomy: all vertebrates do have vertebrae. Curr Biol 21, R661-
663.

Jawad, L.A., 2015. Study of the vertebral column of the onion trevally, Carangoides
caeruleopinnatus (Teleostei: Carangidae) collected from the Sea of Oman. Ital J Zool 82, 41-47.

Johanson, Z., Sutija, M., Joss, J., 2005. Regionalization of axial skeleton in the lungfish
Neoceratodus forsteri (Dipnoi). Journal of Experimental Zoology Part B Molecular and
Developmental Evolution 304, 229-237.

19



566
567
568

569
570
571

572
573

574
575

576
577

578
579
580

581
582

583
584
585

586
587
588
589
590
591
592
593

594
595
596
597
598
599

600
601

602
603
604

Johnson, D.R., O'Higgins, P., 1996. Is there a link between changes in the vertebral "#ox code"
and the shape of vertebrae? A quantitative study of shape change in the cervical vertebral column
of mice. J. theor. Biol. 183, 89-93.

Jones, K.E., Angielczyk, K.D., Polly, P.D., Head, J.J., Fernandez, V., Lungmus, J.K., Tulga, S.,
Pierce, S.E., 2018. Fossils reveal the complex evolutionary history of the mammalian regionalized
spine. Science 361, 1249-1252.

Kadota, M., Hara, Y., Tanaka, K., Takagi, W., Tanegashima, C., Nishimura, O., Kuraku, S., 2017.
CTCEF binding landscape in jawless fish with reference to Hox cluster evolution. Sci Rep 7, 4957.

Kuraku, S., Kuratani, S., 2006. Time scale for cyclostome evolution inferred with a phylogenetic
diagnosis of hagfish and lamprey cDNA sequences. Zoolog. Sci. 23, 1053-1064.

Kuraku, S., Meyer, A., Kuratani, S., 2009. Timing of genome duplications relative to the origin of
the vertebrates: did cyclostomes diverge before or after? Mol Biol Evol 26, 47-59.

Kuraku, S., Takio, Y., Tamura, K., Aono, H., Meyer, A., Kuratani, S., 2008. Noncanonical role of
Hox14 revealed by its expression patterns in lamprey and shark. Proc. Natl. Acad. Sci. USA,
0710947105.

Kuratani, S., 2021. Evo-devo studies of cyclostomes and the origin and evolution of jawed
vertebrates. Curr Top Dev Biol 141, 207-239.

Kuratani, S., Horigome, N., Ueki, T., Aizawa, S., Hirano, S., 1998. Stereotyped axonal bundle
formation and neuromeric patterns in embryos of a cyclostome, Lampetra japonica. J Comp
Neurol 391, 99-114.

Lien, S., Koop, B.F., Sandve, S.R., Miller, J.R., Kent, M.P., Nome, T., Hvidsten, T.R., Leong, J.S.,
Minkley, D.R., Zimin, A., Grammes, F., Grove, H., Gjuvsland, A., Walenz, B., Hermansen, R.A.,
von Schalburg, K., Rondeau, E.B., Di Genova, A., Samy, J.K., Olav Vik, J., Vigeland, M.D., Caler,
L., Grimholt, U., Jentoft, S., Vage, D.I., de Jong, P., Moen, T., Baranski, M., Palti, Y., Smith, D.R.,
Yorke, J.A., Nederbragt, A.J., Tooming-Klunderud, A., Jakobsen, K.S., Jiang, X., Fan, D., Hu, Y.,
Liberles, D.A., Vidal, R., Iturra, P., Jones, S.J., Jonassen, 1., Maass, A., Omholt, S.W., Davidson,
W.S., 2016. The Atlantic salmon genome provides insights into rediploidization. Nature 533, 200-
205.

Luo, J., Chai, J., Wen, Y., Tao, M., Lin, G., Liu, X., Ren, L., Chen, Z., Wu, S., Li, S., Wang, Y.,
Qin, Q., Wang, S., Gao, Y., Huang, F., Wang, L., Ai, C., Wang, X., Li, L., Ye, C., Yang, H., Luo,
M., Chen, J., Hu, H., Yuan, L., Zhong, L., Wang, J., Xu, J., Du, Z., Ma, Z.S., Murphy, R W.,
Meyer, A., Gui, J., Xu, P., Ruan, J., Chen, Z.J., Liu, S., Lu, X., Zhang, Y.P., 2020. From
asymmetrical to balanced genomic diversification during rediploidization: Subgenomic evolution
in allotetraploid fish. Sci Adv 6, eaaz7677.

Mallo, M., Wellik, D.M., Deschamps, J., 2010. Hox genes and regional patterning of vertebrate
body plan. Developmental Biology 344, 7-15.

Mansfield, J.H., Abzhanov, A., 2010. Hox expression in the American alligator and evolution of
archosaurian axial patterning. Journal of Experimental Zoology Part B Molecular and
Developmental Evolution 314, 1-16.

20



605
606
607

608
609
610

611
612
613

614
615
616

617
618
619

620
621

622
623
624
625

626
627

628
629
630

631
632
633

634

635
636

637
638

639
640
641

642
643

Martin, K.J., Holland, P.W., 2014. Enigmatic orthology relationships between Hox clusters of the
African butterfly fish and other teleosts following ancient whole-genome duplication. Mol. Biol.
Evol. 31, 2592-2611.

Maxwell, E.E., Romano, C., Wu, F.-X., 2021. Regional disparity in the axial skeleton of
Saurichthyidae and implications for axial regionalization in non-teleostean actinopterygians.
Journal of Zoology 315, 29-41.

Mehta, T.K., Ravi, V., Yamasaki, S., Lee, A.P., Lian, M.M., Tay, B.H., Tohari, S., Yanai, S., Tay,
A., Brenner, S., Venkatesh, B., 2013. Evidence for at least six Hox clusters in the Japanese lamprey
(Lethenteron japonicum). Proc Natl Acad Sci U S A 110, 16044-16049.

Moghadam, H.K., Ferguson, M.M., Danzmann, R.G., 2005a. Evidence for Hox gene duplication
in rainbow trout (Oncorhynchus mykiss): a tetraploid model species. Journal of molecular
evolution 61, 804-818.

Moghadam, H.K., Ferguson, M.M., Danzmann, R.G., 2005b. Evolution of Hox clusters in
Salmonidae: a comparative analysis between Atlantic salmon (Salmo salar) and rainbow trout
(Oncorhynchus mykiss). Journal of molecular evolution 61, 636-649.

Morin-Kensicki, E.M., Melancon, E., Eisen, J.S., 2002. Segmental relationship between somites
and vertebral column in zebrafish. Development 129, 3851-3860.

Miiller, J., Scheyer, T.M., Head, J.J., Barrett, P.M., Werneburg, 1., Ericson, P.G.P., Pol, D.,
Sanchez-Villagra, M.R., 2010. Homeotic effects, somitogenesis and the evolution of vertebral
numbers in recent and fossil amniotes. Proceedings of the National Academy of Sciences 107,
2118-2123.

Mungpakdee, S., Seo, H.C., Angotzi, A.R., Dong, X., Akalin, A., Chourrout, D., 2008. Differential
evolution of the 13 Atlantic salmon Hox clusters. Mol. Biol. Evol. 25, 1333-1343.

Murakami, Y., Pasqualetti, M., Takio, Y., Hirano, S., Rijli, F.M., Kuratani, S., 2004. Segmental
development of reticulospinal and branchiomotor neurons in lamprey: insights into the evolution
of the vertebrate hindbrain. Development 131, 983-995.

Nakatani, Y., Shingate, P., Ravi, V., Pillai, N.E., Prasad, A., McLysaght, A., Venkatesh, B., 2021.
Reconstruction of proto-vertebrate, proto-cyclostome and proto-gnathostome genomes provides
new insights into early vertebrate evolution. Nat Commun 12, 4489.

Ohno, S., 1970. Evolution by Gene Duplication. Springer-Verlag, New York.

Oisi, Y., Ota, K.G., Kuraku, S., Fujimoto, S., Kuratani, S., 2013. Craniofacial development of
hagfishes and the evolution of vertebrates. Nature 493, 175-180.

Omland, K.E., Cook, L.G., Crisp, M.D., 2008. Tree thinking for all biology: the problem with
reading phylogenies as ladders of progress. Bioessays 30, 854-867.

Onimaru, K., Shoguchi, E., Kuratani, S., Tanaka, M., 2011. Development and evolution of the
lateral plate mesoderm: comparative analysis of amphioxus and lamprey with implications for the
acquisition of paired fins. Dev Biol 359, 124-136.

Ota, K.G., Fujimoto, S., Oisi, Y., Kuratani, S., 2011. Identification of vertebra-like elements and
their possible differentiation from sclerotomes in the hagfish. Nat Commun 2, 373.

21



644
645

646
647

648
649

650
651

652
653
654

655
656

657
658
659

660
661

662
663
664

665
666

667

668
669

670
671

672
673
674

675
676

677
678

679
680

Ota, K.G., Kuraku, S., Kuratani, S., 2007. Hagfish embryology with reference to the evolution of
the neural crest. Nature 446, 672-675.

Ota, K.G., Oisi, Y., Fujimoto, S., Kuratani, S., 2014. The origin of developmental mechanisms
underlying vertebral elements: implications from hagfish evo-devo. Zoology (Jena) 117, 77-80.

Parker, H.J., Bronner, M.E., Krumlauf, R., 2014a. A Hox regulatory network of hindbrain
segmentation is conserved to the base of vertebrates. Nature 514, 490-493.

Parker, H.J., Bronner, M.E., Krumlauf, R., 2019a. An atlas of anterior hox gene expression in the
embryonic sea lamprey head: Hox-code evolution in vertebrates. Dev Biol 453, 19-33.

Parker, H.J., De Kumar, B., Green, S.A., Prummel, K.D., Hess, C., Kaufman, C.K., Mosimann, C.,
Wiedemann, L.M., Bronner, M.E., Krumlauf, R., 2019b. A Hox-TALE regulatory circuit for
neural crest patterning is conserved across vertebrates. Nat Commun 10, 1189.

Parker, H.J., Krumlauf, R., 2020. A Hox gene regulatory network for hindbrain segmentation. Curr
Top Dev Biol 139, 169-203.

Parker, H.J., Sauka-Spengler, T., Bronner, M., Elgar, G., 2014b. A reporter assay in lamprey
embryos reveals both functional conservation and elaboration of vertebrate enhancers. PLoS One
9, e85492.

Pascual-Anaya, J., D'Aniello, S., Kuratani, S., Garcia-Fernandez, J., 2013. Evolution of Hox gene
clusters in deuterostomes. BMC Dev. Biol. 13.

Pascual-Anaya, J., Sato, 1., Sugahara, F., Higuchi, S., Paps, J., Ren, Y., Takagi, W., Ruiz-Villalba,
A., Ota, K.G., Wang, W., Kuratani, S., 2018. Hagfish and lamprey Hox genes reveal conservation
of temporal colinearity in vertebrates. Nat Ecol Evol 2, 859-866.

Pendleton, J.W., Nagai, B.K., Murtha, M.T., Ruddle, F.H., 1993. Expansion of the Hox gene
family and the evolution of chordates. Proc Natl Acad Sci U S A 90, 6300-6304.

Remak, R., 1855. Untersuchungen iiber die Entwicklung der Wirbelthiere. Reimer, Berlin.

Sacerdot, C., Louis, A., Bon, C., Berthelot, C., Roest Crollius, H., 2018. Chromosome evolution
at the origin of the ancestral vertebrate genome. Genome biology 19, 166.

Sallan, L.C., 2012. Tetrapod-like axial regionalization in an early ray-finned fish. Proceedings.
Biological sciences / The Royal Society 279, 3264-3271.

Scheyer, T.M., Hutchinson, J.R., Strauss, O., Delfino, M., Carrillo-Briceno, J.D., Sanchez, R.,
Sanchez-Villagra, M.R., 2019. Giant extinct caiman breaks constraint on the axial skeleton of
extant crocodylians. Elife 8.

Schréter, C., Oates, A.C., 2010. Segment number and axial identity in a segmentation clock period
mutant. Current Biology 20, 1254-1258.

Sharman, A.C., Holland, P.W., 1998. Estimation of Hox gene cluster number in lampreys. Int J
Dev Biol 42, 617-620.

Shimeld, S.M., Donoghue, P.C., 2012. Evolutionary crossroads in developmental biology:
cyclostomes (lamprey and hagfish). Development 139, 2091-2099.

22



681
682
683

684
685

686
687
688
689
690
691
692
693
694
695

696
697
698
699
700
701

702
703
704

705
706
707

708
709
710

711
712

713
714
715

716
717

718
719
720

Simakov, O., Marlétaz, F., Yue, J.X., O'Connell, B., Jenkins, J., Brandt, A., Calef, R., Tung, C.H.,
Huang, T.K., Schmutz, J., Satoh, N., Yu, J.K., Putnam, N.H., Green, R.E., Rokhsar, D.S., 2020.
Deeply conserved synteny resolves early events in vertebrate evolution. Nat Ecol Evol 4, 820-830.

Smith, J.J., Keinath, M.C., 2015. The sea lamprey meiotic map improves resolution of ancient
vertebrate genome duplications. Genome research 25, 1081-1090.

Smith, J.J., Kuraku, S., Holt, C., Sauka-Spengler, T., Jiang, N., Campbell, M.S., Yandell, M.D.,
Manousaki, T., Meyer, A., Bloom, O.E., Morgan, J.R., Buxbaum, J.D., Sachidanandam, R., Sims,
C., Garruss, A.S., Cook, M., Krumlauf, R., Wiedemann, L.M., Sower, S.A., Decatur, W.A., Hall,
J.A., Amemiya, C.T., Saha, N.R., Buckley, K.M., Rast, J.P., Das, S., Hirano, M., McCurley, N.,
Guo, P., Rohner, N., Tabin, C.J., Piccinelli, P., Elgar, G., Ruffier, M., Aken, B.L., Searle, S.M.,
Muffato, M., Pignatelli, M., Herrero, J., Jones, M., Brown, C.T., Chung-Davidson, Y.W., Nanlohy,
K.G,, Libants, S.V., Yeh, C.Y., McCauley, D.W., Langeland, J.A., Pancer, Z., Fritzsch, B., de
Jong, P.J., Zhu, B., Fulton, L.L., Theising, B., Flicek, P., Bronner, M.E., Warren, W.C., Clifton,
S.W., Wilson, R.K., Li, W., 2013. Sequencing of the sea lamprey (Petromyzon marinus) genome
provides insights into vertebrate evolution. Nat Genet 45, 415-421.

Smith, J.J., Timoshevskaya, N., Ye, C., Holt, C., Keinath, M.C., Parker, H.J., Cook, M.E., Hess,
J.E., Narum, S.R., Lamanna, F., Kaessmann, H., Timoshevskiy, V.A., Waterbury, C.K.M.,
Saraceno, C., Wiedemann, L.M., Robb, S.M.C., Baker, C., Eichler, E.E., Hockman, D., Sauka-
Spengler, T., Yandell, M., Krumlauf, R., Elgar, G., Amemiya, C.T., 2018. The sea lamprey
germline genome provides insights into programmed genome rearrangement and vertebrate
evolution. Nat Genet 50, 270-277.

Square, T., Romasek, M., Jandzik, D., Cattell, M.V., Klymkowsky, M., Medeiros, D.M., 2015.
CRISPR/Cas9-mediated mutagenesis in the sea lamprey Petromyzon marinus: a powerful tool for
understanding ancestral gene functions in vertebrates. Development 142, 4180-4187.

Stadler, P.F., Fried, C., Prohaska, S.J., Bailey, W.J., Misof, B.Y., Ruddle, F.H., Wagner, G.P.,
2004. Evidence for independent Hox gene duplications in the hagfish lineage: a PCR-based gene
inventory of Eptatretus stoutii. Molecular phylogenetics and evolution 32, 686-694.

Sugahara, F., Pascual-Anaya, J., Oisi, Y., Kuraku, S., Aota, S., Adachi, N., Takagi, W., Hirai, T.,
Sato, N., Murakami, Y., Kuratani, S., 2016. Evidence from cyclostomes for complex
regionalization of the ancestral vertebrate brain. Nature 531, 97-100.

Szczygielski, T., 2017. Homeotic shift at the dawn of the turtle evolution. Royal Society Open
Science 4, 160933.

Takio, Y., Kuraku, S., Murakami, Y., Pasqualetti, M., Rijli, F.M., Narita, Y., Kuratani, S.,
Kusakabe, R., 2007. Hox gene expression patterns in Lethenteron japonicum embryos—Insights
into the evolution of the vertebrate Hox code. Dev Biol 308, 606-620.

Takio, Y., Pasqualetti, M., Kuraku, S., Hirano, S., Rijli, F.M., Kuratani, S., 2004. Evolutionary
biology: lamprey Hox genes and the evolution of jaws. Nature 429, 1 p following 262.

Taylor, J.S., Van de Peer, Y., Braasch, 1., Meyer, A., 2001. Comparative genomics provides
evidence for an ancient genome duplication event in fish. Philos. Trans. R. Soc. Lond. B Biol. Sci.
356, 1661-1679.

23



721
722
723

724
725

726

727
728
729

730
731
732

733
734
735

736
737

738
739
740
741
742
743
744

745
746

747
748
749

750
751
752
753

754
755
756
757
758
759
760

Theodosiou, N.A., Hall, D.A., Jowdry, A.L., 2007. Comparison of acid mucin goblet cell
distribution and Hox 13 expression patterns in the developing vertebrate digestive tract. Journal of
experimental zoology. Part B, Molecular and developmental evolution 308, 442-453.

Theofanopoulou, C., Gedman, G., Cahill, J.A., Boeckx, C., Jarvis, E.D., 2021. Universal
nomenclature for oxytocin-vasotocin ligand and receptor families. Nature 592, 747-755.

Tretjakoff, D., 1926. Die Wirbelsdule des Neunauges. Anatomischer Anzeiger 61, 387-396.

Timpel, S., Cambronero, F., Ferretti, E., Blasi, F., Wiedemann, L.M., Krumlauf, R., 2007.
Expression of Hoxa2 in rhombomere 4 is regulated by a conserved cross-regulatory mechanism
dependent upon Hoxb1. Dev Biol 302, 646-660.

Timpel, S., Cambronero, F., Sims, C., Krumlauf, R., Wiedemann, L.M., 2008. A regulatory
module embedded in the coding region of Hoxa2 controls expression in rhombomere 2. Proc Natl
Acad Sci U S A 105, 20077-20082.

Timpel, S., Cambronero, F., Wiedemann, L.M., Krumlauf, R., 2006. Evolution of cis elements in
the differential expression of two Hoxa2 coparalogous genes in pufferfish (Takifugu rubripes).
Proc Natl Acad Sci U S A 103, 5419-5424.

Wagner, G.P., Amemiya, C., Ruddle, F., 2003. Hox cluster duplications and the opportunity for
evolutionary novelties. Proc Natl Acad Sci U S A 100, 14603-14606.

Wang, S., Zhang, J., Jiao, W., Li, J., Xun, X., Sun, Y., Guo, X., Huan, P., Dong, B., Zhang, L., Hu,
X., Sun, X., Wang, J., Zhao, C., Wang, Y., Wang, D., Huang, X., Wang, R., Lv, J., Li, Y., Zhang,
Z.,Liu, B., Lu, W., Hui, Y., Liang, J., Zhou, Z., Hou, R., Li, X., Liu, Y., Li, H., Ning, X., Lin, Y.,
Zhao, L., Xing, Q., Dou, J., Li, Y., Mao, J., Guo, H., Dou, H., Li, T., Mu, C., Jiang, W., Fu, Q.,
Fu, X., Miao, Y., Liu, J., Yu, Q., Li, R, Liao, H., Li, X., Kong, Y., Jiang, Z., Chourrout, D., Li,
R., Bao, Z., 2017. Scallop genome provides insights into evolution of bilaterian karyotype and
development. Nature Eco & Evol 1, 0120.

Ward, A.B., Mehta, R.S., 2014. Differential occupation of axial morphospace. Zoology 117, 70-
76.

Woltering, J.M., Vonk, F.J., Miiller, H., Bardine, N., Tuduce, I.L., de Bakker, M.A.G., Kndchel,
W., Sirbu, .O., Durston, A.J., Richardson, M.K., 2009. Axial patterning in snakes and caecilians:
evidence for an alternative interpretation of the Hox code. Developmental Biology 332, 82-89.

Xu, P., Xu, J., Liu, G., Chen, L., Zhou, Z., Peng, W, Jiang, Y., Zhao, Z., Jia, Z., Sun, Y., Wu, Y.,
Chen, B., Pu, F., Feng, J., Luo, J., Chai, J., Zhang, H., Wang, H., Dong, C., Jiang, W., Sun, X.,
2019. The allotetraploid origin and asymmetrical genome evolution of the common carp Cyprinus
carpio. Nat Commun 10, 4625.

Xu, P., Zhang, X., Wang, X., Li, J., Liu, G., Kuang, Y., Xu, J., Zheng, X., Ren, L., Wang, G.,
Zhang, Y., Huo, L., Zhao, Z., Cao, D., Lu, C., Li, C., Zhou, Y., Liu, Z., Fan, Z., Shan, G., Li, X.,
Wu, S., Song, L., Hou, G., Jiang, Y., Jeney, Z., Yu, D., Wang, L., Shao, C., Song, L., Sun, J., Ji,
P., Wang, J., Li, Q., Xu, L., Sun, F., Feng, J., Wang, C., Wang, S., Wang, B., Li, Y., Zhu, Y., Xue,
W., Zhao, L., Wang, J., Gu, Y., Lv, W., Wu, K., Xiao, J., Wu, J., Zhang, Z., Yu, J., Sun, X., 2014.
Genome sequence and genetic diversity of the common carp, Cyprinus carpio. Nat Genet 46, 1212-
1219.

24



761
762

763
764

Yokouchi, Y., Sakiyama, J., Kuroiwa, A., 1995. Coordinated expression of Abd-B subfamily
genes of the HoxA cluster in the developing digestive tract of chick embryo. Dev Biol 169, 76-89.

25



