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Abstract:  

As the only surviving lineages of jawless fishes, hagfishes and lampreys provide a critical window 
into early vertebrate evolution. Here, we investigate the complex history, timing, and functional 
role of genome-wide duplications in vertebrates in the light of a chromosome-scale genome of 
the brown hagfish Eptatretus atami. Using robust chromosome-scale (paralogon-based) 
phylogenetic methods, we confirm the monophyly of cyclostomes, document an auto-
tetraploidization (1RV) that predated the origin of crown group vertebrates ~517 Mya, and 
establish the timing of subsequent independent duplications in the gnathostome and cyclostome 
lineages. Some 1RV gene duplications can be linked to key vertebrate innovations, suggesting that 
this early genomewide event contributed to the emergence of pan-vertebrate features such as 
neural crest. The hagfish karyotype is derived by numerous fusions relative to the ancestral 
cyclostome arrangement preserved by lampreys. These genomic changes were accompanied by 
the loss of genes essential for organ systems (eyes, osteoclast) that are absent in hagfish, 
accounting in part for the simplification of the hagfish body plan; other gene family expansions 
account for hagfishes’ capacity to produce slime. Finally, we characterise programmed DNA 
elimination in somatic cells of hagfish, identifying protein-coding and repetitive elements that are 
deleted during development. As in lampreys, the elimination of these genes provides a mechanism 
for resolving genetic conflict between soma and germline by repressing germline/pluripotency 
functions. Reconstruction of the early genomic history of vertebrates provides a framework for 
further exploration of vertebrate novelties. 
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Introduction  
Hagfishes are deep-sea jawless vertebrates displaying a scavenger lifestyle and a prodigious 
capacity to produce mucus (Spitzer and Koch, 1998) (Figure 1a). Since hagfishes lack several key 
characters shared by lampreys and gnathostomes such as definitive vertebrae (Ota et al., 2011), 
lensed eyes with oculomotor control, and electroreceptive sensory organs (Miyashita et al., 2019; 
Shimeld and Donoghue, 2012), cladistic morphological analysis suggested that the hagfishes 
diverged before the split between lampreys and jawed vertebrates (the ‘Craniata’ hypothesis, Figure 
1b)(Janvier, 1981). Yet, both hagfishes and lampreys stand apart from other vertebrates based on 
the absence of jaws and other shared gnathostome characters such as bone and dentine (Janvier, 
2015) leading others to group them together as cyclostomes (the ‘Cyclostomata’ hypothesis, 
Figure 1b) (Duméril, 1812). Molecular phylogenies generally favour cyclostome monophyly, 
implying that hagfishes are secondarily simplified (Delsuc et al., 2006; Kuraku and Kuratani, 2006). 
Under either the Craniata or Cyclostomata hypothesis, living hagfishes provide a critical 
perspective on the evolutionary history of the vertebrate lineage, reflecting ancestral features of 
vertebrates or evolutionary changes within the hagfish lineage, respectively.  

The sequence and timing of the genome duplication events that took place in early vertebrate 
evolution, as well as their impact on genomic architecture, is a crucial and controversial question 
to understand vertebrate origins which remain elusive and controversial (Kuraku, 2008; Kuraku et 
al., 2009a). Comparisons among chromosome-scale assemblies of amphioxus, lamprey and 
gnathostome genomes have provided some key insights (Nakatani et al., 2021; Simakov et al., 
2020; Smith et al., 2018). Analyses of lamprey genome sequences as well as several gene-centric 
studies have suggested that cyclostomes share at least one of the two rounds of whole genome 
duplication (2R) that took place at the origin of vertebrates (Escriva et al., 2002; Furlong and 
Holland, 2002; Kuraku, 2008; Nakatani et al., 2021; Smith et al., 2013; Smith and Keinath, 2015). 
Comparisons with the (unduplicated) chromosome-scale genome of amphioxus enabled the 
reconstruction of the extensive chromosomal fusions and rearrangements that followed the 2R in 
the gnathostome lineage (Simakov et al., 2020). Hox gene clusters have historically served as 
markers for deciphering whole genome duplication history, and six hox clusters have been 
identified in lamprey and hagfish, but no clear pairwise orthology relationships could be established 
among gnathostome and cyclostome Hox genes, indicative of complex or independent duplication 
histories (Mehta et al., 2013; Pascual-Anaya et al., 2018).  The perspective from the hagfish 
genome, the other cyclostomes lineage, is therefore essential to delineate the sequence of events 
that led to the genomic organisation of modern vertebrate lineages.  

Unlike most other animals (Drotos et al., 2022; Smith et al., 2021) the large-scale structure of 
lamprey and hagfish genomes are modified during (normal) development by programmed 
elimination of a portion of their genome (Nakai et al., 1991; Smith et al., 2018, 2009). While hagfish 
were the first vertebrate species to be recognized as undergoing developmentally programmed 
elimination of chromatin (Nakai et al., 1991), our understanding of the content of eliminated 
hagfish chromosomes is thus far limited to the characterization of several satellite repeats that 
are highly enriched on these chromosomes (Goto et al., 1998; Kojima et al., 2010; Kubota et al., 
1993; Nabeyama et al., 2000). In lampreys, the comparison of the germline and somatic genome 
sequences revealed that germline chromosomes contain large numbers of genes with putative 
functions in the germline (Smith et al., 2018, 2009). The extent to which hagfish eliminates genes 
during development remains unresolved, and correspondingly, it is unknown whether DNA 
elimination might reflect an ancestral, shared-derived or independently-evolved trait in the 
cyclostomes. 
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Figure 1. Phylogenetic position of hagfish and multigene support for the cyclostome hypothesis. a, Picture 
of a brown hagfish, Eptatretus atami (photo credit K. Kubokawa).  b, Distinct hypothesis regarding early 
vertebrate evolution. c, Phylogenetic reconstruction of deuterostome relationships using 176 genes and 
61,939 positions selected as least saturated using a site-heterogeneous model (CAT+GTR).  topology is 
robust to composition heterogeneity and similar to what was obtained for all 1,467 genes using site-
homogeneous models (Figure S3). 

 

Here, we report a chromosome-scale assembly of a hagfish genome and use this assembly to 
resolve the gene content of retained and eliminated portions of the genome. This chromosomal 
sequence allows analyses that leverage both molecular phylogeny and conserved synteny to 
reconstruct duplication and divergence events that shaped the genomes of ancestral vertebrate, 
cyclostome and gnathostome lineages, as well as their impact on the emergence of genes involved 
in the evolution of vertebrate characters.  

The derived chromosomal organisation of hagfish  
We sequenced the germline genome of the brown hagfish Eptatretus atami (formerly Paramyxine 
atami) using a combination of short and long reads from testes and organised the assembly into 
chromosomes using proximity ligation data from somatic tissue (Table S1). Our E. atami assembly 
spans 2.52 Gb and includes 17 large chromosomal scaffolds, consistent with the expected somatic 
karyotype (2n = 34) (Figure S1a and Table S2).  The length of the assembly is intermediate between 
the fluorescence-based estimates of genome size for somatic (2.01 Gb) and germline (3.37 Gb) 
cells (Nakai et al., 1995, 1991), consistent with k-mer estimates (2.02 and 3.28 Gb, respectively, 
Figure S1b, Methods). The E. atami germline genome also includes seven highly repetitive 
chromosomes that are completely eliminated during development, and whose sequence is present 
in our assembly as shorter fragments, as similarly found for the highly repetitive germline-specific 
chromosomes of lampreys (Smith et al., 2018; Timoshevskaya et al., 2023) and songbirds(Kinsella 
et al., 2019). We annotated 28,469 genes of which 22,663 show similarity with the protein-coding 
complement of another species (Supp. File 1).  

The karyotype of hagfish differs from that of lampreys, which have 2n~168 small somatic 
chromosomes plus additional germline-specific chromosomes (Timoshevskiy et al., 2019). 
Despite their distinctive genomic organisation, hagfish and lamprey chromosomes are directly 
related: each hagfish chromosome corresponds to a fusion of 2 to 6 lamprey chromosomes 
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(Figure 2b). Conversely, each lamprey chromosome is typically associated with only one hagfish 
chromosome. While chromosomal identity and colinear gene order are surprisingly highly 
conserved between the lampreys Petromyzon marinus and Lethenteron reissneri that diverged ~162 
Ma ago (Figure S2a), collinearity is not preserved between lamprey and hagfish (Figure S2b). 
Hagfish and lamprey also have distinctive repetitive landscapes (Figure S1c,d). 

Using the cephalochordate amphioxus as an outgroup, the ancestry of hagfish, lamprey, and other 
vertebrate chromosomes (or chromosomal segments) can be traced back to the ancestral proto-
vertebrate (chordate) linkage groups (CLGs) (Simakov et al., 2020). The majority of lamprey 
chromosomes derive from a single CLG, with each CLG giving rise to 2 to 6 lamprey chromosomes 
due to subsequent genome duplications (see below) (Figure 2a). The simple correspondence 
between lamprey chromosomes and ancestral chordate linkage groups(Nakatani et al., 2021; 
Simakov et al., 2020; Smith and Keinath, 2015) implies that the chromosomal organisation of the 
hagfish-lamprey ancestor more closely resembled contemporary lamprey. In contrast, hagfish 
chromosomes are derived by the irreversible process of fusion-with-mixing of lamprey-like 
ancestral chromosomes, analogous to but distinct from the fusion-with-mixing events found in 
gnathostomes (Simakov et al., 2020) (Figure 2b).  

Phylogenomics confirm the monophyly of cyclostomes 
The chromosome-scale hagfish genome assembly is a valuable resource for addressing the 
craniate-vs-cyclostome debate. Previous molecular phylogenies (Delsuc et al., 2006; Kuraku and 
Kuratani, 2006) as well as analysis of vertebrate miRNAs (Heimberg et al., 2010) (but see 
(Thomson et al., 2014)) supported cyclostomes, but these early studies were constrained by limited 
gene and taxonomic sampling (Kapli et al., 2020). Moreover, lampreys and hagfish show both 
nucleotide and amino-acid composition bias (Kuraku and Kuratani, 2006) and their complex history 
of genome duplication and gene loss complicates the identification of orthologs (Furlong and 
Holland, 2004).  

We found robust support for cyclostome monophyly using a set of 1,553 orthologous genes that 
was inferred using hagfish and lamprey genome data as well as new transcriptome sequences for 
the hagfish Myxine glutinosa (Table S3). Cyclostome monophyly is recovered with a partitioned 
analysis (Figure S3a), site-heterogeneous models (Figure 1c), and six-category amino-acid 
recoding to alleviate compositional bias (Figure S3c). Using fossil calibrations (Table S4), we 
estimated that the divergence between lamprey and hagfish took place in the Late Ordovician ~449 
Ma, with the split between cyclostomes and gnathostomes occurring close to the Cambrian-
Ordovician boundary ~493 Ma, consistent with previous estimates (Kuraku et al., 2009b). The 
diversification times of modern lampreys ~182 Ma (Early Jurassic) and hagfishes ~130 Ma (Early 
Cretaceous) (Figure S3d) are compatible with the recent discovery of a late-Cretaceous hagfish 
(Miyashita et al., 2019), and points to long stem lineages for both taxa.  
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Figure 2. Genomic and syntenic architecture in cyclostomes and vertebrates. a, Distribution of genes derived 
from the 18 ancestral chordate linkage groups (CLGs) in the chromosomes of hagfish, lamprey and gar 
chromosomes. Bins contain 20 genes and only CLGs from chromosomes showing reciprocal enrichment are 
plotted (fisher’s test). b, Syntenic relationship between lamprey and hagfish chromosomes showing that 
hagfish chromosomes are typically fusions of multiple lamprey chromosomes. Each line corresponds to a 
single-copy orthologue labelled by CLGs. CLG colours are the same as in a. 

 

Genome duplications in early vertebrate evolution 
The sequence and timing of the whole genome duplications that occurred early in vertebrate 
evolution remain controversial (Kuraku, 2008; Kuraku et al., 2009a; Nakatani et al., 2021; Sacerdot 
et al., 2018; Simakov et al., 2020; Smith et al., 2018; Smith and Keinath, 2015). Major unresolved 
questions include whether zero, one, or two whole genome duplications occurred on the vertebrate 
stem lineage prior to the cyclostome-gnathostome split, and the timing and nature of any 
subsequent lineage-specific events (Figure 3a). Definitive phylogenetic resolution of these 
questions has been frustrated by uneven rates of evolution, differential gene losses and associated 
‘hidden paralogy’ (Holland et al., 2017; Kuraku, 2010; Kuraku et al., 2009a), and possible delayed 
rediploidization (Furlong and Holland, 2002).  

Recently, we proposed a scenario for early vertebrate evolution in which an initial auto-
tetraploidization, likely shared by both gnathostomes and cyclostomes, and was followed by a 
gnathostome-specific allo-tetraploidization (Simakov et al., 2020). Additional whole genome 
duplications (Simakov et al., 2020) or a hexaploidization (Nakatani et al., 2021) on the lamprey 
lineage have been suggested, but whether these later events inferred from the lamprey genome 
occurred before, after, or even contemporaneously with the lamprey-hagfish split has not been 
investigated for lack of a chromosome-scale hagfish genome (Figure 3a). 
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We first tested different vertebrate whole genome duplication scenarios using WHALE 
(Zwaenepoel and Van de Peer, 2019), a method based on probabilistic reconciliation of gene and 
species trees (Table S5, see also Methods). We recovered significant support for the scenario 
placing the 1R on the ancestral lineage that gave rise to all extant vertebrates (1RV), followed by 
clade-specific genome-wide duplications in the gnathostomes (2RJV) and cyclostomes (2RCY) 
lineages (all Bayes Factors BFNull_vs_WGD < 10-3) (Figure S4). In contrast, we found no support for 
lineage-specific genome-wide duplications in lamprey or hagfish (Figure S4), consistent with their 
near 1:1 segmental relationship (Figure 2b). 

We confirmed the order and timing of early vertebrate whole genome duplications with a 
complementary new approach leveraging deeply conserved synteny (Simakov et al., 2022, 2020). 
We reconstructed molecular phylogenies from concatenated blocks of chromosomally linked 
genes that derive from each of the proto-vertebrate chromosomes (the ancestral chordate linkage 
groups CLGs of ref. (Simakov et al., 2020)) (Figure 3c,d and Table S6). Such descendants of the 
ancestral chordate chromosomes are called ‘paralogons’ (Coulier et al., 2000). Since the genes of 
each paralogon are expected to have experienced the same evolutionary history (barring 
homoeologous recombination), the problem of ‘hidden paralogy’ is avoided; combining linked 
genes also increases the number of phylogenetically informative characters relative to individual 
gene trees (Table S6). We estimated paralogon phylogenies and timings of divergences and 
duplications independently for each ancestral proto-vertebrate chromosome (Simakov et al., 2020) 
with the hypothesis that these trees should display consistent patterns and timing of divergence 
and duplication.  
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Figure 3. History of genome duplications in vertebrates.  a,  Alternative scenarios for whole genome 
duplications during early vertebrate evolution tested using WHALE with the scenario and duplication nodes 
receiving statistical support highlighted (see Figure S4). b, Evolutionary history of vertebrate Hox gene 
clusters determined by paralogon phylogeny (see also panel d). c, Timetree of deuterostomes combining 
results from paralogon-based molecular dating analyses. Distribution of divergence times for speciation 
(grey) and duplication (coloured as in a) nodes inferred for the 17 CLGs is shown at each node (Table S6). 
Each node is labelled with the median divergence time across CLGs and individual dates for distinct CLGs 
are plotted as dots with as an overlay the distribution of inferred divergence time for all CLGs. d, Example of 
topology and divergence times obtained using segments derived from the Hox bearing CLG B. Species and 
datasets used are listed in Table S5.  Vertebrate species: X. tropicalis, western clawed frog; G. gallus, chicken; 
L. oculeatus, spotted gar; C. punctatus, brownbanded bamboo shark. Outgroups include two amphioxus (B. 
floridae, B. lanceolatum), hemichordates (S. kowalevskii and P. flava), and one echinoderm (S. purpuratus). 
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Among gnathostomes, we find robust support for the proposal of an early auto-tetraploidization 
(1RV) followed by a later gnathostome-specific allo-tetraploidization (2RJV) (see, e.g., CLGB in 
Figure 3d; Figure S6; Supp. file 2). Based on patterns of gene loss, the gnathostome-specific 2RJV 
was previously hypothesised to be an allo-tetraploidization that brought together genomes from 
two now-extinct gnathostome progenitors, alpha and beta (Simakov et al., 2020). Alpha and beta 
share characteristic gnathostome-specific chromosomal fusions that are absent from 
cyclostomes (e.g., CLG O & E or C & L, Figure 2a, see also (Simakov et al., 2020)). Paralogon trees 
resolve several ambiguities in the assignment of beta segments to their 1R alpha counterparts 
(Simakov et al., 2020) (Table S7). 

We estimated that the alpha and beta progenitors of gnathostomes diverged in the mid-late 
Cambrian ~505 Mya (Figure 3b, Figure S6) based on calibration against the fossil record (Table 
S4, Methods). These progenitors later hybridised, in association with a genome doubling, prior to 
the origin of the crown group gnathostomes (i.e., the split between cartilaginous and bony fishes) 
near the end of the Ordovician ~457 Mya. The timing of this hybridization/doubling event cannot 
be determined from molecular phylogenies but we speculate that it likely occurred within 10-15My 
of the alpha-beta divergence based on examples from recent allo-tetraploidization events such as 
Xenopus (Session et al., 2016) and goldfish (Chen et al., 2019). 

Regarding cyclostomes, paralogon trees generally identify directly orthologous hagfish and 
lamprey chromosome segments, as exemplified in Figure 2b, although some pairings have low 
support and some segments have insufficient representation due to extensive gene loss (Table S6 
and Supp. file 2). This direct segmental orthology is consistent with cyclostome monophyly and 
the absence of hagfish- or lamprey-specific whole genome duplications. Conversely, we find 
evidence for shared genome-wide duplications on the cyclostome stem, i.e., preceding the 
divergence of the hagfish and lamprey lineages ~458 Mya. While the nature of the cyclostome-
specific duplications is difficult to decipher, the net effect appears to be hexaploidization(Nakatani 
et al., 2021) without obvious patterns of differential gene retention as typically observed after 
allopolyploidy involving divergent progenitors and seen in the gnathostome lineage (Simakov et al., 
2020). 

The broad distribution of divergence times observed between homoeologous cyclostome 
chromosomes (~515-460 Mya) is consistent with an extended period of ongoing diploidization 
(Furlong and Holland, 2002), as seen in salmonids (Gundappa et al., 2022; Lien et al., 2016). More 
specifically, this state of affairs parallels proposals for the origin of hexaploidy in modern sturgeon, 
in which stem lineages exist in multiple interfertile ploidies (Fontana et al., 2008). Under this model, 
gene duplications in the cyclostome lineage would have occurred in two successive bursts, the 
first from the formation of a (now extinct) tetraploid stem cyclostome and the second from the 
hybridization of tetraploid and diploid stem cyclostomes, followed by possibly extended periods of 
rediploidization (Figure S6). The near 1:1 relationship between orthologous hagfish and lamprey 
chromosome segments (Figure 2b) suggests that this process must have been largely completed 
by the time the crown group cyclostomes originated. 

With regard to the timing of 1R, our paralogon trees and probabilistic inference of genome 
duplications (WHALE) both support a single shared auto-tetraploidization on the vertebrate stem 
(1RV) predating the divergence of cyclostomes and gnathostomes. The sequence of events 
involving first the 1RV duplication and second the cyclostome-gnathostome speciation is reflected 
in 10 out of 14 CLGs that show strong phylogenetic resolution (bootstrap support BP>60, Table S6, 
Supp. file 2). The absence of cyclostome derivatives on one side of the 1RV branch (in 5 out of 17 
CLGs) can be due to loss of paralogous segments, limited phylogenetic signal, and/or delayed 
diploidization (Parey et al., 2022; Robertson et al., 2017).These duplication and speciation events 
occurred in close succession: we estimate that 1RV took place ~519 Mya and the cyclostome-
gnathostome split ~517 Mya. We note that, following Furlong and Holland (Furlong and Holland, 
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2002), our estimate for 1RV corresponds to the cessation of homoeologous recombination after 
auto-tetraploidization, and the actual duplication event could have occurred earlier.  

History of vertebrate Hox clusters 
Paralogon-based phylogenies can also be used to elucidate the tangled relationships among the 
Hox clusters of cyclostomes and gnathostomes. While gnathostomes typically have four Hox 
clusters (Hox A-D), hagfish and lamprey each have six clusters (Hox I-VI and Hox α-ζ, 
respectively)(Mehta et al., 2013; Pascual-Anaya et al., 2018; Smith et al., 2018) (Figure 3b). Hox 
clusters are located on the descendants of chordate linkage group B, and the corresponding 
paralogon tree indicates a deep split between (gnathostome) HoxA, D, (lamprey) Hox β, ε, ζ, and 
(hagfish) Hox I, II, IV on one side and Hox B, C, Hox α, γ, δ and HoxIII, IV, VI on the other, 
corresponding to the 1RV duplication on the vertebrate stem (Figure 3d). Subsequent independent 
duplications on the cyclostome and gnathostome lineage further expanded these two paralogous 
early vertebrate Hox clusters. At a finer scale, we also resolve the uncertainty regarding the 
correspondence between the lamprey and hagfish Hox clusters, whose relationships are supported 
by both the paralogon tree, as well as a concatenation of Hox and surrounding genes (‘bystanders’) 
(Figure S5). However, the relationship between hagfish Hox I and V and lamprey Hox β and ε 
(lamprey chromosomes 2 and 10 on Figures 2b,  3b,d and S5) has been obscured by an apparent 
reciprocal fission-fusion event in the cyclostome lineage.		
Interestingly, Evx, a homeobox gene linked to the core Hox cluster, is missing from all cyclostome 
clusters that diverged from  Hox C/D after 1RV.  In contrast, gnathostomes have two Evx paralogs 
whose duplication  can be traced to 1RV: Evx1 (linked to HoxA) and Evx2 (linked to Hox D). The 
retention of both 1RV-derived Evx paralogues in the gnathostome lineage is notable given the 
importance of these genes in the development and patterning of fins and limbs across divergent 
gnathostome lineages(Sordino et al., 1996). This suggests that 1RV duplicates acquired roles in fin 
bud development and patterning very early in the evolution of the gnathostome lineage, consistent 
with the observation of paired fin fold morphologies in early diverging galeaspids(Gai et al., 2022).  

Did neural crest arise before or after 1RV? 
Many developmental genes retained after WGD have been instrumental to establish vertebrate 
innovations (Shimeld and Holland, 2000). The resolution of early vertebrate genome duplications 
provides a framework for assessing whether core vertebrate characters such as neural crest, 
placodes, and vertebrate hormone systems arose before, after, or concomitant with 1RV. The 
logical framework for such an assessment was outlined by Wada et al. (Wada and Makabe, 2006). 
When paralogous genes share a common (vertebrate-specific) function, it is likely that their 
unduplicated ancestor also carried out that function; conversely, if only one pair of paralogs  has a 
novel vertebrate-specific function, then either (1) that paralog acquired this function after 
duplication, or (2) the function preceded duplication but the function was subsequently lost in the 
other paralog. Importantly, while individual gene trees often have low signal, our paralogon trees 
are more robust and allow confident assignment of gene duplications to genes to specific whole 
genome events. 

We considered the origin of neural crest cells relative to 1RV by analysing a set of 22 gene families 
involved in neural crest specification and migration (Martik and Bronner, 2021; Simões-Costa and 
Bronner, 2015) (Figure 4a). We find that for many of these genes, including Tfap, Sox, Ednr, Twist 
and Gata, paralogs on both 1Rv branches are involved in neural crest-related functions  (Table S8). 
This indicates that these functions were likely inherited from a single pre-1Rv gene in the 
vertebrates ancestor and suggests that the neural crest likely originated before the 1Rv and that 
post-WGD subfunctionalisation played a limited role in the emergence of this cell population, 
contrary to other gnathostome novelties such as limbs (Minguillon et al., 2009). Notably, the history 
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of vertebrate genome duplication (Figure 3c, Figure S6) allows us to draw this conclusion based 
on studies of jawed vertebrate neural crest and makes predictions for functions of cyclostome 
orthologues whose potential role in neural crest has not yet been tested.  

While NCCs are shared by all vertebrates, the specification and patterning of the trunk and cranial 
NCCs appear to differ from cyclostome, osteichthyans and even amniotes, with distinct genes 
being involved (Martik et al., 2019). We found that genes such as Tfap and SoxE involved in the 
ancestral specification of both cranial and trunk NCC all seem to have paralogues on both 1Rv 
branches involved in this function. Conversely, genes such as Lhx5, Id3 or Gid2 or Dmbx that are 
involved in cranial NCC specification of gnathostomes do not have 1Rv or 2Rjv paralogues with a 
similar function, which suggests a later subfunctionalization and incorporation in the NCC GRN. 
Interestingly, Cadherin 6, 9 and 10 that play a role in migration of NCCs in tetrapods underwent an 
independent lineage-specific tandem duplication in sarcopterygians (Supp. file 3), which is 
consistent with the successive incorporation of new genes in the control of cranial NCCs during  
the course of gnathostome and tetrapod evolution (Martik et al., 2019). Despite the extensive gene 
loss experienced on the hagfish lineage (see below), we recovered homologues for most of the 
NCC-related genes that we investigated, but further functional studies would be necessary to 
determine whether subsequent 2RCy paralogues could have been incorporated in NCC-related 
functions.  (Martik and Bronner, 2021) (Table S8).  
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Figure 4. Functional impact of vertebrate WGD and gene loss in vertebrates. a, Key neural crest-related 
genes classified according to their paralogy status in regarding to the 1RV. b, Enrichment of functional 
annotation terms (Gene Ontology) in sets of genes showing a specific pattern of retention after 
vertebrate WGDs. c, Subfunctionalization of paralogous genes evaluated by counting expression pattern 
gain-and-loss. d, Gene family loss in deuterostomes highlighting the severe loss in the hagfish lineage. 
Species abbreviation is described in Table S5.  e, Functional enrichment (GO) in lamprey for genes lost 
in the hagfish lineages highlighting a simplification of visual and hormonal systems. f, Structure and 
gene expression for the two clusters of alpha-keratin genes expressed in the slime gland and the skin 
with RNA-seq signal in blue (Figure S8).   
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A distinct fate for paralogues in cyclostomes 
Previous work revealed that paralogues retained after two rounds of gnathostome genome 
duplications were functionally enriched in terms associated with the regulation of development 
and nervous system activity (Putnam et al., 2008). To determine whether these genes were retained 
in a similar fashion in the cyclostome lineage, preferentially in 1RV or subsequently after lineage-
specific 2R, we conducted functional enrichment tests on paralogue sets showing distinct 
retention patterns (Figure 4b). We recovered the terms previously found enriched in gnathostome 
paralogues (e.g., axon guidance, embryonic organ development), but interestingly, we found them 
preferentially associated with retention of paralogs arising from the pan-vertebrate 1RV but not the 
gnathostome-specific 2RJV (Figure 4b). The similar pattern of functional enrichment in lamprey, 
gar, and frog is consistent with the occurrence of 1RV before the cyclostome-gnathostome split. In 
contrast, hagfish has lost some 1RV paralogues that persist in lamprey.  These 1RV-derived 
paralogues were therefore initially retained in the cyclostome lineage but subsequently lost in 
hagfish (e.g. embryonic organ development) (Figure 4b). Such increased gene losses and 
functional divergence in hagfish could account for its derived morphology.  

The fate of paralogues after WGD is often related to their acquisition of more specific expression 
domains that can explain subfunctionalization and functional innovation (Lynch and Conery, 2000; 
Marlétaz et al., 2018). To examine patterns of expression divergence in gnathostomes and 
cyclostomes, we compared gene expression of paralogues in a consistent set of six organs in 
amphioxus, gar, lamprey, and hagfish. Comparing a set of 3,009 gene families in which paralogues 
were retained, we observed that the gar displays a higher level of gene expression specificity than 
lamprey and hagfish, with the hagfish showing the least specificity (Figure S7b). We further 
examined the number of expression patterns gained or lost in the same gene family between 
amphioxus and the other species, which confirms a lower level of subfunctionalization in 
cyclostomes than in gnathostomes (Figure 4b). Finally, we used gene expression clustering 
(WGCNA) to ask whether specific organs show significant enrichment of paralogous genes Figure 
S8). Interestingly, we found that only neural tissue displays such a pattern of enrichment in both 
gnathostomes (gar) and in hagfish, while many recently duplicated genes are expressed in an 
organ-specific fashion (Figure S8). Taken together these results imply that, cyclostomes show 
more limited subfunctionalization or specialisation of expression patterns compared with 
gnathostomes.  

Gene novelties and losses underlying hagfish character evolution  
Hagfishes appear to lack a number of organ systems that are shared across vertebrates, with 
reduced eyes, limited ossification (no real vertebrae) and sensory organs (no ampullary 
organs)(Dong and Allison, 2021; Janvier, 2007; Zhang et al., 2009). By using gene family 
reconstruction incorporating the gene models of the hagfish E. burgeri (Yamaguchi et al., 2020),  as 
well as assigning PANTHER classification, we established that hagfish underwent the most 
extensive loss of genes in any deuterostome lineage with 1,415 missing gene families of which 
892 originated in deuterostomes or earlier (Figure 4c, Figure S7d). Interestingly, we also estimated 
rates of paralogue losses in our reconciled trees and while hagfish experienced more severe 
paralogue losses after WGDs than lampreys, they remain comparable with other gnathostome 
lineages such as chondrichthyans or teleosts (Figure S7c). Therefore, hagfishes stand out as 
having lost all members of entire gene families, which could be associated with functional losses 
related to their body plan simplification.    

Functional enrichment analysis conducted using lamprey to account for the shared WGD history 
revealed that some of these absent genes are involved in the development and function of missing 
hagfish traits (Figure 4e).  For instance, gamma-crystallins that make up the lenses of vertebrate 
eyes are absent in hagfish (while independently expanded in lamprey)  as is the EYS gene (EYes 
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Shut homologue) involve in retinitis pigmentosa disease, RBP3 (retinol binding protein 3) 
expressed in photoreceptor  (Table S9) (Dong and Allison, 2021). 

Hagfish show loss of key genes involved in bone development and hormonal control in other 
vertebrates. In particular, hagfish lost two members of the RANK/Osteoprotegerin pathway controlling 
osteoclast proliferation in gnathostomes (Theill et al., 2002) as well as the genes encoding the 
Parathyroid Hormones (PTH and PTLH) involved in  the regulation of calcium metabolism (their 
receptor is still present) (Poole and Reeve, 2005). These genes are still present in lampreys and 
were therefore lost in the hagfish lineage, which could be associated with the limited ossification 
of the hagfish skeleton. Similarly, the hagfish also appears to have a reduced set of genes involved 
in hormonal control relative to lamprey, affecting both ligand processing (steroid metabolism) and 
receptors including the absence of the Vitamin D or melatonin receptor. The role of glucagon on 
glucose metabolism also seems to have been altered with for example the absence of HNF3 
(Gauthier et al., 2002).  

Hagfish also possess specific adaptations and novelties of which we attempted to uncover some 
of the genetic bases. Examination of expanded gene families revealed several gene families that 
are uniquely expanded in hagfish, notably including an extensive expansion (52 copies) of PIF1 
helicase homologs, which are involved in DNA repair (Jimeno et al., 2018) (Table S10). Another 
remarkable characteristic of the hagfish is its prodigious ability to secrete slime, a highly viscous 
mucus that plays a role in evading predators. We examined genes that are specifically expressed 
in the slime gland (Figure S8) and found two clusters of genes related to intermediate filaments 
(alpha-keratin) that represent the most highly expressed transcripts in the slime glands (Fudge et 
al., 2009). Interestingly, one of these clusters contains a gene that is mainly expressed in the skin 
but not the slime gland, suggesting that the keratin threads of the slime could have originated as 
elements of the skin, as recently suggested (Zeng et al., 2023) (Figure 4f). While slime has been 
hypothesised to also possess a mucin-type component (Fudge et al., 2005), the most highly 
expressed glycoproteins are instead related to Von Willebrand factors of type A and D and no 
mucin-type domains were detected (Supp. file 1), suggesting that Von Willebrand factor homologs 
could potentially serve as an alternative glycoprotein to classical mucins in the context of hagfish 
slime. These observations suggest that despite their lost characters, hagfish display a number of 
novelty and adaptations underpinned by their rearranged gene repertoire.  
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Figure 5.  Germline-specific/enriched sequences and genes in hagfish. a, Comparison between 
sequence depth of germline tissue (testes) vs. somatic tissue (blood)  identifies a large number of 
genomic intervals with evidence for strong enrichment in germline. b, Genes encoded within 
germline-specific regions are enriched for several ontologies related to regulation of cell cycle and 
cell motility (Panther Biological Processes: most specific subclass shown). c, Degree of germline 
enrichment and estimated span of all predicted repetitive elements, focusing on elements with a 
cumulative span of <4Mb (per family member). Previously identified elements (Kojima et al., 2010; 
Kubota et al., 1993) are highlighted by coloured circles and newly identified high-copy elements are 
highlighted by coloured diamonds. Additional higher copy repeats are visible in Figure S9. d, 
Estimated cumulative span of the eight most highly abundant repeats shown as percentage of the 
genome covered. Colouring scheme is the same as in panels a and b. e, FISH hybridization of high 
copy germline-specific repeats to a testes metaphase plate showing their spatial clustering (blue 
counterstaining is NucBlue: Hoechst 33342; individual pairs of probes are shown in Figure S11).   
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Programmed DNA (and gene) elimination in hagfish 
Hagfish are known to possess distinct karyotypes in their germline vs somatic cells, presumably 
as a result of the loss of germline-specific regions via embryonically programmed genome 
rearrangement (as has been described in lamprey embryos) (Bryant et al., 2016; Kohno et al., 1986, 
1998; Nakai and Kohno, 1987; Smith et al., 2018, 2012, 2009). Previous studies have identified a 
large number of satellite repeat elements that are highly enriched on the germline-specific 
chromosomes/regions, and indicate such elements represent a large fraction of eliminated 
chromatin across hagfish species (Goto et al., 1998; Kojima et al., 2010; Kubota et al., 1993; 
Nabeyama et al., 2000). Based on karyotypic and flow cytometry, it was estimated that ~1.3 Gb 
was lost from the ~3.3 Gb E. atami germline genome. As yet, no genes have been identified on the 
eliminated chromosomes of any hagfish species, however,, analyses from lampreys suggest that 
programmed DNA elimination acts to repress the somatic expression of genes related to 
germline/pluripotency functions, which may partially resolve fundamental genetic conflicts 
between germline and soma (Bryant et al., 2016; Smith et al., 2018, 2012, 2009).  

To identify regions of the genome that are eliminated by programmed DNA loss, we generated 
Illumina sequence reads (150 bp paired-end reads) from germline and somatic DNA from a single 
individual: 117 Gb from testes (~33X coverage) and 114 Gb from blood (~54X coverage). Analysis 
of these reads identified 81 Mb of the assembly enriched in germline relative to soma. These 
candidate germline-specific intervals contained 1,654 genes, 226 of which had identifiable human 
homologues (121 non-redundant human genes) (Table S11). PCR validation of 46 predicted 
germline-specific intervals confirmed that 44 could be amplified from testes DNA, but not blood 
DNA (95.7% validation rate). In both zebra finch and lamprey, it has been observed that somatic 
gene duplicates are continuously captured by germline-restricted chromosomes, with multiple 
young somatic paralogs being present on ancient germline-specific chromosomes(Kinsella et al., 
2019; Timoshevskaya et al., 2023), therefore it is possible that some PCR markers may not be fully 
diagnostic with respect to germline specificity. 

The nature of germline-specific genes sheds light on the likely function of programmed DNA loss 
and highlights both shared and divergent aspects of this phenomenon in lampreys vs. hagfish. 
Ontology enrichment analyses identify several functions that are enriched among germline-specific 
genes, including functions related to cell cycle, cell motility and chromatin/DNA repair (Figure 5, 
Table S13,14). Enrichment of these functions is generally similar to lamprey and lends further 
support to the idea that eliminated genes perform specific functions within the germline(Smith et 
al., 2018).  

Despite the general functional similarity of eliminated genes in hagfish and lamprey, few 
orthologous genes were found to be eliminated in both genomes. In total 7 of 121 nonredundant 
hagfish homologs were also eliminated in sea lamprey (CDH1/2/4, GJC1, MSH4, NCAM1, 
SEMA4B/C, WNT5/7A/B and YTHDC2, Figure S9). Closer examination of gene trees indicates that 
three of these (orthologs of MSH4, WNT7A and YTHDC2) share a last common ancestor that traces 
to a single lineage following the basal vertebrate divergence/duplication events. It is possible that 
this small set of genes may reflect the vestiges of shared germline-specific sequences that were 
eliminated early in the cyclostome lineage or, alternatively, these genes may have been 
independently recruited to the germline-specific fraction. Notably, lamprey and hagfish branches 
for these three genes are generally longer than the branches for their gnathostome homologs. As 
such, it is also possible that some germline-specific genes have diverged to the point that the 
correct homologs are not readily identified via automated orthology and tree construction pipelines 
with the current taxonomic sampling. It seems likely that characterisation of germline-specific 
genes in other lampreys, hagfish and gnathostome genomes will better resolve the evolutionary 
origins of programmed DNA loss in vertebrate lineages.  
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Another contrast between hagfish and lamprey eliminated genes is revealed by analyses of binding 
sites near their human and mouse homologs in published chromatin immuno- precipitation data 
(Xie et al., 2021). While these analyses rely on data collected from divergent gnathostome species, 
we only expect to observe enrichment for ancestrally-conserved functions, and in practice we 
observe that enriched pathways are generally related to regulation of early embryonic transcription. 
Homologs of lamprey eliminated genes are highly enriched for targets of Polycomb Repressive 
Complex (PRC) regulation in embryonic stem cells(Smith et al., 2018), whereas homologs of 
eliminated hagfish genes do not show evidence for enrichment of PRC targets. Rather, eliminated 
genes are highly enriched for targets of SMAD2/3 nuclear pathway, nuclear beta-catenin signalling, 
and neural crest differentiation (Table S15). The differences in the collection of genes and specific 
gene functions that have been relegated to the germline-specific fraction in hagfish vs lamprey 
may not be particularly surprising given the ~500 million years that have passed since hagfish and 
lamprey last shared a common ancestor, and the dramatic differences in ecological (benthic 
scavengers vs. anadromous filter feeders/ectoparasites), developmental, and reproductive 
(iteroparous vs. semelparous) biology.   

In both hagfish and lamprey, the eliminated chromosomes contain large numbers of highly 
repetitive satellite sequences. These sequences are often not fully incorporated into genome 
assemblies and result in increased fragmentation of chromosomal assemblies for germline-
specific regions (Timoshevskaya et al., 2023). To more fully characterise arrays of repetitive 
elements in hagfish we assembled satellite and other repetitive sequences directly from the reads 
(their component k-mers) and merged these with a library of repeats that was compiled from the 
assembly. Aligning germline and somatic readsets to this collection of repetitive elements allowed 
us to calculate the relative copy number of repeats in germline vs soma and estimate the combined 
span of each repeat within the genome (Figure S9D). Many of these individual repeats could be 
clustered into repeat families consisting of highly similar (>%80 nucleic acid identity) elements. 
These families included several satellite elements that were previously identified as enriched within 
the germline (Goto et al., 1998; Kojima et al., 2010; Kubota et al., 1993; Nabeyama et al., 2000), and 
other elements that had not been previously identified. PCR validation confirms the presence of 
both new and previously-predicted satellite repeats as well as the degree to which they are specific 
to germline, and FISH hybridization to testes and somatic cells further verifies that these are highly 
enriched in germline, linked in interphase nuclei, and distributed across several distinct germline-
specific regions (chromosomes) (Figure S10D and S11). Among our newly identified set of 
germline-specific repeats was the most abundant germline element yet to be identified in E. atami 
(HFR13) a 67 bp tandem repeat that is estimated to span >128 Mb, or ~3.7% of the germline 
genome (>9% of the germline-specific fraction). In total, the 12 highly abundant and validated 
repeats reported above are estimated to span more than 30% of the germline-specific fraction 
(Figure 5).  

Conclusion 
With the description of the hagfish genome and confirmation of cyclostome monophyly, it is now 
finally possible to infer the full sequence of  genomic events that shaped early vertebrate evolution. 
We found that despite their distinct chromosomal architectures, hagfish and lamprey share the 
same genome duplication history, with a shared hexaploidisation event in the cyclostome lineage 
(Nakatani et al., 2021; Simakov et al., 2020; Smith et al., 2018). The multitude of lamprey 
chromosomes, therefore, reflects the ancestral cyclostome condition, in the same way, that the 
large chromosome number of chondrichthyans reflects the ancestral state within gnathostomes 
(Marlétaz et al., 2023; Nakatani et al., 2021). The hagfish lineage experienced extended fusions and 
rearrangements from these ancestral duplicated chromosomes (Figure 2). Our molecular dating 
analyses suggest that the emergence of vertebrate-specific characters(Shimeld and Holland, 
2000) and the associated subfunctionalization of paralogous genes took place in a relatively short 
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period between the diploidization following 1RV and the cyclostome-gnathostome divergence 
(Figure 3).  

The preferential involvement of 1R-paralogues with functional terms classically associated with 
vertebrate emergence corroborates this view (Figure 4a). For instance, we detected a significant 
enrichment of 1R-paralogues with terms associated with neural and embryonic development and 
we noticed that, among adult tissues, such 1R-paralogues are preferentially expressed in the 
nervous system (Figure S8). For instance, many of the genes involved in the specification of the 
neural crest seem to have emerged and acquired their function early after the 1RV duplication in 
vertebrate evolution (Martik and Bronner, 2021), but also genes involved in hormonal 
control(Kuraku et al., 2023) (Fig. 4a). We cannot rule out, however, the possibility that delayed 
rediploidisation, as observed in teleosts (Parey et al., 2022), could have eroded the phylogenetic 
signal associated with WGD events and distorted molecular dating analyses. Nevertheless, an early 
acquisition of gene specialisation associated with vertebrate characters is consistent with the 
involvement of these novel genes in the vast radiation of ostracoderms (Janvier, 2015).  

The cyclostome lineage emerged from early vertebrate diversity and experienced an additional 
lineage-specific hexaploidisation event, but there appears to have been more gene loss and less 
subfunctionalization in cyclostomes than in gnathostomes (Marlétaz et al., 2018; Nakatani et al., 
2021). Nevertheless, some hagfish-specific novelties are evident in the genome, particularly as 
they relate to the evolution of slime and DNA repair. The evolution of embryonically programmed 
DNA loss led to the evolution of large numbers of novel lineage-specific coding genes that are only 
present only in the genomes of germ cells in lampreys (Smith et al., 2018) and hagfishes (Figure 
5). We speculate that the presence of these genes might have introduced constraints at the level 
of genome regulatory architecture related to the distinct modalities of paralogue evolution in 
cyclostomes vs. gnathostomes. Notably, hagfish are characterised by accelerated evolution 
relative to lampreys. At the karyotype level, they sustained extensive chromosomal rearrangements 
and fusions of ancestral chromosomal elements (Figure 2), while at the morphological level, they 
suffered prominent character loss (eyes, ossification, sensory organs), which is strikingly 
associated with associated gene losses. Our findings suggest that vertebrates are not immune to 
evolutionary trends that were not so long ago thought to be restricted to some of the most derived 
lineages, for instance, appendicularians (Ferrández-Roldán et al., 2021), and reaffirm the 
importance of gene loss as an evolutionary force (Albalat and Cañestro, 2016).  
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Methods 
Genome sequencing and assembly 
DNA was extracted from a testis from a male Eptatretus (formerly Paramyxine) atami individual and 
extracted using protein K digestion and phenol:chloroform extraction (Green and Sambrook, 2012). 
Animals were anaesthetized using Tricain (MS222, Sigma) prior to sacrifice and dissection. Paired-
end and mate-pairs illumina libraries were generated using Illumina Truseq and Nextera Mate-pair 
kits and sequenced on HiSeq2000 and HiSeq2500 instruments (Table S1). The illumina dataset 
was assembled using meraculous (v2.2.2.5) with a k-mer of 71 and  ‘diploid mode’ set to ‘1’ to 
attempt the merging haplotypes (Chapman et al., 2011)and subsequently scaffolded using mate-
pairs information (Table S2). PacBio long-reads data at ~35x coverage were generated on a PacBio 
RSII instrument (Table S2) and incorporated using PBJelly (v15.8.24) (English et al., 2012). PBJelly 
aligns the PacBio reads to the assembly using the Blasr aligner and collects reads surrounding and 
spanning gaps. Sequences assembled from these spanning reads are used to fill gaps and extend 
scaffolds. We used the parameters ‘-minMatch 8 -sdpTupleSize 8 -minPctIdentity 75 -bestn 1 -
nCandidates 10 -maxScore -500’ for Blasr alignment. 

The gap-filled assembly was further scaffolded using proximity ligation information. We used both 
Chicago libraries relying on syntenic reconstructed chromatin and HiC libraries capturing the native 
chromatin contacts and scaffolding was performed using the HiRise package (Putnam et al., 
2016). Hagfish liver was crosslinked in 1% PFA, and chromatin subsequently extracted, 
immobilised on SPRI beads, washed and digested with DpnII (Meyer and Kircher, 2010). After end-
labelling, proximity ligation was carried out using T4 DNA ligase and cross-linking reversed using 
Proteinase K, removed from the beads and the DNA fragments were purified again on SPRI beads. 
Sequencing library was constructed using the NEB Ultra library preparation kit (New England 
Biolabs, Ipswitch).   

The genome polymorphism was estimated to be 0.9%. The final BUSCO score (Metazoa) is 
C:90.0%[S:89.8%,D:0.2%], F:4.0%, M:6.0%, n:954. The size of the hagfish genome was estimated by 
counting 21-mers with Meryl (v1.1) (Miller et al., 2008). Using a fitting 4-peak model as 
implemented in Genomescope2, the estimated size is 2.02Gb and 3.28Gb using sequencing data 
from blood and testis DNA, respecting (Figure S1b) (Vurture et al., 2017).  

Transcriptome and genome annotation 
We generated RNA-seq data for 13 organs with 26M reads on average (Table S8). We aligned the 
reads to the genome using STAR (v2.5.2b) with an average 78.7% uniquely mapping reads (Dobin 
et al., 2013).  These alignments were employed to assemble transcriptomes for each organ using 
Stringtie (v1.3.3b) and subsequently merged together using Taco (Niknafs et al., 2017). In parallel, 
a de novo assembly of the bulk RNA-seq data was performed using Trinity both in reference-free 
and genome-guided mode (Grabherr et al., 2011).  

We also sequenced full-length cDNA from Brain RNA on 8 cells of Pacbio RSII. Following the Iso-
Seq protocol, circular consensus (CCS) of subreads were calculated and validated as full-length 
based on the presence of SMART adaptors at both extremities. Full-length transcripts were 
clustered and polished using all ccs reads with quiver (v2.0.0), yielding 23,343 high-quality 
transcripts.  

Assembled transcripts from de novo and genome-guided Trinity and high-quality isoseq transcripts 
were aligned to the genome using GMAP (v. 2018-03-25). Mikado (v1.2.1) was used to generate a 
high-quality reference transcriptome leveraging (i) the aligned trinity denovo and genome-based 
transcriptomes, (ii) the isoseq transcripts, (iii) the stringtie transcriptomes merged with Taco and 
a set of curated splice-junctions generated from RNA-seq alignments using Portcullis (v1.0.2). 
Putative fusion transcripts were detected by Blast comparison against Swissprot and ORFs were 
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annotated using Trans-decoder (Haas et al., 2008). Transcripts derived from the reference 
transcriptome were selected to train the Augustus de novo gene prediction tool (Stanke et al., 
2006). Intron positions and exon positions were converted into hints for Augustus gene prediction.  

Finally, we constructed a database of repetitive elements using RepeatModeler (v1.0.11) and 
employed it for masking repetitive sequences with RepeatMasker (v4.0.7). Gene models with half 
or more of their exons showing 50% overlap with repeats were discarded, yielding 46,822 filtered 
gene models.   Alternative transcripts and UTRs were subsequently incorporated using the PASA 
pipeline (Haas et al., 2008). These gene models contain a total  number of 4915 distinct PFAM 
domains.  

Phylogenomics and molecular dating 
We inferred a set of 1562 single-copy orthologues suitable for phylogenetic reconstruction by 
applying the OMA tool (v2.4.1) (Altenhoff et al., 2019) to a subset of deuterostome proteomes 
including lamprey and the newly generated hagfish gene models (Table S6). Selected 
transcriptomes were assembled using Trinity and translated using transdecoder (v5.5.0) (Haas et 
al., 2008). We built HMM profiles using Hmmer (v3.1b2) for each orthologue family and extracted 
orthologues for phylogenetic reconstruction using the same approach as in (Marlétaz et al., 2019).  
Subsequent sequences were aligned using Msaprobs (Liu et al., 2010), mistranslated stretches 
filtered out using HmmCleaner  (Di Franco et al., 2019) and diverging regions intractable for 
phylogenetic analysis removed using BMGE (-g 0.9) (Criscuolo and Gribaldo, 2010). Phylogenetic 
trees were reconstructed for each alignment using IQ-TREE (v2.1.1) with a LGX+R model (Minh et 
al., 2020). For computationally intensive analyses, such as site-heterogenous reconstruction with 
CAT+GTR, we selected the 20% orthologues with the lowest saturation. Molecular dating analysis 
was conducted using Phylobayes (v4.1e) (Rodrigue and Lartillot, 2014) using the CAT+GTR+G4 
model and the CIR relaxed clock (with soft-bound) assuming  fossil calibrations (Table S4)  (Irisarri 
et al., 2017; Kuraku et al., 2009b; Miyashita et al., 2019).  

Synteny reconstruction   
Pairs of orthologous genes were obtained by mutual-best-hit after reciprocal proteome comparison 
using MMSeqs2 (r12-113e3) and were used to create a system of joint coordinates to plot 
orthologue position in two species. Fisher’s exact test was used to determine mutual enrichment 
of orthologues between chromosomes, and only significant enrichments were incorporated in 
binned orthologous content representations (Fig. 2a). Plots connecting orthologues in multiple 
species (Fig. 2b) were generated using Rideogram (v0.2.2).  

Gene family analyses and phylogenetic analyses of paralogons  
We reconstructed gene families using Broccoli (Derelle et al., 2020) for a set of genomes from 
deuterostome species (Table S6). For gene families that included at least 6 genes and 3 species 
but less than 450 sequences in total, we applied Generax to infer the losses and duplications that 
affected a given gene family (Morel et al., 2020). To do that, we generated individual alignments 
using MAFFT (v7.305) (Katoh and Standley, 2013), filtered them using BMGE and reconstructed a 
tree using IQ-TREE and a LG+R model (Minh et al., 2020). These curated alignments and trees were 
used as input for Generax (v1.2.2) assuming a D+L (duplication plus loss model). Reconciled trees 
in the RecPhyloXML format were parsed to estimate the duplications and lineage-specific losses 
at each node of the species tree as seen in Figure S6 (Duchemin et al., 2018). Reconciled trees 
were split if they showed a duplication at the ‘deuterostomia’ node indicative of a deep paralogy 
relationship.  

For each gene family, we first assigned the CLG by considering the location of amphioxus and sea 
urchin genes and the corresponding CLG-to-chromosome assignment, and then evaluated the 
occurrence of the paralogues derived from the 1R and 2Rjv in gnathostomes based on the 
vertebrate classification previously established(Simakov et al., 2020) and revised in this study 
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(Table S6). Selected species for gene families including derivatives of the 1R paralogons and at 
least 3 out of 4 possible paralogons for gnathostomes (α1, α2, β1, β1) were collected (Table S7). 
These genes were concatenated for each CLG based on their paralogon identity in gnathostomes, 
and the chromosomal identity of the CLG derivatives in cyclostomes. Two datasets were 
generated, a ‘strict’ one where at least 3 distinct gnathostome paralogons were required for each 
retained gene family and a ‘relaxed’ one where only two or more gnathostome paralogons were 
required (Table S6). A similar approach was used to classify individual genes depending on the 
duplication events from which they derive (Supp. file 3). We collected Gene ontology terms and 
functional classification information by applying eggnog (Huerta-Cepas et al., 2019) on the 
proteome of our interest species and term enrichment analysis conducted using the TopGO 
package (v2.50.0).  

Tests of WGD hypotheses on the vertebrate phylogeny 
We used the WHALE software v2.1.0 (Zwaenepoel and Van de Peer, 2020) to rigorously test WGD 
hypotheses on a reduced vertebrate species tree (Fig. S4). We leveraged a total of 8,931 gene 
families in this analysis, selected to contain at least one gene copy in each clade from the root, in 
compliance with the assumption of WHALE that genes were acquired in a common ancestor of all 
included species. We further filtered large families to reduce the computational burden. For each 
of the 8,931 retained families, we built a multiple sequence alignment based on the amino acid 
sequences with MAFFT v7.508 (Katoh and Standley, 2013) and reconstructed 1000 bootstrap trees 
with IQ-TREE 2.2.0.3 (Minh et al., 2020) under the LG+G model. We summarised clade conditional 
distribution (CCD) from bootstrapped trees using the ALEobserve tool from the ALE software 
(Szöllõsi et al., 2013). We ran WHALE on the dated species trees and CCD data to test 5 WGD 
hypotheses on the vertebrates species tree: the 1R in the vertebrate ancestor, the 2R in the 
gnathostome ancestor, a cyclostomes-specific duplication, a hagfish-specific duplication and a 
lamprey-specific duplication. We used the variable rate DLWGD WHALE model, which models 
independent duplication and loss rates across branches. We assumed a normal distribution 
N(log(0.15), 2) on the mean log-scaled duplication and loss rate, an exponential distribution 
(mean=0.1) prior on its variance, a Beta (3, 1) hyper prior on the η parameter (distribution of the 
number of genes at the root), and uniform priors on the retention parameters (q parameter) for all 
WGDs. We obtained significant Bayes factors (BFNull_vs_WGD < 10-3) in support of large-scale 
duplication (q parameter ≠ 0) for the 1R, 2R and cyclostomes-specific events. These results were 
reproduced using the simpler constant rate DLWGD model. 

Phylogenetic tree based on hox clusters concatenation 
We investigated the phylogenetic relationships between hox clusters and bystander genes in 8 
genomes: amphioxus, sea lamprey, hagfish, human, mouse, chicken and spotted gar. We identified 
hox and bystander genes in three steps: (i) starting from human gene names, we searched for 
orthologs in the other species using our set reconciled gene trees (generax trees), (ii) we used NCBI 
blastp (Johnson et al., 2008) to confirm identified hox genes and further search for hox genes 
missed by the gene trees approach, (iii) we used miniprot 0.5-r179 (Li, 2023) with the sets of human 
and E. burgeri hox proteins to search for hox genes missing from genome annotations of other 
species. We next aligned each gene family using their amino-acid sequence with MAFFT v7.508 
(Katoh and Standley, 2013) and concatenated alignment from each cluster. Finally, we used the 
concatenation matrix to build a phylogenetic tree with RAxML-NG v. 1.1 (Kozlov et al., 2019) using 
the LG+G4+F model, 10 different starting parsimony trees and 100 bootstrap replicates. 

Comparative transcriptomics 
RNA-seq reads for hagfish (this study), the lamprey Lampetra japonica (PRJNA354821, 
PRJNA349779, PRJNA312435), the gar Lepisosteus oculatus (PRJNA255881) and the 
cephalochordate amphioxus (PRJNA416977) were aligned with STAR (v2.5.2b) (Dobin et al., 2013), 
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counts for annotated genes obtained using featureCount from the subreads package (v1.6.3)(Liao 
et al., 2014). Counts were converted to FPKM in the R package for subsequent analyses: WGCNA 
(v1.7.0) was used to cluster gene expression in the full organ set:  after filtering out genes with 
limited variance and coverage, the ‘softpower’ parameter was estimated to 20, and clustering was 
run with a ‘signed’ network type (Langfelder and Horvath, 2008). The gene expression specificity 
index (or τ) was calculated as described in (Yanai et al., 2005) on sets of organs (brain/neural tube, 
gills, heart, intestine, kidney, liver/hepatic tissues, ovaries/female gonad, skin/epidermis and 
muscle). For comparative analyses, gene families with paralogues derived from the vertebrate 
WGD were selected based on their duplication history, and the gene expression specificity index 
was compared across species for the same gene families (Figure S7). We also compared gain and 
losses of expression domains for a given gene family by binarising gene expression across a 
reduced set of 6 organs (brain, gills, intestine, liver, muscle, ovary) and counting expression 
patterns gains of lost between genes belonging to a given gene including paralogues and outgroup. 
The number of gain and loss events is then plotted as a distribution centred around zero (Figure 
4d).  

Detection of Germline-Enriched/Specific Regions 

DNA was extracted from testes and blood via phenol-chloroform extraction(Green and Sambrook, 
2012). In order to enrich for germ cells, testes tissue was ground gently with a plastic pestle in a 
1.5 ml microfuge tube and residual connective tissues were discarded prior to Proteinase K 
digestion. Outsourced library prep and Illumina sequencing (HiSeq2500 V4, 150 bp paired-end 
reads) was performed by Hudson Alpha Genome Services Laboratory. 

Sequence data were aligned to the E. atami genome assembly using BWA-mem (version 0.7.5a-
r416)(Li and Durbin, 2009) with option -a and filtered by samtools view(Li and Durbin, 2009) with 
option -F2308. Only primary alignments with mapping quality 5 and higher were retained for further 
analysis.  The resulting files were processed using DifCover (Version 4)(Smith et al., 2018) to 
calculate the degree of germline enrichment across all discontiguous 500 bases intervals of low-copy sequence using 
modal coverages for sperm and blood of 32X and 54X respectively, low coverage masking of 
regions with read depth <1/3X in both samples and high coverage masking of sequences with read 
depth >3X modal coverage in both samples. To identify germline-specific genes that are present 
at higher copy number, we ran DifCover using low coverage masking with read depth <10X in both 
samples and high coverage masking of sequences with read depth >30X modal coverage. 

PCR validation of germline-enriched loci 
Primers were designed using a coverage-masked version of the E. atami genome. using 
Primer3(Koressaar and Remm, 2007) (version 4.1.0). PCR validation reactions amplification were 
performed using GoTaq® DNA polymerase (Promega, 1.2 units/50 μl reaction), Colorless GoTaq® 
Reaction Buffer, 1 μg of genomic DNA template and 100 ng of oligonucleotide primer. PCR cycling 
conditions included a 3 minute initial denaturation step at 95 °C, 34 cycles of a three-step thermal 
cycling consisting of a 30 second denaturation at 95 °C, a 30 second primer annealing step at 55-
65 °C (Table S12), and a 30 second extension step at 72 °C. A final extension at 72 °C was 
performed on all reactions to ensure production of full length amplicons. Amplification was 
assessed by agarose gel electrophoresis. Eight primer pairs with ambiguous signal in the first 
rounds of PCR were redesigned and retested (Table S12). We note that some PCR markers may 
not be fully diagnostic with respect to germline specificity, since,  as observed in zebra finch, 
somatic gene duplicates have been continuously captured by the germline restricted chromosome 
since its presumptive origin within the ancestral songbird lineage(Kinsella et al., 2019)). 

Computational prediction of germline-enriched and highly abundant somatic repeats 

Abundant k-mers (k = 31) were identified from testes and blood DNAseq sequence data using 
Jellyfish version 2.2.4(Marçais and Kingsford, 2011). Minimal copy-number thresholds for defining 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2023. ; https://doi.org/10.1101/2023.04.17.537254doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537254
http://creativecommons.org/licenses/by-nc/4.0/


23 

abundant k-mers were set at 3X the modal copy number: 72 for testes and 120 for blood. Abundant 
k-mers were extracted and assembled into a set of de novo assembled repetitive sequences using 
Velvet version 1.2.10(Zerbino and Birney, 2008) with a hash length of 29. These sequences were 
aligned (blastn with -word_size 17) to repetitive elements generated from E. atami genome 
assembly by RepeatModeler (Smit and Hubley, 2008) and sequences that aligned with <90% 
identity or under 80% of their length were added to the set of reference-derived repeats to form a 
union set.  

Enrichment analysis was performed by separately aligning paired-end reads from testes and blood 
to the union set. Primary alignments, identified by samtools view (Li et al., 2009) with option -F2308, 
were additionally filtered to retain only alignments that either cover >80% of a repeat or have >80% 
of read bases aligned. Enrichment scores were calculated with DifCover pipeline v.3 (Smith et al., 
2018). Stage2 of the pipeline was run with parameters v=10000, l=0, a=b=10, A=B=108. Stage 3 of 
the pipeline was modified by employing a subroutine from DNAcopy(Seshan and Olshen, n.d.) 
without “smoothing” the data prior to analysis. From a set of 180,032 intervals generated by 
DifCover we chose 138 highly abundant and germline-specific sequences with enrichment scores 
of more than 10 and estimated span size of more than 100 Kb. The estimated genomic span of 
these repeats was computed as [(testes coverage/modal testes coverage)X(number of bases with 
read depth coverage > 10)], where modal testes coverage = 32. 

Clustering of 138 highly abundant and germline-specific sequences was performed using CD-HIT-
EST (v4.6, with parameters: -c0.8, -G0, -aS 0.3, -aL 0.3, -sc 1, -g 1, -b 4 )(Li and Godzik, 2006) resulting 
in the formation of 38 clusters that were further merged to 24 by manual curation and cross 
alignment of sequences from the initial clusters. For characterization of repetitive structures and 
identification of motifs representative sequences from each cluster were mapped to the assembly 
(blastn, -word_size 15) and to a collection of published hagfish repeats. We found that four of 24 
clusters have sequences that are homologous to the published repeats of Paramyxine sheni EEPs2, 
EEPs3, EEPs4 and E. okinoseanus EEEo2(Kojima et al., 2010; Kubota et al., 1993). Primers for these 
and representatives of 7 other clusters were designed with Primer3 (v. 0.4.0) tool (Table S16).  

To facilitate FISH visualisation, we also searched for possible candidates for centromeric repeats. 
Such candidates are expected to be 1) highly abundant in both somatic and germline sequence, 
and 2) be enriched in a “centromeric” region of every chromosome. From the union set we chose 
repeats with blood coverage > 105 or span > 1Mb and aligned them to the assembly (blastn -
word_size 15, p>75, coverage > 80%). Repeats with more > 200 hits within a 1 Mb window were 
grouped to three families labelled Soma1-3. Soma2 appeared to be homologous to P. sheni repeat 
EEPs1(Kojima et al., 2010), Soma1 and Soma3 to E. burgeri contigs LC047612.1 and LC047003.1. 
FISH analysis confirmed that as it was predicted in silico EEPs1 is highly abundant in both testes 
and blood DNA of E. atami.  

To estimate more accurately genomic span of chosen germline enriched and somatic repeats we 
realigned reads from blood and testes to the sequences of these repeats or to the sequence 
extended as a tandem repetition of repeat’s motif spanning at least 150 bps (Table S12) and 
applied all described previously steps for filtering and coverage and span estimation.   

In situ Hybridization  

Slide preparation. Snap frozen blood and testes samples were used for slide preparation of somatic 
and germline cells for validation of the presence and specificity repeats in different cell types. A 
small amount of blood (about 20 mg) was gently thawed on ice, mixed with 2 ml buffered hypotonic 
solution (0.4% KCl, 0.01M HEPES, pH=6.8), and incubated for 30 min at room temperature. The 
cells were prefixed by gentle mixing suspension with several drops of fixative solution 
(methanol:acetic acid - 3:1). After centrifugation (5000×g for 10 min) supernatant was removed 
and cells were resuspended and fixed with methanol:acetic acid - 3:1. Three additional fixative 
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solution changes were carried out to ensure cells were fully equilibrated to fixative solution. Fixed 
cells were stored at -20 °C. One fixative change was made before spreading the cell suspension 
onto slides. About 20 mL drop was applied on a steamed slide which was immediately placed on 
a  heating block in a humidity chamber at 60 °C for 1-2 min. After air drying, slides were examined 
with a microscope using a low condenser position to aid in viewing unstained nuclei/metaphases. 
Slides were aged 1-3 days prior on a warming stage at 37°C prior to hybridization. For germline 
cells, a piece of testes (30-40 ng) was minced with a razor blade, placed in a homogenizer, and 
disaggregated in hypotonic solution. Testes cell suspensions  were filtered through 40-50 mm cell 
strainer to remove excess tissue. Subsequent steps of fixation and slide preparation for testes 
tissue were as described for blood.   

Probe labelling. Probes for FISH were generated using a modified conventional PCR: the reaction 
mix with final volume of 25 μL contained 0.1 mM each of unlabeled dATP, dCTP, and dGTP and 
0.03 mM of dTTP; 0.5 μL one fluorophore conjugated dUTP (Cyanine 3-dUTP (Enzo), Cyanine 5-
dUTP (Enzo) or Fluorescein-12-dUTP (Thermo)), 1× Taq-buffer and 0.625 U GoTaq DNA 
Polymerase (Promega). Each PCR amplification was performed using 0.5μg of genomic DNA 
template from testes, 34 PCR cycles and a 30 second extension step to obtain appropriately sized 
probes for FISH. After cycling reaction 25 μL of PCR mix were combined with 5 μL sheared salmon 
sperm DNA (1 mg/mL, Thermo), 3 μL 3M Sodium Acetate, pH=5.2, and 80 μL 100% cold ethanol 
and kept overnight at -20 for probe precipitation. After spinning and supernatant removal, the pellet 
was dissolved in 25-30 μL of 50% formamide and stored at -20 °C prior to use.  

Fluorescence in situ hybridization (FISH). FISH on chromosome preparations was carried out 
according to a standard protocol for chromosome spreads(Rooney, 2001) with 
modifications(Timoshevskiy et al., 2012). Prior to hybridization slides were incubated in 2×SSC for 
30 min at 37°C, passed through ethanol series (70, 80, 100%), dried and denatured in formamide 
(70% in 2×SSC) for 2 minutes, prewarmed to 70 °C. After the formamide denaturation, slides were 
placed immediately in cold (-20 °C) 70% ethanol, further dehydrated in 80 and 100% ethanol, and 
kept on slide warmer at 37°C until hybridization mix with probe was applied.  

Differently labelled hybridization probes were mixed (1 μL of each per slide) with hybridization 
master mix (60% formamide, 10% dextran sulphate, 1.2×SSC) to  a final volume 10 μL. Hybridization 
mix was denatured at 95 °C for 7 minutes, cooled in ice, prewarmed to 37 °C, applied to the slide, 
coverslipped and sealed with rubber cement. After overnight incubation in a humidity chamber at 
37°C slides were washed in 0.4×SSC, 0.3% NP-40 for 3 minutes at 70°C and in 2×SSC, 0.1% NP-40 
for 5 minutes at room temperature. One drop of ProLong™ Glass Antifade Mountant with NucBlue™ 
Stain was placed in the center of an area to be examined and covered with a coverslip. 

Microscopy and image analysis. Slides were analyzed with an Olympus-BX63 microscope using 
filter sets for DAPI, FITC, Cy3, and Cy5. Images were captured using CellSence software (Olympus) 
and processed with Adobe Photoshop CC 2019 and ImageJ 1.53k (NIH). 

 

  

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2023. ; https://doi.org/10.1101/2023.04.17.537254doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537254
http://creativecommons.org/licenses/by-nc/4.0/


25 

References 
Albalat R, Cañestro C. 2016. Evolution by gene loss. Nat Rev Genet 17:379–391. doi:10.1038/nrg.2016.39 

Altenhoff AM, Levy J, Zarowiecki M, Tomiczek B, Warwick Vesztrocy A, Dalquen DA, Müller S, Telford MJ, Glover 
NM, Dylus D, Dessimoz C. 2019. OMA standalone: orthology inference among public and custom genomes 
and transcriptomes. Genome Res 29:1152–1163. doi:10.1101/gr.243212.118 

Bryant SA, Herdy JR, Amemiya CT. 2016. Characterization of Somatically‐Eliminated Genes During Development 
of the Sea Lamprey (Petromyzon marinus). Mol Biol. 

Chapman JA, Ho I, Sunkara S, Luo S, Schroth GP, Rokhsar DS. 2011. Meraculous: de novo genome assembly with 
short paired-end reads. PLoS One 6:e23501. doi:10.1371/journal.pone.0023501 

Chen Z, Omori Y, Koren S, Shirokiya T, Kuroda T, Miyamoto A, Wada H, Fujiyama A, Toyoda A, Zhang S, Wolfsberg 
TG, Kawakami K, Phillippy AM, NISC Comparative Sequencing Program, Mullikin JC, Burgess SM. 2019. De 
novo assembly of the goldfish (Carassius auratus) genome and the evolution of genes after whole-genome 
duplication. Sci Adv 5:eaav0547. doi:10.1126/sciadv.aav0547 

Coulier F, Popovici C, Villet R, Birnbaum D. 2000. MetaHox gene clusters. J Exp Zool 288:345–351. 
doi:10.1002/1097-010X(20001215)288:4<345::AID-JEZ7>3.0.CO;2-Y 

Criscuolo A, Gribaldo S. 2010. BMGE (Block Mapping and Gathering with Entropy): a new software for selection of 
phylogenetic informative regions from multiple sequence alignments. BMC Evol Biol 10:210. 
doi:10.1186/1471-2148-10-210 

Delsuc F, Brinkmann H, Chourrout D, Philippe H. 2006. Tunicates and not cephalochordates are the closest living 
relatives of vertebrates. Nature 439:965–968. doi:10.1038/nature04336 

Derelle R, Philippe H, Colbourne JK. 2020. Broccoli: Combining Phylogenetic and Network Analyses for Orthology 
Assignment. Mol Biol Evol 37:3389–3396. doi:10.1093/molbev/msaa159 

Di Franco A, Poujol R, Baurain D, Philippe H. 2019. Evaluating the usefulness of alignment filtering methods to 
reduce the impact of errors on evolutionary inferences. BMC Evol Biol 19:21. doi:10.1186/s12862-019-1350-2 

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR. 2013. STAR: 
ultrafast universal RNA-seq aligner. Bioinformatics 29:15–21. doi:10.1093/bioinformatics/bts635 

Dong EM, Allison WT. 2021. Vertebrate features revealed in the rudimentary eye of the Pacific hagfish (Eptatretus 
stoutii). Proc Biol Sci 288:20202187. doi:10.1098/rspb.2020.2187 

Drotos KHI, Zagoskin MV, Kess T, Gregory TR, Wyngaard GA. 2022. Throwing away DNA: programmed downsizing 
in somatic nuclei. Trends Genet 38:483–500. doi:10.1016/j.tig.2022.02.003 

Duchemin W, Gence G, Arigon Chifolleau A-M, Arvestad L, Bansal MS, Berry V, Boussau B, Chevenet F, Comte N, 
Davín AA, Dessimoz C, Dylus D, Hasic D, Mallo D, Planel R, Posada D, Scornavacca C, Szöllosi G, Zhang L, 
Tannier É, Daubin V. 2018. RecPhyloXML: a format for reconciled gene trees. Bioinformatics 34:3646–3652. 
doi:10.1093/bioinformatics/bty389 

Duméril AMC. 1812. Dissertation sur la famille des poissons cyclostomes, pour démontrer leurs rapports avec les 
animaux sans vertèbres. Paris: Didot. 

English AC, Richards S, Han Y, Wang M, Vee V, Qu J, Qin X, Muzny DM, Reid JG, Worley KC, Gibbs RA. 2012. Mind 
the gap: upgrading genomes with Pacific Biosciences RS long-read sequencing technology. PLoS One 
7:e47768. doi:10.1371/journal.pone.0047768 

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. 
doi:10.1093/oxfordjournals.molbev.a004207 

Ferrández-Roldán A, Fabregà-Torrus M, Sánchez-Serna G, Duran-Bello E, Joaquín-Lluís M, Bujosa P, Plana-
Carmona M, Garcia-Fernàndez J, Albalat R, Cañestro C. 2021. Cardiopharyngeal deconstruction and ancestral 
tunicate sessility. Nature 599:431–435. doi:10.1038/s41586-021-04041-w 

Fontana F, Congiu L, Mudrak VA, Quattro JM, Smith TIJ, Ware K, Doroshov SI. 2008. Evidence of hexaploid 
karyotype in shortnose sturgeon. Genome 51:113–119. doi:10.1139/g07-112 

Fudge DS, Levy N, Chiu S, Gosline JM. 2005. Composition, morphology and mechanics of hagfish slime. J Exp Biol 
208:4613–4625. doi:10.1242/jeb.01963 

Fudge DS, Winegard T, Ewoldt RH, Beriault D, Szewciw L, McKinley GH. 2009. From ultra-soft slime to hard 
{alpha}-keratins: The many lives of intermediate filaments. Integr Comp Biol 49:32–39. doi:10.1093/icb/icp007 

Furlong RF, Holland PWH. 2004. Polyploidy in vertebrate ancestry: Ohno and beyond. Biol J Linn Soc Lond 82:425–
430. 

Furlong RF, Holland PWH. 2002. Were vertebrates octoploid? Philos Trans R Soc Lond B Biol Sci 357:531–544. 
doi:10.1098/rstb.2001.1035 

Gai Z, Li Q, Ferrón HG, Keating JN, Wang J, Donoghue PCJ, Zhu M. 2022. Galeaspid anatomy and the origin of 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2023. ; https://doi.org/10.1101/2023.04.17.537254doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537254
http://creativecommons.org/licenses/by-nc/4.0/


26 

vertebrate paired appendages. Nature 609:959–963. doi:10.1038/s41586-022-04897-6 

Gauthier BR, Schwitzgebel VM, Zaiko M, Mamin A, Ritz-Laser B, Philippe J. 2002. Hepatic nuclear factor-3 (HNF-3 
or Foxa2) regulates glucagon gene transcription by binding to the G1 and G2 promoter elements. Mol 
Endocrinol 16:170–183. doi:10.1210/mend.16.1.0752 

Goto Y, Kubota S, Kohno S. 1998. Highly repetitive DNA sequences that are restricted to the germ line in the 
hagfish Eptatretus cirrhatus: a mosaic of eliminated elements. Chromosoma 107:17–32. 
doi:10.1007/s004120050278 

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, Adiconis X, Fan L, Raychowdhury R, Zeng Q, 
Chen Z, Mauceli E, Hacohen N, Gnirke A, Rhind N, di Palma F, Birren BW, Nusbaum C, Lindblad-Toh K, Friedman 
N, Regev A. 2011. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat 
Biotechnol 29:644–652. doi:10.1038/nbt.1883 

Green MR, Sambrook J. 2012. Molecular cloning. A Laboratory Manual 4th. 

Gundappa MK, To T-H, Grønvold L, Martin SAM, Lien S, Geist J, Hazlerigg D, Sandve SR, Macqueen DJ. 2022. 
Genome-Wide Reconstruction of Rediploidization Following Autopolyploidization across One Hundred Million 
Years of Salmonid Evolution. Mol Biol Evol 39. doi:10.1093/molbev/msab310 

Haas BJ, Salzberg SL, Zhu W, Pertea M, Allen JE, Orvis J, White O, Buell CR, Wortman JR. 2008. Automated 
eukaryotic gene structure annotation using EVidenceModeler and the Program to Assemble Spliced 
Alignments. Genome Biol 9:R7. doi:10.1186/gb-2008-9-1-r7 

Heimberg AM, Cowper-Sal-lari R, Sémon M, Donoghue PCJ, Peterson KJ. 2010. microRNAs reveal the 
interrelationships of hagfish, lampreys, and gnathostomes and the nature of the ancestral vertebrate. Proc 
Natl Acad Sci U S A 107:19379–19383. doi:10.1073/pnas.1010350107 

Holland PWH, Marlétaz F, Maeso I, Dunwell TL, Paps J. 2017. New genes from old: asymmetric divergence of 
gene duplicates and the evolution of development. Philos Trans R Soc Lond B Biol Sci 372. 
doi:10.1098/rstb.2015.0480 

Huerta-Cepas J, Szklarczyk D, Heller D, Hernández-Plaza A, Forslund SK, Cook H, Mende DR, Letunic I, Rattei T, 
Jensen LJ, von Mering C, Bork P. 2019. eggNOG 5.0: a hierarchical, functionally and phylogenetically 
annotated orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids Res 47:D309–D314. 
doi:10.1093/nar/gky1085 

Irisarri I, Baurain D, Brinkmann H, Delsuc F, Sire J-Y, Kupfer A, Petersen J, Jarek M, Meyer A, Vences M, Philippe H. 
2017. Phylotranscriptomic consolidation of the jawed vertebrate timetree. Nat Ecol Evol 1:1370–1378. 
doi:10.1038/s41559-017-0240-5 

Janvier P. 2015. Facts and fancies about early fossil chordates and vertebrates. Nature 520:483–489. 
doi:10.1038/nature14437 

Janvier P. 2007. Evolutionary biology: born-again hagfishes. Nature. doi:10.1038/nature05712 

Janvier P. 1981. The phylogeny of the Craniata, with particular reference to the significance of fossil “agnathans.” 
J Vert Paleontol 1:121–159. doi:10.1080/02724634.1981.10011886 

Jimeno S, Camarillo R, Mejías-Navarro F, Fernández-Ávila MJ, Soria-Bretones I, Prados-Carvajal R, Huertas P. 
2018. The Helicase PIF1 Facilitates Resection over Sequences Prone to Forming G4 Structures. Cell Rep 
24:3262-3273.e4. doi:10.1016/j.celrep.2018.08.047 

Johnson M, Zaretskaya I, Raytselis Y, Merezhuk Y, McGinnis S, Madden TL. 2008. NCBI BLAST: a better web 
interface. Nucleic Acids Res 36:W5–W9. doi:10.1093/nar/gkn201 

Kapli P, Yang Z, Telford MJ. 2020. Phylogenetic tree building in the genomic age. Nat Rev Genet 21:428–444. 
doi:10.1038/s41576-020-0233-0 

Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment software version 7: improvements in 
performance and usability. Mol Biol Evol 30:772–780. doi:10.1093/molbev/mst010 

Kinsella CM, Ruiz-Ruano FJ, Dion-Côté A-M, Charles AJ, Gossmann TI, Cabrero J, Kappei D, Hemmings N, Simons 
MJP, Camacho JPM, Forstmeier W, Suh A. 2019. Programmed DNA elimination of germline development 
genes in songbirds. Nat Commun 10:5468. doi:10.1038/s41467-019-13427-4 

Kohno S, Nakai Y, Satoh S, Yoshida M, Kobayashi H. 1986. Chromosome elimination in the Japanese hagfish, 
Eptatretus burgeri (Agnatha, Cyclostomata). Cytogenet Cell Genet 41:209–214. doi:10.1159/000132231 

Kohno S-I, Kubota S, Nakai Y. 1998. Chromatin Diminution and Chromosome Elimination in Hagfishes In: 
Jørgensen JM, Lomholt JP, Weber RE, Malte H, editors. The Biology of Hagfishes. Dordrecht: Springer 
Netherlands. pp. 81–100. doi:10.1007/978-94-011-5834-3_6 

Kojima NF, Kojima KK, Kobayakawa S, Higashide N, Hamanaka C, Nitta A, Koeda I, Yamaguchi T, Shichiri M, 
Kohno S-I, Kubota S. 2010. Whole chromosome elimination and chromosome terminus elimination both 
contribute to somatic differentiation in Taiwanese hagfish Paramyxine sheni. Chromosome Res 18:383–400. 
doi:10.1007/s10577-010-9122-2 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2023. ; https://doi.org/10.1101/2023.04.17.537254doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537254
http://creativecommons.org/licenses/by-nc/4.0/


27 

Koressaar T, Remm M. 2007. Enhancements and modifications of primer design program Primer3. Bioinformatics 
23:1289–1291. doi:10.1093/bioinformatics/btm091 

Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A. 2019. RAxML-NG: a fast, scalable and user-friendly tool for 
maximum likelihood phylogenetic inference. Bioinformatics 35:4453–4455. 
doi:10.1093/bioinformatics/btz305 

Kubota S, Kuro-o M, Mizuno S, Kohno S. 1993. Germ line-restricted, highly repeated DNA sequences and their 
chromosomal localization in a Japanese hagfish (Eptatretus okinoseanus). Chromosoma 102:163–173. 
doi:10.1007/BF00387731 

Kuraku S. 2010. Palaeophylogenomics of the vertebrate ancestor--impact of hidden paralogy on hagfish and 
lamprey gene phylogeny. Integr Comp Biol 50:124–129. doi:10.1093/icb/icq044 

Kuraku S. 2008. Insights into cyclostome phylogenomics: pre-2R or post-2R. Zoolog Sci 25:960–968. 
doi:10.2108/zsj.25.960 

Kuraku S, Kaiya H, Tanaka T, Hyodo S. 2023. Evolution of Vertebrate Hormones and Their Receptors: Insights 
from Non-Osteichthyan Genomes. Annu Rev Anim Biosci 11:163–182. doi:10.1146/annurev-animal-050922-
071351 

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. doi:10.2108/zsj.23.1053 

Kuraku S, Meyer A, Kuratani S. 2009a. Timing of genome duplications relative to the origin of the vertebrates: did 
cyclostomes diverge before or after? Mol Biol Evol 26:47–59. doi:10.1093/molbev/msn222 

Kuraku S, Ota KG, Kuratani S. 2009b. Jawless fishes (cyclostomata). The Timetree of life. 

Langfelder P, Horvath S. 2008. WGCNA: an R package for weighted correlation network analysis. BMC 
Bioinformatics 9:559. doi:10.1186/1471-2105-9-559 

Li H. 2023. Protein-to-genome alignment with miniprot. Bioinformatics 39:btad014. 
doi:10.1093/bioinformatics/btad014 

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 
25:1754–1760. doi:10.1093/bioinformatics/btp324 

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R, 1000 Genome Project 
Data Processing Subgroup. 2009. The Sequence Alignment/Map format and SAMtools. Bioinformatics 
25:2078–2079. doi:10.1093/bioinformatics/btp352 

Li W, Godzik A. 2006. Cd-hit: a fast program for clustering and comparing large sets of protein or nucleotide 
sequences. Bioinformatics 22:1658–1659. 

Liao Y, Smyth GK, Shi W. 2014. featureCounts: an efficient general purpose program for assigning sequence 
reads to genomic features. Bioinformatics 30:923–930. doi:10.1093/bioinformatics/btt656 

Lien S, Koop BF, Sandve SR, Miller JR, Kent MP, Nome T, Hvidsten TR, Leong JS, Minkley DR, Zimin A, Grammes F, 
Grove H, Gjuvsland A, Walenz B, Hermansen RA, von Schalburg K, Rondeau EB, Di Genova A, Samy JKA, Olav 
Vik J, Vigeland MD, Caler L, Grimholt U, Jentoft S, Våge DI, de Jong P, Moen T, Baranski M, Palti Y, Smith DR, 
Yorke JA, Nederbragt AJ, Tooming-Klunderud A, Jakobsen KS, Jiang X, Fan D, Hu Y, Liberles DA, Vidal R, Iturra 
P, Jones SJM, Jonassen I, Maass A, Omholt SW, Davidson WS. 2016. The Atlantic salmon genome provides 
insights into rediploidization. Nature 533:200–205. doi:10.1038/nature17164 

Liu Y, Schmidt B, Maskell DL. 2010. MSAProbs: multiple sequence alignment based on pair hidden Markov 
models and partition function posterior probabilities. Bioinformatics 26:1958–1964. 
doi:10.1093/bioinformatics/btq338 

Lynch M, Conery JS. 2000. The evolutionary fate and consequences of duplicate genes. Science. 
doi:10.1126/science.290.5494.1151 

Marçais G, Kingsford C. 2011. A fast, lock-free approach for efficient parallel counting of occurrences of k-mers. 
Bioinformatics 27:764–770. doi:10.1093/bioinformatics/btr011 

Marlétaz F, de la Calle-Mustienes E, Acemel RD, Paliou C, Naranjo S, Martínez-García PM, Cases I, Sleight VA, 
Hirschberger C, Marcet-Houben M, Navon D, Andrescavage A, Skvortsova K, Duckett PE, González-Rajal Á, 
Bogdanovic O, Gibcus JH, Yang L, Gallardo-Fuentes L, Sospedra I, Lopez-Rios J, Darbellay F, Visel A, Dekker J, 
Shubin N, Gabaldón T, Nakamura T, Tena JJ, Lupiáñez DG, Rokhsar DS, Gómez-Skarmeta JL. 2023. The little 
skate genome and the evolutionary emergence of wing-like fins. Nature. doi:10.1038/s41586-023-05868-1 

Marlétaz F, Firbas PN, Maeso I, Tena JJ, Bogdanovic O, Perry M, Wyatt CDR, de la Calle-Mustienes E, Bertrand S, 
Burguera D, Acemel RD, van Heeringen SJ, Naranjo S, Herrera-Ubeda C, Skvortsova K, Jimenez-Gancedo S, 
Aldea D, Marquez Y, Buono L, Kozmikova I, Permanyer J, Louis A, Albuixech-Crespo B, Le Petillon Y, Leon A, 
Subirana L, Balwierz PJ, Duckett PE, Farahani E, Aury J-M, Mangenot S, Wincker P, Albalat R, Benito-Gutiérrez 
È, Cañestro C, Castro F, D’Aniello S, Ferrier DEK, Huang S, Laudet V, Marais GAB, Pontarotti P, Schubert M, 
Seitz H, Somorjai I, Takahashi T, Mirabeau O, Xu A, Yu J-K, Carninci P, Martinez-Morales JR, Crollius HR, 
Kozmik Z, Weirauch MT, Garcia-Fernàndez J, Lister R, Lenhard B, Holland PWH, Escriva H, Gómez-Skarmeta 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2023. ; https://doi.org/10.1101/2023.04.17.537254doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537254
http://creativecommons.org/licenses/by-nc/4.0/


28 

JL, Irimia M. 2018. Amphioxus functional genomics and the origins of vertebrate gene regulation. Nature 
564:64–70. doi:10.1038/s41586-018-0734-6 

Marlétaz F, Peijnenburg KTCA, Goto T, Satoh N, Rokhsar DS. 2019. A New Spiralian Phylogeny Places the 
Enigmatic Arrow Worms among Gnathiferans. Curr Biol 29:312-318.e3. doi:10.1016/j.cub.2018.11.042 

Martik ML, Bronner ME. 2021. Riding the crest to get a head: neural crest evolution in vertebrates. Nat Rev 
Neurosci. doi:10.1038/s41583-021-00503-2 

Martik ML, Gandhi S, Uy BR, Gillis JA, Green SA, Simoes-Costa M, Bronner ME. 2019. Evolution of the new head by 
gradual acquisition of neural crest regulatory circuits. Nature 574:675–678. doi:10.1038/s41586-019-1691-4 

Mehta TK, Ravi V, Yamasaki S, Lee AP, Lian MM, Tay B-H, Tohari S, Yanai S, Tay A, Brenner S, Others. 2013. 
Evidence for at least six Hox clusters in the Japanese lamprey (Lethenteron japonicum). Proceedings of the 
National Academy of Sciences 110:16044–16049. 

Meyer M, Kircher M. 2010. Illumina sequencing library preparation for highly multiplexed target capture and 
sequencing. Cold Spring Harb Protoc 2010:db.prot5448. doi:10.1101/pdb.prot5448 

Miller JR, Delcher AL, Koren S, Venter E, Walenz BP, Brownley A, Johnson J, Li K, Mobarry C, Sutton G. 2008. 
Aggressive assembly of pyrosequencing reads with mates. Bioinformatics 24:2818–2824. 
doi:10.1093/bioinformatics/btn548 

Minguillon C, Gibson-Brown JJ, Logan MP. 2009. Tbx4/5 gene duplication and the origin of vertebrate paired 
appendages. Proc Natl Acad Sci U S A 106:21726–21730. doi:10.1073/pnas.0910153106 

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von Haeseler A, Lanfear R. 2020. IQ-TREE 2: 
New Models and Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol Biol Evol 37:1530–
1534. doi:10.1093/molbev/msaa015 

Miyashita T, Coates MI, Farrar R, Larson P, Manning PL, Wogelius RA, Edwards NP, Anné J, Bergmann U, Richard 
Palmer A, Currie PJ. 2019. Hagfish from the Cretaceous Tethys Sea and a reconciliation of the 
morphological–molecular conflict in early vertebrate phylogeny. Proc Natl Acad Sci U S A 116:2146–2151. 
doi:10.1073/pnas.1814794116 

Morel B, Kozlov AM, Stamatakis A, Szöllősi GJ. 2020. GeneRax: A Tool for Species-Tree-Aware Maximum 
Likelihood-Based Gene Family Tree Inference under Gene Duplication, Transfer, and Loss. Mol Biol Evol 
37:2763–2774. doi:10.1093/molbev/msaa141 

Nabeyama M, Kubota S, Kohno S-I. 2000. Concerted Evolution of a Highly Repetitive DNA Family in Eptatretidae 
(Cyclostomata, Agnatha) Implies Specifically Differential Homogenization and Amplification Events in Their 
Germ Cells. Journal of Molecular Evolution. doi:10.1007/s002399910017 

Nakai Y, Kohno S. 1987. Elimination of the largest chromosome pair during differentiation into somatic cells in the 
Japanese hagfish, Myxine garmani (Cyclostomata, Agnatha). Cytogenet Genome Res 45:80–83. 
doi:10.1159/000132434 

Nakai Y, Kubota S, Goto Y, Ishibashi T, Davison W, Kohno S. 1995. Chromosome elimination in three Baltic, south 
Pacific and north-east Pacific hagfish species. Chromosome Res 3:321–330. 

Nakai Y, Kubota S, Kohno S. 1991. Chromatin diminution and chromosome elimination in four Japanese hagfish 
species. Cytogenetic and Genome Research. doi:10.1159/000133087 

Nakatani Y, Shingate P, Ravi V, Pillai NE, 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. doi:10.1038/s41467-021-24573-z 

Niknafs YS, Pandian B, Iyer HK, Chinnaiyan AM, Iyer MK. 2017. TACO produces robust multisample transcriptome 
assemblies from RNA-seq. Nat Methods 14:68–70. doi:10.1038/nmeth.4078 

Ota KG, 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. doi:10.1038/ncomms1355 

Parey E, Louis A, Montfort J, Guiguen Y, Roest Crollius H, Berthelot C. 2022. An atlas of fish genome evolution 
reveals delayed rediploidization following the teleost whole-genome duplication. Genome Res. 
doi:10.1101/gr.276953.122 

Pascual-Anaya J, Sato I, Sugahara F, Higuchi S, Paps J, Ren Y, Takagi W, Ruiz-Villalba A, Ota KG, Wang W, Kuratani 
S. 2018. Hagfish and lamprey Hox genes reveal conservation of temporal colinearity in vertebrates. Nat Ecol 
Evol 2:859–866. doi:10.1038/s41559-018-0526-2 

Poole KES, Reeve J. 2005. Parathyroid hormone - a bone anabolic and catabolic agent. Curr Opin Pharmacol 
5:612–617. doi:10.1016/j.coph.2005.07.004 

Putnam NH, Butts T, Ferrier DEK, Furlong RF, Hellsten U, Kawashima T, Robinson-Rechavi M, Shoguchi E, Terry A, 
Yu J-K, Benito-Gutiérrez EL, Dubchak I, Garcia-Fernàndez J, Gibson-Brown JJ, Grigoriev IV, Horton AC, de Jong 
PJ, Jurka J, Kapitonov VV, Kohara Y, Kuroki Y, Lindquist E, Lucas S, Osoegawa K, Pennacchio LA, Salamov AA, 
Satou Y, Sauka-Spengler T, Schmutz J, Shin-I T, Toyoda A, Bronner-Fraser M, Fujiyama A, Holland LZ, Holland 
PWH, Satoh N, Rokhsar DS. 2008. The amphioxus genome and the evolution of the chordate karyotype. Nature 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2023. ; https://doi.org/10.1101/2023.04.17.537254doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537254
http://creativecommons.org/licenses/by-nc/4.0/


29 

453:1064–1071. doi:10.1038/nature06967 

Putnam NH, O’Connell BL, Stites JC, Rice BJ, Blanchette M, Calef R, Troll CJ, Fields A, Hartley PD, Sugnet CW, 
Haussler D, Rokhsar DS, Green RE. 2016. Chromosome-scale shotgun assembly using an in vitro method for 
long-range linkage. Genome Res 26:342–350. doi:10.1101/gr.193474.115 

Robertson FM, Gundappa MK, Grammes F, Hvidsten TR, Redmond AK, Lien S, Martin SAM, Holland PWH, Sandve 
SR, Macqueen DJ. 2017. Lineage-specific rediploidization is a mechanism to explain time-lags between 
genome duplication and evolutionary diversification. Genome Biol 18:111. doi:10.1186/s13059-017-1241-z 

Rodrigue N, Lartillot N. 2014. Site-heterogeneous mutation-selection models within the PhyloBayes-MPI package. 
Bioinformatics 30:1020–1021. 

Rooney DE. 2001. Human Cytogenetics: Constitutional Analysis : a Practical Approach, Human Cytogenetics. 
Oxford University Press. 

Sacerdot C, Louis A, Bon C, Berthelot C, Roest Crollius H. 2018. Chromosome evolution at the origin of the 
ancestral vertebrate genome. Genome Biol 19:166. doi:10.1186/s13059-018-1559-1 

Seshan VE, Olshen A. n.d. DNAcopy: DNA copy number data analysis. R package version. 
Session AM, Uno Y, Kwon T, Chapman JA, Toyoda A, Takahashi S, Fukui A, Hikosaka A, Suzuki A, Kondo M, van 

Heeringen SJ, Quigley I, Heinz S, Ogino H, Ochi H, Hellsten U, Lyons JB, Simakov O, Putnam N, Stites J, Kuroki 
Y, Tanaka T, Michiue T, Watanabe M, Bogdanovic O, Lister R, Georgiou G, Paranjpe SS, van Kruijsbergen I, Shu 
S, Carlson J, Kinoshita T, Ohta Y, Mawaribuchi S, Jenkins J, Grimwood J, Schmutz J, Mitros T, Mozaffari SV, 
Suzuki Y, Haramoto Y, Yamamoto TS, Takagi C, Heald R, Miller K, Haudenschild C, Kitzman J, Nakayama T, 
Izutsu Y, Robert J, Fortriede J, Burns K, Lotay V, Karimi K, Yasuoka Y, Dichmann DS, Flajnik MF, Houston DW, 
Shendure J, DuPasquier L, Vize PD, Zorn AM, Ito M, Marcotte EM, Wallingford JB, Ito Y, Asashima M, Ueno N, 
Matsuda Y, Veenstra GJC, Fujiyama A, Harland RM, Taira M, Rokhsar DS. 2016. Genome evolution in the 
allotetraploid frog Xenopus laevis. Nature 538:336–343. doi:10.1038/nature19840 

Shimeld SM, Donoghue PCJ. 2012. Evolutionary crossroads in developmental biology: cyclostomes (lamprey and 
hagfish). Development 139:2091–2099. doi:10.1242/dev.074716 

Shimeld SM, Holland PW. 2000. Vertebrate innovations. Proc Natl Acad Sci U S A 97:4449–4452. 
doi:10.1073/pnas.97.9.4449 

Simakov O, Bredeson J, Berkoff K, Marletaz F, Mitros T, Schultz DT, O’Connell BL, Dear P, Martinez DE, Steele RE, 
Green RE, David CN, Rokhsar DS. 2022. Deeply conserved synteny and the evolution of metazoan 
chromosomes. Sci Adv 8:eabi5884. doi:10.1126/sciadv.abi5884 

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 NH, Green RE, Rokhsar DS. 2020. Deeply conserved synteny resolves early events in 
vertebrate evolution. Nat Ecol Evol 4:820–830. doi:10.1038/s41559-020-1156-z 

Simões-Costa M, Bronner ME. 2015. Establishing neural crest identity: a gene regulatory recipe. Development 
142:242–257. doi:10.1242/dev.105445 

Smit AFA, Hubley R. 2008. RepeatModeler Open-1.0. 

Smith JJ, Antonacci F, Eichler EE, Amemiya CT. 2009. Programmed loss of millions of base pairs from a 
vertebrate genome. Proc Natl Acad Sci U S A 106:11212–11217. doi:10.1073/pnas.0902358106 

Smith JJ, Baker C, Eichler EE, Amemiya CT. 2012. Genetic consequences of programmed genome rearrangement. 
Curr Biol 22:1524–1529. doi:10.1016/j.cub.2012.06.028 

Smith JJ, Keinath MC. 2015. The sea lamprey meiotic map improves resolution of ancient vertebrate genome 
duplications. Genome Res 25:1081–1090. doi:10.1101/gr.184135.114 

Smith JJ, Kuraku S, Holt C, Sauka-Spengler T, Jiang N, Campbell MS, Yandell MD, Manousaki T, Meyer A, Bloom 
OE, Morgan JR, Buxbaum JD, Sachidanandam R, Sims C, Garruss AS, Cook M, Krumlauf R, Wiedemann LM, 
Sower SA, Decatur WA, Hall JA, Amemiya CT, Saha NR, Buckley KM, Rast JP, Das S, Hirano M, McCurley N, 
Guo P, Rohner N, Tabin CJ, Piccinelli P, Elgar G, Ruffier M, Aken BL, Searle SMJ, Muffato M, Pignatelli M, 
Herrero J, Jones M, Brown CT, Chung-Davidson Y-W, Nanlohy KG, Libants SV, Yeh C-Y, McCauley DW, 
Langeland JA, Pancer Z, Fritzsch B, de Jong PJ, Zhu B, Fulton LL, Theising B, Flicek P, Bronner ME, Warren WC, 
Clifton SW, Wilson RK, Li W. 2013. Sequencing of the sea lamprey (Petromyzon marinus) genome provides 
insights into vertebrate evolution. Nat Genet 45:415–21, 421e1-2. doi:10.1038/ng.2568 

Smith JJ, Timoshevskaya N, Ye C, Holt C, Keinath MC, Parker HJ, Cook ME, Hess JE, Narum SR, Lamanna F, 
Kaessmann H, Timoshevskiy VA, Waterbury CKM, Saraceno C, Wiedemann LM, Robb SMC, Baker C, Eichler EE, 
Hockman D, Sauka-Spengler T, Yandell M, Krumlauf R, Elgar G, Amemiya CT. 2018. The sea lamprey germline 
genome provides insights into programmed genome rearrangement and vertebrate evolution. Nat Genet 
50:270–277. doi:10.1038/s41588-017-0036-1 

Smith JJ, Timoshevskiy VA, Saraceno C. 2021. Programmed DNA Elimination in Vertebrates. Annu Rev Anim 
Biosci 9:173–201. doi:10.1146/annurev-animal-061220-023220 

Sordino P, Duboule D, Kondo T. 1996. Zebrafish Hoxa and Evx-2 genes: cloning, developmental expression and 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2023. ; https://doi.org/10.1101/2023.04.17.537254doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537254
http://creativecommons.org/licenses/by-nc/4.0/


30 

implications for the functional evolution of posterior Hox genes. Mech Dev 59:165–175. doi:10.1016/0925-
4773(96)00587-4 

Spitzer RH, Koch EA. 1998. Hagfish Skin and Slime Glands In: Jørgensen JM, Lomholt JP, Weber RE, Malte H, 
editors. The Biology of Hagfishes. Dordrecht: Springer Netherlands. pp. 109–132. doi:10.1007/978-94-011-
5834-3_8 

Stanke M, Keller O, Gunduz I, Hayes A, Waack S, Morgenstern B. 2006. AUGUSTUS: ab initio prediction of 
alternative transcripts. Nucleic Acids Res 34:W435-9. doi:10.1093/nar/gkl200 

Szöllõsi GJ, Rosikiewicz W, Boussau B, Tannier E, Daubin V. 2013. Efficient exploration of the space of reconciled 
gene trees. Syst Biol 62:901–912. doi:10.1093/sysbio/syt054 

Theill LE, Boyle WJ, Penninger JM. 2002. RANK-L and RANK: T cells, bone loss, and mammalian evolution. Annu 
Rev Immunol 20:795–823. doi:10.1146/annurev.immunol.20.100301.064753 

Thomson RC, Plachetzki DC, Mahler DL, Moore BR. 2014. A critical appraisal of the use of microRNA data in 
phylogenetics. Proceedings of the National Academy of Sciences 111:E3659–E3668. 
doi:10.1073/pnas.1407207111 

Timoshevskaya N, Eşkut KI, Timoshevskiy VA, Robb SMC, Holt C, Hess JE, Parker HJ, Baker CF, Miller AK, 
Saraceno C, Yandell M, Krumlauf R, Narum SR, Lampman RT, Gemmell NJ, Mountcastle J, Haase B, Balacco 
JR, Formenti G, Pelan S, Sims Y, Howe K, Fedrigo O, Jarvis ED, Smith JJ. 2023. An improved germline genome 
assembly for the sea lamprey Petromyzon marinus illuminates the evolution of germline-specific 
chromosomes. Cell Rep 42:112263. doi:10.1016/j.celrep.2023.112263 

Timoshevskiy VA, Sharma A, Sharakhov IV, Sharakhova MV. 2012. Fluorescent in situ hybridization on mitotic 
chromosomes of mosquitoes. J Vis Exp e4215. doi:10.3791/4215 

Timoshevskiy VA, Timoshevskaya NY, Smith JJ. 2019. Germline-Specific Repetitive Elements in Programmatically 
Eliminated Chromosomes of the Sea Lamprey (Petromyzon marinus). Genes  10. doi:10.3390/genes10100832 

Vurture GW, Sedlazeck FJ, Nattestad M, Underwood CJ, Fang H, Gurtowski J, Schatz MC. 2017. GenomeScope: 
fast reference-free genome profiling from short reads. Bioinformatics 33:2202–2204. 
doi:10.1093/bioinformatics/btx153 

Wada H, Makabe K. 2006. Genome duplications of early vertebrates as a possible chronicle of the evolutionary 
history of the neural crest. Int J Biol Sci 1449:228. 

Xie Z, Bailey A, Kuleshov MV, Clarke DJB, Evangelista JE, Jenkins SL, Lachmann A, Wojciechowicz ML, 
Kropiwnicki E, Jagodnik KM, Jeon M, Ma’ayan A. 2021. Gene Set Knowledge Discovery with Enrichr. Curr 
Protoc 1:e90. doi:10.1002/cpz1.90 

Yamaguchi K, Hara Y, Tatsumi K, Nishimura O, Smith JJ, Kadota M, Kuraku S. 2020. Inference of a genome-wide 
protein-coding gene set of the inshore hagfish Eptatretus burgeri. doi:10.1101/2020.07.24.218818 

Yanai I, Benjamin H, Shmoish M, Chalifa-Caspi V, Shklar M, Ophir R, Bar-Even A, Horn-Saban S, Safran M, Domany 
E, Lancet D, Shmueli O. 2005. Genome-wide midrange transcription profiles reveal expression level 
relationships in human tissue specification. Bioinformatics 21:650–659. doi:10.1093/bioinformatics/bti042 

Zeng Y, Plachetzki DC, Nieders K, Campbell H, Cartee M, Pankey MS, Guillen K, Fudge D. 2023. Epidermal threads 
reveal the origin of hagfish slime. Elife 12. doi:10.7554/eLife.81405 

Zerbino DR, Birney E. 2008. Velvet: algorithms for de novo short read assembly using de Bruijn graphs. Genome 
Res 18:821–829. doi:10.1101/gr.074492.107 

Zhang G, Eames BF, Cohn MJ. 2009. Chapter 2. Evolution of vertebrate cartilage development. Curr Top Dev Biol 
86:15–42. doi:10.1016/S0070-2153(09)01002-3 

Zwaenepoel A, Van de Peer Y. 2020. Model-Based Detection of Whole-Genome Duplications in a Phylogeny. Mol 
Biol Evol 37:2734–2746. doi:10.1093/molbev/msaa111 

Zwaenepoel A, Van de Peer Y. 2019. Inference of Ancient Whole-Genome Duplications and the Evolution of Gene 
Duplication and Loss Rates. Mol Biol Evol 36:1384–1404. doi:10.1093/molbev/msz088 

 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2023. ; https://doi.org/10.1101/2023.04.17.537254doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.17.537254
http://creativecommons.org/licenses/by-nc/4.0/

