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As the only surviving lineages of jawless fishes, hagfishes and lampreys provide a
crucialwindow into early vertebrate evolution' . Here we investigate the complex
history, timing and functional role of genome-wide duplications*” and programmed
DNA elimination®® in vertebrates in the light of achromosome-scale genome sequence
for the brown hagfish Eptatretus atami. Combining evidence from syntenic and
phylogenetic analyses, we establish acomprehensive picture of vertebrate genome
evolution, including an auto-tetraploidization (1R) that predates the early Cambrian
cyclostome-gnathostome split, followed by amid-late Cambrian allo-tetraploidization
(2Ryy) ingnathostomes and a prolonged Cambrian-Ordovician hexaploidization (2Ry)
in cyclostomes. Subsequently, hagfishes underwent extensive genomic changes,

with chromosomal fusions accompanied by the loss of genes that are essential for
organ systems (for example, genes involved in the development of eyes and in the
proliferation of osteoclasts); these changes account, in part, for the simplification of the
hagfish body plan’? Finally, we characterize programmed DNA elimination in hagfish,
identifying protein-coding genes and repetitive elements that are deleted from somatic
celllineages during early development. The elimination of these germline-specific
genes provides amechanism for resolving genetic conflict between soma and germline
by repressing germline and pluripotency functions, paralleling findings in lampreys'*".
Reconstruction of the early genomic history of vertebrates provides a framework for

further investigations of the evolution of cyclostomes and jawed vertebrates.

Hagfishes are deep-seascavengers with a prodigious capacity for pro-
ducing slime® (Fig.1a). As one of only two surviving lineages of jawless
fishes, hagfishes provide aunique comparative perspective onearly ver-
tebrate evolution. Both hagfishes and lampreys stand apart from jawed
vertebrates (gnathostomes) in the absence of jaws, bone and dentine?,
andthey have beengrouped together as cyclostomes®, the sister group
to gnathostomes. However, hagfishes lack several key characteristics
that are shared by lampreys and gnathostomes, including definitive
vertebrae, lensed eyes with oculomotor control and electrorecep-
tive sensory organs'?. The relative simplicity of the hagfish body
plan suggests an alternative hypothesis whereby hagfishes diverged
before a craniate clade that groups lampreys with jawed vertebrates>.
Early molecular phylogenies (albeit with limited sequence datasets
and taxonomic sampling) have consistently supported cyclostome
monophyly®™", which implies that hagfishes are secondarily simpli-
fied. But the molecular bases of this derived body planin the light of
the tumultuous genomic history of vertebrates are poorly understood.

Early vertebrate evolution was punctuated by multiple polyploidi-
zations, although the nature and timing of these ancient events,

and their effects on vertebrate biology, remain elusive*°. An early
duplication preceding the gnathostome-cyclostome split (1Ry) is
generally accepted but has not been clearly resolved by molecular
phylogenetics'®. A gnathostome-specific allo-tetraploidization (2Ry,)
was definitively established on the basis of chromosomal rearrange-
ments observed in gnathostomes but not lampreys'°?, leading to
therejectionof the hypothesis that two rounds of genome duplication
(IR and 2R) occurred before the cyclostome-gnathostome split? 2,
Conversely, lampreys experienced additional independent
duplication(s) not found in gnathostomes**?, A hexaploidy inferred
inlampreyswas further hypothesized to be ancestral to cyclostomes?,
onthebasis of the observation that lampreys and hagfishes both pos-
sess six Hox clusters, although their respective orthology remains
unclear®. Definitive resolution of the duplication history of cyclos-
tome genomes must also account for the disparate karyotypes of
hagfishes (2n = 34 somatic chromosomes) and lampreys (2n =168)
(refs. 7,11,25,26).

Notably, hagfishes**?® and lampreys perform programmed
elimination of germline-specific chromosomes from the genomes of
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Fig.1|Phylogeneticrelationships and syntenic architecture of cyclostomes
and gnathostomes. a, The brown hagfish, Eptatretus atami (photo credit,

M. Suzuki). b, Summary of deuterostome phylogeny based on176 selected
genes (61,939 positions) using asite-heterogeneous model (CAT+GTR). This
topologyis robust to compositional heterogeneity and similar to what was
obtained with 1,467 genes using a site-homogeneous partitioned model

(see Methods, Supplementary Noteland Extended DataFig. 2). ¢, Karyograms

showing the ancestry of hagfish, lamprey and gar chromosomesinterms

somatic cells®®. In lampreys, germline-specific chromosomes encode
numerous genes with putative functions in the maintenance and
development of the germline'®™. Although hagfishes were the first
vertebrate species shown to experience developmentally programmed
DNA elimination®, only germline-enriched satellite repeats have been
characterized**, Because no germline-specific protein-coding genes
havebeenreported in hagfishso far, their possible germline functions,
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of chordate linkage groups (CLGs A1, A2 and B-Q) described previously'**
(seealsoref.20 and Supplementary Note 2). Coloured bins contain20 genes
and only genes from CLGs with significant enrichment (Fisher’s exact test) are
counted (Methods). Hagfish, lamprey and gar silhouettes downloaded from
PhyloPic (credit to Gareth Monger for lamprey).d, Conserved syntenies show that
hagfish chromosomes are typically fusions of multiple lamprey chromosomes.
Lines connect orthologous genes and are coloured according to the ancestral
chordate linkage groups (colourlegendinc).

evolutionary origin and relationship to germline-specific genes in
lampreys have not been addressed.

Here we report achromosome-scale genome assembly for the brown
hagfish E. atami. Using a synteny-based phylogenetic approach, we
definitively resolve and date the timing of duplication and divergence
events that shaped the genomes of extant vertebrate lineages, and
assess rediploidization after duplication. We further dissect the effect



of these events on the emergence of genes that are involved in verte-
brate and hagfish characteristics, and find that hagfish genomes are
derived by extensive gene loss, consistent with their morphological
simplification. We also find that hagfish genes that are programmati-
cally eliminated during early embryonic development contribute to
several aspects of germ cell biology, and reveal the evolution of verte-
brate germline-specific chromosomes.

Evolution of cyclostome genomes

We sequenced the germline genome of the brown hagfish E. atami
(formerly Paramyxine atami) using a combination of long and short
reads from testes, and organized the assembly into chromosomes
using proximity ligation data from somatic tissue (Supplementary
Table 1). Our E. atami assembly spans 2.52 Gb and includes 17 large
chromosomal scaffolds, consistent with the expected somatic karyo-
type (2n =34) (Extended Data Fig.1aand Supplementary Table 2). 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®?, consistent with k-mer estimates (2.02 Gb and 3.28 Gb, respec-
tively, Extended Data Fig. 1b and Methods). The E. atami germline
genome also includes seven highly repetitive chromosomes that are
completely eliminated during development and whose sequences
are present in our assembly as sub-chromosomal fragments, simi-
lar to what is seen in the highly repetitive germline-specific chromo-
somes of lampreys” and songbirds®*. We annotated 28,469 genes, of
which 22,663 show similarity with the protein-coding complement of
other species.

We first used our hagfish gene set to test the monophyly of cyclos-
tomes, extending pioneering early studies’®" by introducing (i) broa-
der taxonomic sampling of cyclostomes (including new data for the
Atlantic hagfish Myxineglutinosa) and (ii) improved modelling of site
heterogeneity and compositional bias (Methods, Supplementary
Note 1and Supplementary Table 3). A new set of 1,467 orthologues
informed by complete hagfish and lamprey genomes alleviates pos-
sible paralogy issues, and includes eightfold more markers than ear-
lier studies did (Methods). These analyses confirm the monophyly of
cyclostomes with both partitioned analysis (Extended Data Fig. 2a)
and site-heterogeneous model analysis (Fig. 1b and Extended Data
Fig. 2b). Robustness to compositional heterogeneity is further sup-
ported by six-category amino acid recoding validated by poste-
rior predictive tests (Extended Data Fig. 2c,d and Supplementary
Table 4).

Despite their disparate karyotypes, the chromosomes of hagfish
and lamprey are simply related (Fig. 1c,d) although after around 457
million years of independent evolution, gene order is highly scram-
bled (Extended Data Fig. 3a,b) and repetitive landscapes are distinct
(Extended Data Fig. 1c,d). In general, each hagfish chromosome is
typically orthologous to a fusion of between two and six lamprey
chromosomes and, conversely, each lamprey chromosome is typi-
cally associated with asingle hagfish chromosome, with few exceptions
(Extended Data Fig. 3b). To differentiate between possible chromo-
somal fusionsin the hagfish lineage and/or fissions (or duplication) in
the lamprey lineage, we used the previously reconstructed ancestral
chordate linkage groups (CLGs Al, A2 and B-Q)*** (Supplementary
Note 2). Although lamprey chromosomes are typically derived from
single CLGs (consistent with previous analyses of lamprey genomes®%°),
hagfish chromosomes are evidently derived from these ancestral ele-
ments by irreversible fusions®, analogous to but distinct from the
fusions observed on the gnathostome stem lineage® (Fig. 1c). The
direct and largely one-to-one segmental correspondence between
hagfish and lamprey is consistent with the previous assumption®***
that the cyclostomes share the same duplication history, although
more detailed phylogenetic analysis is required to rule out scenarios
of convergent duplications.

Genome duplications in early vertebrates

We used two complementary phylogenetic approaches to fully resolve
the sequence of early vertebrate polyploidization events: (i) model-
based polyploidization inference from a large number of individual
gene trees and (ii) concatenation of genes with similar evolutionary
histories on the basis of chromosome-scale synteny. We first tested
alternative scenarios for the sequence of whole-genome duplications
(WGDs) based on 8,931 individual gene trees by probabilistic reconcili-
ationof gene and species trees using WHALE*® (Methods). This analysis
provided significant support for the occurrence of a single genome
duplicationinthe vertebrate stemlineage (1R,), followed by independ-
entpolyploidizations on the gnathostome (2Ry) and cyclostome (2Ry)
stem lineages (all Bayes factors BF y,; s wep < 107°) (Fig. 2a and Extended
Data Fig. 4). By contrast, we found no support for a second round of
polyploidization onthe vertebrate stem lineage (2R,) or for polyploidi-
zation events specific to the lamprey or hagfish lineages (Fig. 2a and
Extended Data Fig. 4), consistent with synteny-based analysis'** and
Fig.1d.

We also developed asynteny-based approach that takes advantage of
the shared evolutionary history of persistently linked genes to enhance
the limited phylogenetic signal of individual gene trees and avoid the
confounding effects of differential gene loss?*"*, In this approach,
we determined the duplication history of each CLG by concatenating
genes fromits derivativesin hagfish, lamprey and several jawed verte-
brates (for example, chromosomes or chromosomal segments of the
same colourinFig.1d; Methods). Within each species, the paralogous
chromosome segments are called ‘paralogons’. Because the CLGs are
preserved in diverse invertebrates® corresponding sets of chromo-
somally linked genes can be concatenated to provide outgroups for
phylogenetic and molecular dating. We reconstructed paralogon-based
molecular phylogenies for 17 of the 18 CLGs or proto-vertebrate chro-
mosomes (PVCs) (Supplementary Table 5); the 18th group (CLG A2in
the notation of ref. 35, and PVC18 in ref. 20) contains arelatively small
number of genes consistently linked across vertebrate taxa and has
anomalous properties in both lampreys and gnathostomes®.

Paralogon-based molecular phylogenies supportasingle early verte-
brate auto-tetraploidization (1R,) before the cyclostome-gnathostome
split, followed by a later gnathostome-specific allo-tetraploidization
(2Ry) and acyclostome-specific polyploidy (2R¢y) (for example, CLGJ in
Fig.2b; Extended Data Fig. 5 and Supplementary Fig.1). The 1R, dupli-
cation node precedes cyclostome-gnathostome speciationin 12 of
the 14 CLG paralogon phylogenies with bootstrap support BP > 60
(Supplementary Table 5 and Supplementary Fig. 1). A single shared
tetraploidization on the vertebrate stem (1R,) is therefore consistent
with both probabilistic inference of genome duplications fromsingle
gene trees and paralogon-based phylogenies. Molecular dating indi-
cates that these duplication and speciation events occurred in close
succession, and we estimate that the divergence of IR, paralogons was
completed by around 527 million years ago (Ma) and that the cyclos-
tome-gnathostome split occurred around 520 Ma.

Our estimated date for the divergence of 1R, paralogons corre-
sponds to the cessation of homeologous recombination (rediploidi-
zation) rather than the WGD itself, as noted in a previous study*® We
tested for lineage-specific rediploidization across CLGs (relative to
the gnathostome-cyclostome divergence) by comparing the likeli-
hoods of gene trees under the ancestral and lineage-specific redip-
loidization models, as previously proposed* ™ (Fig. 3a and Extended
Data Fig. 6). We found that ancestral rediploidization after 1R, was
supported by a larger number of significant gene trees for all CLGs
(Fig. 3b), indicating that meiotic rediploidization was essentially
complete by the time of the cyclostome-gnathostome split. This
contrasts with other more recent vertebrate auto-polyploidizations,
in which a number of homoeologous chromosomes have maintained
tetrasomic inheritance through subsequent speciation events* .
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Fig.2|History ofgenome duplicationsin vertebrates. a, Probabilistic
inference of polyploidization eventsinearly vertebrate evolution on the basis
of gene tree-species tree reconciliation (WHALE®; Extended DataFig. 4,
Supplementary Table 8 and Methods) supports aninitial tetraploidization shared
by all vertebrates (1Ry), ajawed-vertebrate-specific tetraploidization (2R;,) and
acyclostome-specific polyploidization (2R.y). Supported polyploidization
events (Bayes factors BF v, vs wop <10 ) are shown in colour (IR, 2Ry and 2R¢y)
and non-supported onesingrey (2R, hagfish-specific, lamprey-specific).

The WHALE method cannot distinguish between tetraploidization and
hexaploidization events. b, Paralogon-based polyploidizationinference using
molecular phylogenies reconstructed for each of the 17 informative CLGs
(Supplementary Fig.1). Successive polyploidization events during vertebrate
evolutionareshownas coloured polygons and the proportion of CLG trees

Unfortunately, molecular phylogenetics can only estimate a later
bound on the timing of the 1R, auto-tetraploidization event itself,
becauseitislikely to be obscured by aperiod of homoeologous recom-
bination of unknown duration: the 1R, duplication event could have
predated the divergence time of 1R, ohnologues (around 527 Ma) by
millions of years*°

Distinct duplicationsin cyclostomes

Paralogon-based molecular phylogenies also strongly support and
refine the 2Ry allo-tetraploidization scenario'* (Supplementary
Table 6). Molecular dating of paralogon trees places the split of the
pre-2Ryy alpha and beta progenitors in the middle Cambrian, around
508 Ma (Fig. 2d, Extended Data Fig. 5, Supplementary Table 7 and
Methods). The allo-tetraploidization event itself (the hybridization
of alpha and beta progenitors and subsequent associated genome
doubling), however, occurred some time after the alpha-beta diver-
gence and cannot itself be precisely placed using molecular phylog-
enies. In recent vertebrate allo-tetraploids such as Xenopus*® and
goldfish*, hybridization occurred within 10-15 million years of the
divergence of progenitors. If we take these as analogies for gnathos-
tomeallo-tetraploidy, then 2R, probably occurredin the late Cambrian,
long before the origin of crown-group gnathostomes around 456 Ma
near the middle-late Ordovician boundary.

814 | Nature | Vol 627 | 28 March 2024

Outgroups

Hagfishes :
Lampreys \_
Chondrichthyans ‘-
Osteichthyans ,\'

Supported hexaploidization

M Supported tetraploidization

d

Burgess Shale

Maotianshan Shales (Haikouichtys)

Ostracoderms

S. purpuratus

P. flava

S. ko

I— B. floridae
L300 5 janceotatum

E. atami

P. marinus

C. punctatum

L. oculatus
X. tropicalis
342
G. gallus
[Ediac. [CambrJOrd. [siL] Devon.] Carbon [ Perm.] Trias. ]
600 500 400 300 200

displaying these duplication nodesisindicated below. c, Sample paralogon
tree for CLGJ. As for gene trees, in paralogon trees some nodes correspond to
speciation events (grey) and others to duplication events (coloured); both types
of events can be dated using a molecular clock. Species and datasets used are
listed in Supplementary Table 8, and dating was performed with PhyloBayes
(Methods) using fossil calibrations reported in Supplementary Table 7.

d, Molecular dating of the polyploidizations and speciation eventsin early
vertebrate evolution. Divergence times areindicated for speciation (grey) and
duplicationnodes (coloured asin a) areindicated. Inc,d, eachnodeis labelled
withthe meandivergencetimeacross CLGs. Ediac., Ediacaran; Cambr., Cambrian;
Ord., Ordovician; Sil., Silurian; Devon., Devonian; Carbon., Carboniferous; Perm.,
Permian; Trias., Triassic.

Among cyclostomes, paralogon trees confirm the general orthology
of hagfish and lamprey chromosome segments (Fig. 2c), as suggested
above (Supplementary Table 5 and Supplementary Fig. 1). We typi-
cally observed one or two duplication nodes for each CLG, indicating
shared cyclostome genome-wide duplications that took place before
the hagfish-lamprey split around 457 Ma. Although the nature of the
cyclostome-specific duplicationsis difficult to decipher owing to exten-
sive losses, the net effect appears to be hexaploidization® without
the obvious patterns of differential gene retention that are typical
of allo-polyploidy and are observed in the gnathostome lineage'**°
(Extended DataFig. 7).

The bimodal distribution of divergence times observed between
homoeologous (thatis, paralogous) cyclostome chromosomes (peaks
ataround 511and around 493) Ma; see Extended Data Fig. 5a) is consist-
ent with two-step hexaploidy through the hybridization of diploids
and related tetraploids (Extended Data Fig. 5b), as seenin sturgeons*s.
Although the near one-to-one relationship between orthologous
hagfish and lamprey chromosome segments (Fig. 1d) suggests that
rediploidization after 2R, was largely completed by the origination
of crown-group cyclostomes, we formally tested for lineage-specific
rediploidization (Fig. 3c). From the estimated paralogon divergence
times and concatenated paralogon tree topologies, we identified a
single case of lineage-specific rediploidization that affected CLGB par-
alogonsin hagfish and lampreys after 2R,. Specifically, the paralogon
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pairs hagfish chr.4-chr.8 and lamprey chr.10-chr.12 descending from
the IR, copy 1 of CLGB each rediploidized independently in hagfish
and lampreys, as shown by the CLGB paralogon phylogeny (Fig. 3¢)
and estimated paralogon divergence times (cyclostome split around
457 Ma; hagfish chr. 4-chr. 8 paralogon divergence around 431 Ma;
lamprey chr.10-chr. 2 paralogon divergence around 442 Ma). This
result is confirmed by gene-tree topology tests, albeit with a small
number of testable gene trees (Methods; 30 tested trees of which 7
support lineage-specific rediploidization and none supportancestral).

Evolution of vertebrate Hox clusters

Notably, CLGB contains the Hox cluster, a key locus in early analyses
of vertebrate WGD (ref. 40). A more targeted phylogenetic analysis
of concatenated Hox and bystander genes also recovered the same
lineage-specific rediploidization tree topology as the full CLG paral-
ogon analysis (Extended Data Fig. 8). Through our CLGB paralogon
and Hox-plus-bystander trees, we fully resolve the evolutionary history
of the four gnathostome and six cyclostome Hox clusters after the
1Ry, 2Ry and 2Ry events (Fig. 3d). Although previous studies did not
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(chr.4and chr.5) and two lamprey (chr.10 and chr. 2) paralogons independently
rediploidized. Myr, million years. d, Evolutionary history of vertebrate Hox
geneclustersresolved by the CLGB paralogon phylogeny (see bottom of c).

identify one-to-one relationships between Hox clusters in lampreys
and hagfishes*, we report unambiguous orthologies between lamprey
Hox {, «, y and & and hagfish Hox II, 111, IV and VI, with groupings as
follows: C-II, a-llI, y-1V and 6-VI. By contrast, after lineage-specific
rediploidization of CLGB, no true (that is, one-to-one) orthology rela-
tionships exist between lamprey Hox 3 and € and hagfishHox Vand|,
which should be considered as ‘tetralogues™.

Origin of neural crest

Our paralogon-based classification makes it possible to robustly assign
paralogues to specific duplications, and this sheds some light on the
relative origin, with respect to WGDs, of vertebrate characteristics
suchasneural crest, placodes and hormone systems®. As highlighted
previously®, establishing whether both paralogous branches retain (or
partition) the ancestral role can help to pinpoint whether a character
is likely to have emerged before or after 1R,.

To assess the origin of neural crest, we considered a set of 22
gene families involved in the specification and migration of neural
crest®*% (Fig. 4a and Supplementary Table 8) and we asked whether
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corresponding 1R, paralogues perform neural crest cell (NCC)-related
functions in gnathostomes and in lampreys on the basis of the lit-
erature® ¢ and available RNA sequencing (RNA-seq) data*®. We find
that for many of these gene families, including Tfap2, SoxE, EdnR,
Twistl and Gata3, paralogues on both 1R, branches are involved in
neural-crest-related functions (Supplementary Table 9). This pattern
indicates that NCC-related functions were inherited from pre-1R, genes
inthe vertebrate ancestor, and thus suggests that the neural crest origi-
nated before 1R,. Post-WGD subfunctionalization had alimited rolein
itsemergence, contrary to other gnathostome novelties such as limbs®”.
Consistently, in lampreys, an alternative 1R, paralogue also seems to
be involved in NCCs, involving, for example, Gata3, Six1, MsxI and
possibly FoxD (Fig. 4a).

By contrast, the establishment of the trunk and cranial NCCs seems
to differ among cyclostomes, osteichthyans and even amniotes, with
distinct genes being involved*®. Some but not all of the genes involved
inthis process seem to show amore recent occurrence of subfunction-
alization. For instance, Lhx5, Id3, Gid2 and Dmbx, which have arole in
gnathostome cranial NCCs, do not have IR, or 2R;, paralogues with a
similar function, whereas Tfap2 and SoxE, which are involved in the
ancestral specification of both cranial and trunk NCCs, have paral-
ogues on both of the 1R, branches that are involved in this function.
Lampreys show marked differences: neither RhoB nor Etsare involved
orexpressedinlamprey migratory NCCs, and Lhx5, Dmbx and EtsI are
expressed in later NCC derivatives (Extended Data Fig. 9c and Sup-
plementary Table 10). Despite the extensive gene loss experienced in
the hagfishlineage (see below), we recovered homologues for most of
the NCC-related genes that we investigated. Further functional studies
will be necessary to determine whether subsequent 2R, paralogues
in hagfish were incorporated in NCC-related functions specific to
this lineage®™.

A distinct fate for paralogues

Paralogues retained in gnathostomes after two rounds of genome
duplication were previously shown to be functionally associated
with the regulation of development and nervous system activity'®.
To determine whether similar genes were retained preferentially
in multiple copies in the cyclostome lineage after 1R, and/or after
cyclostome-specific 2Ry, we tested paralogue sets that show distinct
retention patterns for functional enrichment (Fig. 4b). We recovered
gene ontology terms that were previously found to be enriched in
gnathostome paralogues (for example, axon guidance and embryonic
organ development), but, notably, we found that they were preferen-
tially associated with paralogues retained after the pan-vertebrate IR,
regardless of their post-gnathostome duplication 2Ry, fate (Fig. 4b),
suggesting that IR, had akeyroleinthe early elaboration of the verte-
brate nervous system. In cyclostomes, however, these terms are prefer-
entially associated with paralogues that were systematically retained
after all polyploidizations (IR, and 2R.y); this suggests adistinct path
of paralogue evolution at the functional level, possibly coupled with
anincreased retention after 2Ry compared with 2Ry,.

The fate of paralogues after WGD is often related to their acquisition
of more specific expression domains that can explain subfunctionaliza-
tionand functional innovation®*°. To examine patterns of divergence
in gene expression in gnathostomes and cyclostomes, we compared
paralogues across a consistent set of six organs in amphioxus, gar,
lampreys and hagfish. Considering 3,009 gene families, we found a
higher level of gene-expression specificity in gar thaninlampreys and
hagfish, with the hagfish showing the least specificity (Extended Data
Fig.10b). We then counted the number of expression patterns that were
gained or lost in the same gene family between amphioxus and the
different vertebrate species, which also indicated alower level of sub-
functionalizationin cyclostomes thaningnathostomes (Fig.4c).Finally,
we asked whether particular organs show a significant enrichment of
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paralogous genes using gene-expression clustering (weighted gene
co-expression network analysis (WGCNA) (Methods and Extended Data
Fig. 9a,b). Of note, we found that only neural tissue exhibits enrich-
ment in both gnathostomes (for example, gar) and hagfish, whereas
many recently duplicated genes are expressed in an organ-specific
manner (Extended Data Fig. 9b). Together, these results imply that
cyclostomes—and, to a greater extent, hagfish—show more limited
subfunctionalization or specialization of expression patterns than
do gnathostomes.

Gene loss and hagfish novelties

Hagfish underwent the most extensive gene loss among vertebrates,
with 1,386 missing gene families, of which 892 were presentin the deu-
terostome ancestor (Fig. 4d and Extended Data Fig. 9d). Hagfishes
stand out as having lost all members of several entire gene families,
rather than exhibiting just anincreased loss of paralogues (Extended
DataFig.10c).

Several gene families lost in hagfish are functionally enriched for
roles associated with missing characters in hagfish (Fig. 4e). For
instance, y-crystallins, which make up the lenses of vertebrate eyes,
are absent in hagfish (but independently expanded in lampreys
and gnathostomes), as are the EYS (eyes shut homologue) and RBP3
(retinol-binding protein 3) genes that are involved in photoreceptor
maintenance and development® (Supplementary Table 11). Several
genes that are involved in bone development and its hormonal con-
trol in other vertebrates® are absent in hagfish: two members of the
RANK-osteoprotegerin pathway that control osteoclast prolifera-
tioningnathostomes®, as well as the genes encoding the parathyroid
hormones (PTH and PTLH), which have a role in the regulation of cal-
cium metabolism (their receptor is still present)®*. These genes are
presentinlampreys and their loss inthe hagfish lineage could be associ-
ated with the limited condensation of the hagfish vertebral cartilage.

Hagfish have also gained new traits, most notably their prodigious
ability to secrete a highly viscous slime that acts as a defence against
predators. We found two clusters of genes that are specifically and
highly expressed in the slime gland (Extended Data Fig. 9e) and are
related to intermediate filaments (a-keratin)®. One of these clusters
contains a gene that is expressed mainly in the skin but not in the
slime gland, consistent with the recent suggestion that the keratin
threads of hagfish slime could have originated as elements of the skin®®
(Fig. 4f). We found that the most highly expressed glycoproteinsin the
slime gland included von Willebrand A and D domains, rather than
mucin-type domains as previously hypothesized®.

Programmed DNA and gene elimination

Thesomaticand germline cells of hagfish exhibit distinct karyotypes,
owing apparently to the loss of germline-specific chromosomes
through embryonically programmed DNA elimination. On the basis
of k-mer counts (Extended Data Fig. 1b), we estimate that around 1.3 Gb
is lost from the approximately 3.3-Gb germline genome of E. atami,
consistent with cytofluorometry®?%, Analysis of the genome assembly
identified a large number of germline-specific genes and confirmed
that germline-specific regions contain large numbers of complex
repetitive elements®*®, including one newly identified repeat that
accounts for 4% of the genome (Fig. 5, Extended Data Figs. 11and 12
and Supplementary Note 3).

So far, no germline-specific genes have been identified in any hag-
fish species. We identified germline-specific genesin E. atamiby com-
paring the read depth of germline and somatic reads across low- to
medium-copy regions of the assembled genome (Methods and Fig. 5d).
We discovered 81 Mb of germline-specific sequence thatencode 1,654
genes, 226 of which have identifiable human homologues (to 121
non-redundanthuman genes) (Supplementary Table 12). We confirmed
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Fig.4 |Functional effects of vertebrate WGD and geneloss in vertebrates.
a, Key neural-crest-related gene families with members classified according to
their functionalrole (colour) and paralogy statusrelative to1R,and 2R;, The
involvement of paralogues derived fromboth copies of the IR, in NCC-related
function, inbothgnathostomes and lampreys, supports the hypothesis that
NCCspredate 1R,. b, Enrichment of functional annotation terms (gene ontology)
insets of genes showing aspecific pattern of retention after vertebrate WGDs.
Each column correspondstoaset of paralogous genes with a specific pattern
of post-duplicationretentioninagivenspecies. We distinguished cases in
whichboth paralogues canbe assigned to aspecific duplicationand areretained,
casesinwhich atleast one of the paraloguesisretained and casesinwhich at
least one of the two copiesislost. CNS, central nervous system. ¢, Distribution
ofthe difference of positive organ-specific expression domains between
selected vertebrate species and the amphioxus outgroup for ohnologue gene

that 44 of 46 tested germline-specific intervals can be PCR-amplified
from testes but not blood DNA (95.7% validation rate) (Supplementary
Table 13). Germline-specific genes in hagfish are enriched in several
biological functions on the basis of gene ontology analyses, includ-
ing functions related to cell cycle, cell motility and chromatin or DNA
repair (Fig. 5e and Supplementary Tables 14 and 15). Similar functions
were also enriched among germline-specific genesin sealamprey, and
support the hypothesis that somatically eliminated genes generally
perform functions that benefit the development and maintenance of
the germline.

families®. A shift to theleftin the distribution (as seen for the gar) indicatesan
extensive subfunctionalization through therestriction of gene-expression
domainsinvertebrates. d, Gene-family loss in deuterostomes, highlighting the
severelossinthe hagfishlineagerelative to thatseeninother vertebratesand
deuterostomes (grey). Species abbreviations are provided in Supplementary
Table 8. e, Functional enrichment (gene ontology) for gene families lostin the
hagfishlineages, highlighting a simplification of visual and hormonal systems
(labelsinorange).f, Structure of the two clusters of a-keratingenes on
chromosomes14 and 4, and their expressionin the slime gland and the skin
shown as aheat map (gene expression expressed as fragments per kilobase per
millionreads (FPKM)). Unchar is the prefix used for naming genes that did not
receive agene name by homology search. Genes are shownin the same order in
the heat map as they are located in the two clusters. Stars indicate the two
genesthatare expressed preferentially in the skin (Extended Data Fig.10).

Thebroad functional similarity between germline-specific genes of
hagfishand lamprey suggests that DNA elimination could be ashared
ancestral feature of the cyclostome lineage®. To attempt to identify the
vestiges of theoretical ancestral germline-specific chromosomesinthe
cyclostome lineage, we examined patterns of orthology and paralogy
for eliminated genes. Despite the general functional similarity of elimi-
nated genesin hagfishand sealampreys, few orthologous genes were
foundto be eliminated inboth genomes. Intotal, 7 of 121 non-redundant
hagfish gene families were also eliminated in sealampreys (CDH1, CDH2
and CDH4; GJC1; MSH4; NCAM1; SEMA4B and SEMA4C; WNTSA, WNTSB,
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Fig.5|Germline-specificand enriched sequences and genesin hagfish.

a, Plotshowing the degree of germline enrichment and estimated span of all
predictedrepetitive elementsin the E. atami genome, focusing on elements
with acumulative span of less than 4 Mb (per family member). Previously
identified elements®®3*are highlighted by coloured circles and newly identified
high-copy elements are highlighted by coloured diamonds. Additional higher
copy repeats are visible in Extended Data Fig.12m,n. The colouring scheme
isthesameinbandinExtended DataFig.12m,n. b, Estimated cumulative

span of the eight most highly abundant repeats shown as the percentage of

the genome covered. ¢, Fluorescence in situ hybridization (FISH) of high-copy

WNT7A and WNT7B; and YTHDC2; Extended Data Fig. 11). An analysis of
genetreesindicates that three of these (orthologues of MSH4, WNT7A
and YTHDC2; Extended Data Fig.11) share alast common ancestor that
canbetraced to asingle lineage after the basal vertebrate divergence
and duplication events. This small set of genes might reflect the vestiges
of shared germline-specific sequences that were eliminated early in
the cyclostomelineage, or, alternatively, these genes might have been
independently recruited to the germline-specific fraction during the
early evolution of both lineages.

Germline-specific chromosomes in songbirds and lampreys are
continuously capturing duplicates of somatic genes, establishing
new germline-specific genes that often evolve rapidly owing to their
unique selective and mutational genomic environment”*. In E. atami,
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spatial clustering within chromosomes (blue counterstainingis NucBlue:
Hoechst33342;individual pairs of probes are shownin Extended Data Fig.12m,n).
d, Comparisonofthesequence depth of DNA extracted from germline (testes)
versus somatic (blood) tissues identifies alarge number of genomicintervals
with evidence for strongenrichmentin the germline. The binrepresenting no
enrichment contains atotal of2.3 Gb of the assembly. e, Genes encoded within
germline-specific regions areenriched for several ontology termsrelated to
regulation of cell cycle and cell motility (Panther Biological Processes: most
specificsubclass shown; Supplementary Table 14).

we observe several germline-specific genes that have undergone extra
rounds of duplication after duplicating or translocating to germline
chromosomes. The genes with the highest germline-specific copy
numbers are homologues of FBXL4,amodulator of E3 ubiquitin ligase
that regulates the proteasomal turnover of the histone demethylase
KDM4A (ref. 68) (25 copies); and TRRAP, a component of several his-
tone acetyltransferase complexes (18 copies) (Extended Data Fig. 11
and Supplementary Table 12). The FBXL4 orthogroup also contains 45
paraloguesinthe draft genome ofthe closely related hagfish Eptatretus
burgeri(ref. 69), indicating that the origin of germline-specific FBXL4
and the expansion of this gene family predates the split between the
two hagfish species, with additional lineage-specific expansions and
losses underlying differences in paralogue numbers over the past few



million years. These gene families seem to have undergone substan-
tial expansion even in the recent past, emphasizing their high rate of
turnover.

The accumulation of epigeneticsilencing marks and regulated degra-
dation has beenimplicated inthe cellular mechanisms that underlie the
elimination of lamprey germline-specific chromosomes®”°. This sug-
gests that some components of hagfish DNA elimination mechanisms
might be encoded by the germline-specific chromosomes themselves,
or contribute to other aspects of hagfish germ cell development. Other
genes involved in the same pathways as FBXL4 and TRRAP have also
duplicated in the context of the E. atami germline-specific chromo-
somes, albeit to a lesser extent. These include KLHL10, a component
of the E3 ubiquitin ligase complex involved in spermatogenesis
(4 copies); SIN3, atranscriptional repressor whose human homologue
is highly expressed in the testis (4 copies); and DNMTI1, the primary
enzyme responsible for maintaining silencing DNA methylation marks
after DNAreplication (2 copies). Notably, each of these five families of
germline-specific genes also possesses at least one somatically retained
paralogue, indicating that germline-specific expansion of gene families
related to ubiquitination and regulation of chromatin state has evolved
inthe context of largely intact ancestral somatic pathways.

Conclusion

Early vertebrate evolution was accompanied by a series of ancient
polyploidization events that have been difficult to unambiguously
resolve using conventional sequence-based molecular phylogenetics.
Challengesinclude the antiquity of these events and the relatively short
intervals between them'®?, as well as lineage-specific evolution and
gene loss after duplication?*2%, We used the hagfish genome and an
approachfocused on chromosome-scale phylogeneticsto fully resolve
this history of ancient vertebrate polyploidies (Fig. 2 and Extended
DataFig. 5). The earliest duplication, 1R, occurred on the vertebrate
stem lineage inthe early Cambrian (around 527 Ma), around 10 million
years before the appearance of Haikouichthys and Myllokunmingia
(ref. 3) the earliest vertebrate fossils. Whether the similarity in timing
is coincidental or causal remains to be seen.

After the shared duplication, cyclostomes and gnathostomes experi-
encedindependent polyploidizations during the late Cambrian-early
Ordovician, coinciding with a gap in the vertebrate fossil record. We
can, however, begin to relate early genomic events to the emergence
and elaboration of vertebrate innovations by correlating the contem-
porary functions of gene duplicates with their appearance at specific
duplication events. For example, we find that when one gene functions
inneural crest, its IRy paralogues also do, as expected if the neural crest
regulatory circuits already existed before 1R,. More speculatively, we
note that Evx homeobox genes, which have arole in the development
and patterning of paired fins and limbs, duplicated at 1R, with both
lineages being retained in gnathostomes (Evx1-HoxA and Evx2-HoxD),
but that cyclostomes are missing HoxC and HoxD-associated Evx para-
logues owing to lineage-specific loss. This observation suggests that
1R, duplicates might have 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”.

Finally, analysis of E. atami germline-specific chromosomesin com-
parison with other vertebrates supports the hypothesis that these
chromosomes encode functions that are advantageous for the devel-
opment of germ cells and the production of gametes, and indicates
that rapid turnover of germline-specific gene content might be acom-
mon feature across highly divergent lineages. As with other features of
their biology, differences in the gene content of lamprey and hagfish
germline-specific chromosomes might reflect their long history of
independent evolution and the marked differencesin their reproduc-
tive, ecological and developmental biology that have accumulated over

the approximately 460 million years since the last common cyclostome
ancestor.
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Methods

Genome sequencing and assembly

DNA was extracted from a testis from a male E. atami individual and
extracted using proteinase K digestion and phenol:chloroform extrac-
tion’ Animals were sampled in Suruga Bay, off Yaizu (300-330-m
depth) and maintained in seawater aquariums at11-13 °C. In agreement
with procedures authorized by the Guidelines for Proper Conduct of
Animal Experiments by the Science Council of Japan (2006), animals
were anaesthetized using Tricaine (MS222, Sigma) before euthanasia
and dissection. Paired-end and mate-pairs llluminalibraries were gener-
ated using lllumina Truseq and Nextera Mate-pair kits and sequenced
on HiSeq2000 and HiSeq2500 instruments (Supplementary Table 1).
Thelllumina dataset was assembled using Meraculous (v.2.2.2.5) with
ak-mer of 71and ‘diploid mode’ set to ‘1’ to attempt the merging hap-
lotypes™, and subsequently scaffolded using mate-pairs information
(Supplementary Table 2). PacBio long-reads data at around 35x cov-
erage were generated on a PacBio RSl instrument (Supplementary
Table 2) and incorporated using PBJelly (v.15.8.24)™. PBJelly aligns the
PacBioreadstothe 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 -minPctldentity 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 syn-
tenicreconstructed chromatin and Hi-C libraries capturing the native
chromatin contacts, and scaffolding was performed using the HiRise
package”. Hagfish liver was cross-linked in 1% paraformaldehyde, and
chromatin was subsequently extracted, immobilized on SPRI beads,
washed and digested with Dpnll (ref. 76). After end-labelling, prox-
imity ligation was performed using T4 DNA ligase and cross-linking
was reversed using proteinase K. The DNA fragments were removed
from the beads and then purified again on SPRIbeads. The sequencing
library was constructed using the NEB Ultra Library Preparation Kit
(New England Biolabs).

The genome-wide heterozygosity 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 (v.1.1)”". Using a fitting four-peak model
asimplemented in Genomescope2, the estimated size is 2.02 Gb and
3.28 Gbusing sequencing datafromblood and testis DNA, respectively”
(Extended DataFig. 1b).

Transcriptome and genome annotation
We generated RNA-seq data for 13 organs with an average depth of 25
millionreads. We aligned the reads to the genome using STAR (v.2.5.2b)
with an average 78.7% uniquely mapping reads’”. These alignments
were used to assemble transcriptomes for each organ using StringTie
(v.1.3.3b) and subsequently merged together using Taco®. In parallel,
a de novo assembly of the bulk RNA-seq data was performed using
Trinity (v.2.11.0) both in reference-free and genome-guided mode®.
We also sequenced full-length cDNA from brain RNA on eight cells
of Pacbio RSII. Following the Iso-Seq protocol, circular consensuses
of subreads were calculated and validated as full length on the basis
of the presence of SMART adaptors at both extremities. Full-length
transcripts were clustered and polished using all circular consensus
reads with Quiver (v.2.0.0), yielding 23,343 high-quality transcripts.
Assembled transcripts from de novo and genome-guided Trin-
ity and high-quality Iso-Seq transcripts were aligned to the genome
using GMAP (v.2018-03-25). Mikado (v.1.2.1) was used to generate a
high-quality reference transcriptome leveraging (i) the aligned Trinity
denovo and genome-based transcriptomes; (ii) the Iso-Seq transcripts;
(iii) the StringTie transcriptomes merged with Taco and a set of curated
splice junctions generated from RNA-seq alignments using Portcullis

(v.1.0.2). Putative fusion transcripts were detected by Blast comparison
against Swiss-Prot and ORFs were annotated using TransDecoder®.
Transcripts derived fromthereference transcriptome were selected to
train the Augustus de novo gene prediction tool®. Intron positions and
exon positions were converted into hints for Augustus gene prediction.

Finally, we constructed a database of repetitive elements using
RepeatModeler (v.1.0.11) and used it for masking repetitive sequences
with RepeatMasker (v.4.0.7). 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®?. These gene mod-
els contain a total number of 4,915 distinct PFAM domains.

Phylogenomics and molecular dating
To obtain sequences from a previously unsampled hagfish group, we
extracted RNA from M. glutinosaliver preserved in RNAlater using the
RNAeasy kit (Qiagen). The RNA-seq library was constructed using the
NEBNEXxt Ultrall Directional RNA Library Prep Kit for Illumina (NEB) and
sequenced on a Novaseq6000 instrument (SRR). The transcriptome
was assembled using Trinity (v.2.11.0)*, enabling read trimming, and
was translated using TransDecoder (v.5.5.0)%2

Weinferred aset of 1,467 single-copy orthologues suitable for phylo-
geneticreconstruction by applying the OMA tool (v.2.4.1)* to asubset
of deuterostome proteomes including lamprey and the newly gener-
ated hagfish gene models (Supplementary Table 8). Selected transcrip-
tomes were assembled using Trinity (v.2.11.0) and translated using
TransDecoder (v.5.5.0)%2. We built hidden Markov model (HMM) profiles
using Hmmer (v.3.1b2) for each orthologue family and extracted ortho-
logues for phylogenetic reconstruction using a previously described
approach®. Subsequent sequences were aligned using Msaprobs®¢,
mistranslated stretches were filtered out using HmmCleaner® and
divergingregionsintractable for phylogenetic analysis were removed
using BMGE (-g 0.9)%. Phylogenetic trees were reconstructed for each
alignment using IQ-TREE (v.2.1.1) with a LGX+R model®. For compu-
tational intensive analyses, such as site-heterogenous reconstruc-
tion with CAT+GTR, we selected the 20% orthologues with the lowest
saturation. Molecular dating analysis was conducted using PhyloBayes
(v.4.1e)*° using the CAT+GTR+G4 model and the CIR relaxed clock (with
soft-bound) assuming fossil calibrations***** (Supplementary Table 7).

Synteny reconstruction

Pairs of orthologous genes were obtained by mutual best hit after recip-
rocal proteome comparison using MMSeqs2 (r12-113e3), and were
used to create a system of joint coordinates to plot orthologue posi-
tion in two species. Fisher’s exact test was used to determine mutual
enrichment of orthologues between chromosomes, and only signifi-
cant enrichments were incorporated in binned orthologous content
representations (Fig. 1c). Plots connecting orthologues in multiple
species (Fig.1d) were generated using Rideogram (v.0.2.2).

Gene-family analyses and phylogenetic analysis of paralogons
We reconstructed gene families using Broccoli (ref. 93) for a set of
genomes from deuterostome species (Supplementary Table 6). For
gene families that included at least 6 genes and 3 species but fewer
than 450 sequencesin total, we applied GeneRax toinfer the losses and
duplications that affected a given gene family®*. To do that, we gener-
ated individual alignments using MAFFT (v.7.305)%, filtered them using
BMGE and reconstructed a tree using IQ-TREE and an LG+R model®.
These curated alignments and trees were used as input for GeneRax
(v.1.2.2) assuming a D+L (duplication plus loss model). Reconciled trees
inthe RecPhyloXML format were parsed to estimate the duplications
and lineage-specific losses at each node of the species tree® as seen
in Extended Data Fig.10c. Reconciled trees were splitif they showed a
duplication at the ‘deuterostomia’ node indicative of a deep paralogy
relationship.
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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 IR and 2R;, in gnathostomes on the
basis of the vertebrate classification that was previously established"”
and has been revised in this study (Supplementary Table 6). Selected
species for gene families including derivatives of the 1R paralogons
and at least three out of four possible paralogons for gnathostomes
(al, a2, B1, B1) were collected (Supplementary Table 5). These genes
were concatenated for each CLG on the basis of their paralogon
identity in gnathostomes, and the chromosomal identity of the CLG
derivatives in cyclostomes. Two datasets were generated: a ‘strict’
one, in which at least three distinct gnathostome paralogons were
required for each retained gene family; and a ‘relaxed’ one, in which
only two or more gnathostome paralogons were required (Supple-
mentary Table 5). A similar approach was used to classify individual
genes depending on the duplication events from which they derive.
We collected gene ontology terms and functional classification infor-
mation by applying eggNOG (ref. 97) on the proteome of our interest
species and term enrichment analysis conducted using the TopGO
package (v.2.50.0).

For analyses of gain and loss, we used gene-family reconstruction
thatincorporated the gene models of the related hagfish E. burgeri®® to
assess recent gene-family expansions or contractions in the hagfish line-
age. Gene functions were assigned using the PANTHER classification®®,

Tests of WGD hypotheses on the vertebrate phylogeny

We used WHALE (v.2.1.0)* to rigorously test WGD hypotheses on a
reduced vertebrate species tree (Fig. 2a and Extended Data Fig. 4).
We leveraged a total of 8,931 gene families in this analysis, selected to
containatleast onegene copyineach clade fromtheroot,incompliance
with the assumption of WHALE that genes were acquired inacommon
ancestor of allincluded species. We further filtered large families to
reduce the computational burden. For each of the 8,931 retained fami-
lies, we built a multiple sequence alignment based on the amino acid
sequences with MAFFT (v.7.508)% and reconstructed 1,000 bootstrap
trees with IQ-TREE (v.2.2.0.3)®¥ under the LG+G model. We summarized
clade conditional distribution (CCD) from bootstrapped trees using
the ALEobserve tool from the ALE software®. We ran WHALE on the
dated species trees and CCD data to test five different WGD hypoth-
eses on the vertebrate species tree: IRy, 2Ry, 2Ry, a hagfish-specific
duplicationand alamprey-specific duplication (Extended Data Fig. 4a).
We used the variable rate DLWGD WHALE model, which models inde-
pendent duplication and loss rates across branches. We assumed a
normal distribution N(log(0.15), 2) on the mean log-scaled duplica-
tion and loss rate, an exponential distribution (mean = 0.1) prior on
its variance, a Beta (3, 1) hyper prior on the n parameter (distribution
of the number of genes at the root) and uniform priors on the reten-
tion parameters (q parameter) for all WGDs. We obtained significant
Bayes factors (BFy, s wep < 107%) in support of large-scale duplication
(post-duplicationretention parameter q # 0) for the 1Ry, 2Ry and 2Ry
events (Extended Data Fig. 4b). These results were reproduced using
the simpler constant rate DLWGD model. We similarly tested an alter-
native scenario with two duplications on the vertebrate stem (1R, and
2R,; Extended Data Fig. 4c,d). Inthis configuration, and using uniform
priors on the retention parameters, we observed that WHALE could
not distinguish retention parameters for 1R, and 2R,: this is revealed
by the bimodality of the estimated posterior distribution for each of
these two parameters. We found that using distinct priors on retention
parameters allows the estimation of distinct retention parameters
for 1Ry and 2R, and shows support for a single 1R, event (Extended
Data Fig. 4e). This investigation of alternative priors was conducted
ona pilot run of 1,000 randomly selected gene families, to alleviate
computational time (1,000 families were previously suggested to be
sufficient for parameter estimation®).

Ancestral and lineage-specific meiotic rediploidization
Weselected aset 0f 1,247 gene families, including genes of 6 vertebrate
species (bamboo shark Chiloscyllium plagiosum, spotted gar Lepi-
sosteus oculatus, chicken Gallus gallus, western clawed frog Xenopus
tropicalis, brown hagfish E. atami and sea lamprey Petromyzon marinus)
and the closest outgroup (depending on taxonomic availability), to
test for ancestral and lineage-specific rediploidization after the IR
genome duplication. These 1,247 families were selected so as to result
in distinct tree topologies under the ancestral and lineage-specific
rediploidization models, on the basis of the following criteria: (i) at
least one gnathostome species has retained both 1R_1 (that is, alphal
and/or betal) and 1R_2 (that is, alpha2 and/or beta2) gene copies;
(ii) at least one hagfish gene and one lamprey gene; (iii) at least one
non-vertebrate outgroup gene; and (iv) a non-prohibitive number of
hagfishand lamprey genes so that a maximum of 10 possible ancestral
rediploidization topologies can be derived for the family (Extended
DataFig. 6). For each gene family, we designed constrained tree topolo-
giesas expected under the lineage-specificand ancestral rediploidiza-
tion models (Fig. 3a). More specifically, for the constrained ancestral
rediploidization topologies, we built constrained topologies as follows:
we first placed IR_1and IR 2 gnathostome gene copies in two differ-
ent clades following 1R and then derived possible combinations of
hagfish and lamprey genes to be placed on the IR_1and 1R_2 clades,
using well-supported hagfish and lamprey chromosomal orthologies
to limit the number of combinations (Extended Data Fig. 6 and Sup-
plementary Table 5). Next, for each of these 1,247 families, we built
gene trees using RAXML (v.8.2.12)'°°, with 10 distinct starting trees
and the PROTGAMMAJTT model, for: the unconstrained maximum
likelihood (ML) tree; the constrained ancestral rediploidization topolo-
gies; and the constrained lineage-specific rediploidization topology.
Wethen used the AU-testimplemented in CONSEL (ref.101) to test for
significant differencesinlog-likelihoods reported by RAXML (ref.100).
A tree topology was rejected when significantly less likely than the
ML tree at a=0.05.

We used the same approach to test for lineage-specific rediploidiza-
tioninlampreys and hagfish on CLGB-1R after the 2R cyclostome hexa-
ploidization. We ran likelihood tests on 30 informative gene families,
constraining the lineage-specific rediploidization gene-tree topology
as presented in Fig. 3c and constraining the ancestral rediploidiza-
tion topologies according to the two possible ways of grouping hag-
fish and lamprey genes together (that is, either grouping genes from
hagfish chr. 4 with lamprey chr. 10 and hagfish chr. 8 with lamprey
chr. 2, or hagfish chr. 8 with lamprey chr. 10 and hagfish chr. 4 with
lamprey chr. 8).

The codetoreproduce the analysis, as well as the associated result-
ing gene trees, have been deposited in GitHub (https://github.com/
fmarletaz/hagfish/tree/main/rediploidization).

Phylogenetic tree based on concatenation of Hox clusters
Weinvestigated the phylogenetic relationships between Hox clusters
and bystander genesin seven genomes: amphioxus, sealamprey, hag-
fish, human, mouse, chicken and spotted gar. We identified Hox and
bystander genesinthree steps: (i) starting from human gene names, we
searched for orthologues in the other species using our set of recon-
ciled gene trees (GeneRax trees); (ii) we used NCBI blastp (ref. 102) to
confirmidentified hox genes and further search for Hox genes missed
by the gene-trees approach; and (iii) we used miniprot (v.0.5-r179)'%*
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
(v.7.508)% and concatenated alignment from each cluster. Finally,
we used the concatenation matrix to build a phylogenetic tree with
RAXML-NG (v. 1.1)'°° using the LG+G4+F model, 10 different starting
parsimony trees and 100 bootstrap replicates.
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Comparative transcriptomics

RNA-seq reads for hagfish (this study), lamprey Lampetra japonica
(PRJNA354821, PRINA349779 and PRINA312435), gar Lepisosteus ocula-
tus (PRJNA255881) and the cephalochordate amphioxus (PRJNA416977)
were aligned with STAR (v.2.5.2b)”°, and counts for annotated genes
were obtained using featureCount from the subreads package
(v.1.6.3)!°*. Counts were converted to FPKM in the R package for sub-
sequent analyses: WGCNA (v.1.7.0) was used to cluster gene expression
inthefull organsetand, after filtering out genes with limited variance
and coverage, the ‘softpower’ parameter was estimated to be 20, and
clustering was run witha‘signed’ network type'®. The gene-expression
specificity index (or r) was calculated as described previously'®® on sets
of organs (brain or neural tube; gills; heart; intestine; kidney; liver or
hepatictissues; ovary or female gonad; skin or epidermis; and muscle).
For comparative analyses, gene families with paralogues derived from
the vertebrate WGD were selected on the basis of their duplication his-
tory, and the gene-expression specificity index was compared across
species for the same gene families (Extended Data Fig. 10b). We also
compared gain and losses of expression domains for agiven gene family
by binarizing gene expression across areduced set of six organs (brain,
gills, intestine, liver, muscle and ovary) and counting expression pat-
terns gains of lost between genes belonging to agiven gene including
paralogues and outgroup. The number of gain and loss events is then
plotted as a distribution centred around zero (Fig. 4c).

The expression of paralogous genes in lamprey neural crest was
assessed by quantifying gene expression using Salmon (v.1.10.0)'”” from
RNA-seqdatageneratedinaprevious study*® ondissected cranial and
trunk dissected tissues using the latest lamprey genome and annota-
tion’. Paralogy status and expression is specified in Supplementary
Table 10.

Detection of germline-enriched and germline-specific regions
DNA was extracted from testes and blood by phenol-chloroform extrac-
tion’ To enrich for germ cells, testes tissue was ground gently with a
plastic pestlein al.5-mlmicrofuge tube and residual connective tissues
were discarded before proteinase K digestion. Outsourced library prep
and Illuminasequencing (HiSeq2500 V4,150-bp paired-end reads) were
performed by Hudson Alpha Genome Services Laboratory.
Sequence datawere aligned to the E. atami genome assembly using
BWA-mem (v.0.7.5a-r416)'° with option -a and filtered by samtools
view'®® with option -F2308. Only primary alignments with mapping
quality 5 and higher were retained for further analysis. The resulting
files were processed using DifCover (v.3.0.1)"** to calculate the degree
of germline enrichment across all discontiguous 500-base intervals
of low-copy sequence using modal coverages for testes and blood of
32xand 54x respectively, low-coverage masking of regions with aread
depth of less than1/3x in both samples and high-coverage masking of
sequences with a read depth greater than 3x modal coverage in both
samples. Toidentify germline-specific genes that are present at a higher
copy number, we ran DifCover using low-coverage masking witharead
depth of less than 10x in both samples and high-coverage masking of
sequences with aread depth greater than 30x modal coverage.

PCRvalidation of germline-enriched loci

Primers were designed using a coverage-masked version of the E. atami
genome using Primer3 (version 4.1.0)'°°. Amplication of PCR validation
reactions was performed using GoTaq DNA polymerase (Promega, 1.2
units per 50 plreaction), Colorless GoTaq Reaction Buffer, 1 pg genomic
DNA template and 100 ng oligonucleotide primer. PCR cycling condi-
tionsincluded a 3-mininitial denaturation step at 95 °C, 34 cycles of a
three-step thermal cycling consisting of a 30-s denaturation at 95 °C,
a30-sprimer annealing step at 55-65 °C (Supplementary Table 13) and
a30-sextensionstep at 72 °C. Afinal extension at 72 °C was performed
on all reactions to ensure that full-length amplicons were produced.

Amplification was assessed by agarose gel electrophoresis. Eight
primer pairs with an ambiguous signal in the first round of PCR were
redesigned and retested (Supplementary Table 13). We note that some
PCR markers might not be fully diagnostic with respect to germline
specificity, as somatic gene duplicates are continuously captured by
the germline-specific chromosomesin both lamprey”™**and songbird
lineages™.

Computational prediction of germline-enriched and highly
abundant somaticrepeats

Abundant k-mers (k = 31) were identified from testes and blood
DNA-sequencing data usingJellyfish (v.2.2.4)"°, Minimal copy-number
thresholds for defining abundant k-mers were set at 3x the modal copy
number:72fortestesand120forblood. Abundant k-merswere extracted
and assembled into a set of de-novo-assembled repetitive sequences
using Velvet (v.1.2.10)™ with a hash length of 29. These sequences
were aligned (blastn with -word_size 17) to repetitive elements gen-
erated from the E. atami genome assembly by RepeatModeler™
andsequencesthataligned withless than 90% identity or less than 80%
of their length were added to the set of reference-derived repeats to
formaunionset.

Enrichment analysis was performed by separately aligning paired-end
reads fromtestes and blood to the union set of repeats. Primary align-
ments, identified by samtools view™ with option -F2308, were also
filtered to retain only alignments that either cover more than 80% of
arepeat or have more than 80% of read bases aligned. Enrichment
scores were calculated with DifCover pipeline (v.3)". Stage 2 of the
pipeline was run with parameters v=10000, 1=0, a=b=10, A=B=108, Stage
3 ofthe pipeline was modified by using a subroutine from DNAcopy™
without ‘smoothing’ the data before 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
andanestimated span size of more than100 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)],inwhich
modal testes coverage = 32.

Clustering of 138 highly abundant and germline-specific sequences
was performed using CD-HIT-EST (v.4.6, with parameters: -c0.8, -GO,
-aS$0.3,-aL 0.3,-sc1,-g1,-b4)", 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 repeti-
tive 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 4
of 24 clusters have sequences that are homologous to the published
repeats of Paramyxine sheni EEPs2, EEPs3 and EEPs4 and Eptatretus
okinoseanus EEE02 (refs. 30,33). Primers for these and representa-
tives of 7 other clusters were designed with the Primer3 (v.0.4.0) tool
(Supplementary Table 16).

To facilitate FISH visualization, we also searched for possible can-
didates for centromeric repeats. Such candidates are expected to
be (1) highly abundant in both somatic and germline sequence and
(2) enrichedina ‘centromeric’ region of every chromosome. From the
union set, we chose repeats with blood coverage >10° or span >1Mb
and aligned them to the assembly (blastn -word_size 15, p>75, cover-
age > 80%). Repeats with more than 200 hits in a1-Mb window were
groupedtothree families labelled Somal-Soma3.Soma2 seemed to be
homologoustothe P.shenirepeat EEPsl (ref.33) and Somaland Soma3
to the E. burgeri contigs LC047612.1 and LC047003.1. FISH analysis
confirmedtheinsilico prediction that EEPslis highly abundantinboth
testes and blood DNA of E. atami.

To estimate more accurately the 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 motifs spanning at least 150 bp
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(Supplementary Table 12), and applied all described previously steps
for filtering and coverage and span estimation.

Insitu hybridization

Slide preparation. Snap-frozen samples of blood and testes were used
for slide preparation of somatic and germline cells for validation of
the presence and specificity of repeats in different cell types. A small
amount of blood (about 20 mg) was gently thawed on ice, mixed with
2 mlbuffered hypotonic solution (0.4%KCI, 0.01 M HEPES, pH 6.8) and
incubated for 30 minatroom temperature. The cells were prefixed by
gently mixing the suspension with several drops of fixative solution
(methanol:acetic acid 3:1). After centrifugation (5,000g for 10 min),
the supernatant was removed and cells were resuspended and fixed
with methanol:aceticacid 3:1. Three further fixative solution changes
were performed to ensure that 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. Adrop of about
20 ml was applied to a steamed slide, which was immediately placed
onaheatingblockinahumidity chamberat 60 °C for 1-2 min. After air
drying, slides were examined with a microscope using alow condenser
position to aid in viewing unstained nuclei and metaphases. Slides
were aged for 1-3 days on a warming stage at 37 °C before hybridiza-
tion. For germline cells, a piece of testis (30-40 ng) was minced witha
razorblade, placedinahomogenizer and disaggregated in hypotonic
solution. Testis cell suspensions were filtered through a 40-50-mm cell
strainer to remove excess tissue. Subsequent steps of fixation and slide
preparation for testis tissue were as described for blood.

Probe labelling. Probes for FISH were generated using amodified con-
ventional PCR: the reaction mix with a final volume of 25 pl contained
0.1mMeach of unlabelled dATP,dCTP and dGTPand 0.03 mM of dTTP;
0.5 plonefluorophore conjugated dUTP (cyanine 3-dUTP (Enzo), cya-
nine 5-dUTP (Enzo) or fluorescein-12-dUTP (Thermo Fisher Scientific));
1xTaqg-buffer;and 0.625 U GoTaq DNA Polymerase (Promega). Each PCR
amplification was performed using 0.5 pg of genomic DNA template
from testes, 34 PCR cycles and a 30-s extension step to obtain appro-
priately sized probes for FISH. After cycling the reaction, 25 pl PCR mix
was combined with 5 plsheared salmon sperm DNA (1 mg ml™; Thermo
Fisher Scientific), 3 pl 3 M sodium acetate, pH 5.2 and 80 pul100% cold
ethanol, and kept overnight at —20 °C for probe precipitation. After
spinning and supernatant removal, the pellet was dissolved in 25-30 pl
of 50% formamide and stored at —20 °C before use.

FISH. FISH on chromosome preparations was performed according to
astandard protocol for chromosome spreads™® with modifications'’.
Before hybridization, slides were incubated in 2x SSC for 30 min at
37 °C, passed through an ethanol series (70%, 80%, 100%), dried and
denatured informamide (70% in 2x SSC) for 2 min, prewarmed to 70 °C.
After the formamide denaturation, slides were placed immediately in
cold (=20 °C) 70% ethanol, further dehydrated in80% and 100% ethanol,
and kept on a slide warmer at 37 °C until the hybridization mix with
probe was applied.

Differently labelled hybridization probes were mixed (1 pl of each per
slide) with hybridization master mix (60% formamide, 10% dextran sul-
fateand1.2x SSC) to afinal volume of 10 pl. The hybridization mix was
denatured at 95 °C for 7 min, cooledinice, prewarmedto 37 °C, applied
to thesslide, coverslipped and sealed with rubber cement. After over-
nightincubationinahumidity chamber at 37 °C, slides were washed in
0.4x SSC and 0.3% NP-40 for 3 min at 70 °C and in 2x SSC, 0.1% NP-40
for 5 min at room temperature. One drop of ProLong Glass Antifade
Mountant with NucBlue Stain was placed in the centre of anareato be
examined and covered with a coverslip.

Microscopy and image analysis. Slides were analysed with an
Olympus-BX63 microscope using filter sets for DAPI, FITC, Cy3 and

CyS5.Images were captured using CellSens software (Olympus) and
processed with Adobe Photoshop CC 2019 and ImageJ 1.53k (NIH).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw and processed sequences have been deposited in the NCBI
Sequence Read Archive (SRA) (PRJNA953751) and Gene Expression
Omnibus (GEO) (GSE230176). The RNA-seq data for M. glutinosa
are available on the SRA (SRR25213276). The resequenced somatic
tissues are also available on the SRA (blood, SRR24133795; testes,
SRR24130678). RNA-seq datasets used for comparative analyses are
publicly available for Japanese lamprey (PRJNA354821, PRINA349779
and PRJNA312435), gar (PRJNA255881), amphioxus (PRJNA416977)
and sea lamprey (PRJNA497902). The read data are available at
PRJNA953751. The genome and its annotation are also deposited in
zenodo: https://zenodo.org/records/10227719. Source data are pro-
vided with this paper.

Code availability
The code used is available at https://github.com/fmarletaz/hagfish.
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orthologues after Dayhoff 6 categories amino acid recoding to account for
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Extended DataFig. 3| Comparison of the chromosomal architectures of location of orthologous genes between two species, coloured if the chromosome:
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hypothesestested,asina, but withtwo successive duplications proposedinthe
ancestral vertebrate lineage (IRyand 2R,). d, Posterior distribution obtained
forthe WHALE post-duplication retention parameter, for each hypothesis
presentedinc.Here, the posterior distribution for retention parameters of the
1Ryand 2R, events are bimodal, suggesting that the method cannot effectively
separate parameters estimated for IR, and 2R, when starting fromidentical
priors. e, Use of distinct priorson 1R, (Beta(8, 2)) and 2R, (Beta(2, 8)) separates the
estimated posterior distribution into distinct unimodal posterior distributions
and provides support for asingle shared IR, eventinthe vertebrate stem lineage.
This analysis was performed on arandom subset 0of1,000 gene families,
toreduce computational time (Methods).
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Extended DataFig. 5| Timescale of vertebrate genome evolution.
a.Distributions of timings for speciation and duplication events derived

from paralogon phylogenies, showing details of the distributionsindicated
inFig.3c.b.Scenario for genome duplication and speciation events during
early vertebrate evolution. Filled black circles or ovals mark speciation events;
horizontal rectanglesindicate presumptive auto-tetraploidies; starbursts
indicate allo-polyploidies arising from hybridization of distinct progenitors
(forexample, alpha-betaingnathostomes). Timings are based ona. Note
thatalthough speciation times (for example, the splitbetween gnathostome
progenitors alphaandbeta, divergence of lamprey and hagfish lineages) can
beestimated from gene or paralogon trees, hybridization times (for example,
2R;y, shownas green starburst) cannot be estimated from gene-tree analysis.
Similarly, homoeologous recombination after auto-tetraploidizationimplies
that the auto-tetraploidization eventitself cannot be timed, but only the
cessation ofhomoeologous recombination. Thus, the estimate of around 527 Ma
for 1Ry (horizontal blue rectangle) represents the cessation of recombination
after this presumptive auto-tetraploidy (openrectangle on vertebrate stem)

with homologous recombination represented by blue shading. The absolute
timing of 1Ry itselfis unknown. (Auto-tetraploidy is suggested by the lack of
differential gene loss between the two paralogous branches after 1R, as noted
previously®.) The rough estimate of a10-million-year interval between the
alpha-betasplitand 2Ry, allo-tetraploidy is based on analogy with recent
vertebrate allo-tetraploidiesin frogs and goldfish. Cyclostome hexaploidization
2R¢yisshownasatwo-step process culminating in the hybridization of diploid
and tetraploid stem cyclostomes (orange starburst). This scenario follows the
recent model of hexaploidy in sturgeonin which auto-tetraploids and diploid
species coexist and hybridize*®. In this scenario, the earliest divergences
among cyclostome paralogues occurs around 511 Mawhen the diploid and
future tetraploid lineages split, which could be coincident with the early
tetraploidizationitself. Homoeologous recombination (shown as orange
shading)islargely complete by around 493 Ma, defining asecond peakin
paralogue divergence (horizontal orange rectangle). Not shownis ongoing
homoeologous recombinationin CLGB which continues into the stem hagfish
andlamprey lineages, as discussed further in the main text.
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Extended DataFig. 6 | Method for construction of post-1R ancestral
rediploidization constrained gene-tree topologies, using CLGM as an
example. a, Gnathostome 1R1and 1R 2 copies can be confidently identified
andserve as askeleton tobuild ancestral rediploidization tree topologies
(blue-purple groups). Hagfish and lamprey chromosomes confidently grouped
inaclade fromthe CLGM paralogon tree are defined as potential 1R-derived
paralogons (yellow-orange groups) and kept together in the constrained
ancestralrediploidization tree topology (seeb). All sets of cyclostome
chromosomes that were kept together for other CLGs are indicatedin
Supplementary Table 5. b, Possible groupings of hagfishand lamprey genes with
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\"

gnathostome genes based on their chromosomallocation, following 1R ancestral
rediploidization. c. Geneslocated on hagfish and lamprey chromosomes
thatarenot consideredin the reconstructed paralogontree (due to low
representation because of small-scale rearrangements displacing themon
different chromosomes) caneachbe placed oneitherside of the duplication
inthe absence of any priorinformation. Inthe presented scenario, this results
insix different possible ancestral rediploidization (i to vi) constrained tree
topologies. Only topologies with amaximum of three lamprey genesand

three hagfish genesoneachside of the IR are permitted, to remove possibly
confounding effects of complex multicopy gene families.
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Extended DataFig.10 | See next page for caption.
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Extended DataFig.10|Gene expression and gene duplicationsin
vertebrates. a,b, Weighted gene co-expression network analysis (WGCNA)
among organs for hagfish (a) and gar (b). Each row corresponds toa WGCNA
cluster (with anarbitrary colour name) and its expression specificity is shown
inselected tissues on theleft (a, hagfish, b, gar). The enrichment of gene
duplicated at successive phylogenetic nodesin each WGCNA clusterisindicated
ontherightasthe p-value (-logl0) of hypergeometric tests. A significant
enrichmentis observed ingene with strong neural expression (brain, blue
cluster). ¢, Expression of selected paralogues involved in neural crest

specification and migrationin cranial and trunk neural crest tissues from
lamprey P. marinus. RNA-seq data from a previous study® was quantified using
thelatest version of thelamprey genome and RefSeq annotation (kPetMarl). For
eachgene family, all paralogues derived from the vertebrate polyploidization
event (IRyand 2R.y) are considered and classified (see Supplementary Tables 9
and10).Asdenotedininset,1(green cells) and 2 (pink cells) refer to the two
original paralog branches derived from 1R, (see main Fig. 4a). Grey groups
could notbe definitively assigned.
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Extended DataFig.11|Eliminated genes and repeatsidentifiedinthe
hagfish genome. a, Plot showing the degree of germline enrichmentand
estimated span of all predicted repetitive elements. Previously identified
elements®**are highlighted by coloured circles and new high-copy elements
are highlighted by coloured diamonds. b, PCR validationillustrating germline
enrichmentand tandem repetition of predicted satellite elements. g: germline
(testes) DNA used as template, s: somatic (blood) DNA used as template.
c-e,Genetrees forhomologues that are eliminated in both lamprey and hagfish.
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d, Tree for WNT7 homologues. e, Tree for MSH4 homologues. f,g, Gene trees
forhomologues thatare highly duplicated in hagfish. Gnathostome clades are
highlighted in shades of green and cyclostome clades are highlighted in shades
of purple.Individual germline-specific genes are highlighted inred. f, Tree for
FBXL4homologues. g, Tree for TRRAPhomologues.
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Extended DataFig.12|FISH of repeats to germline and somatic interphase
nuclei. Nucleiare labelled with the DNA stain NucBlue (blue) and for all panels
labelled “no signal” fluorescence images are overexposed to both show

background signal and aid in confirming the location of nucleiin thoseimages.

a,b, Germlineenriched EEPs2 (red) and HFR10 (magenta), and the somatic
repeat EEPs1(green) are hybridized to nucleiisolated from a, germline: testes
andb, soma:blood. ¢,d, Germline enriched repeats EEPs4 (red) and HFRS
(green), and the somatic repeat Soma3 (magenta) are hybridized to nuclei
isolated from ¢, germline: testesand d, soma: blood. e,f, Germline enriched
repeats HFR13 (magenta) and HFR6 (green), and the somatic repeat Somal
(red) are hybridized to nucleiisolated from e, germline: testes and f, soma:
blood.g,h, Germline enriched repeats EEE02 (red) and HFR16 (magenta), and
the somatic repeat EEPs1 (green) are hybridized to nucleiisolated fromg,

germline: testesand h, soma:blood.i,j, Germline enriched repeats HFR4 (red)
and HFR8 (green), and the somatic repeat Soma3.1(magenta) are hybridized
tonucleiisolated fromi, germline: testesandj, soma:blood. k,1, Germline
enrichedrepeats EEPs2 (red) and EEPs3 (green), and the somatic repeat Soma3
(magenta) are hybridized to nucleiisolated fromk, germline: testes and

1, soma: blood. m,n, Insitu Hybridization of probes for ten germline-enriched
satellite sequences. m, Probes are hybridized to germline interphase nuclei.
n, Probes are hybridized to germline interphase nuclei. The location of
hybridization signals for telomere probes and approximate bounds of 18
germline-specific dyads, corresponding to nine distinct germline-specific
chromosomes. For allimages, pairs of repeats are shown to aid in visualizing
therelativelocation ofindividual probes.
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