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ABSTRACT
The snake pipefish, Entelurus aequoreus (Linnaeus, 1758), is a northern Atlantic fish inhabiting
open seagrass environments that recently expanded its distribution range. Here, we present a
highly contiguous, near chromosome-scale genome of E. aequoreus. The final assembly spans
1.6 Gbp in 7,391 scaffolds, with a scaffold N50 of 62.3 Mbp and L50 of 12. The 28 largest scaffolds
(>21 Mbp) span 89.7% of the assembly length. A BUSCO completeness score of 94.1% and a
mapping rate above 98% suggest a high assembly completeness. Repetitive elements cover
74.93% of the genome, one of the highest proportions identified in vertebrates. Our demographic
modeling identified a peak in population size during the last interglacial period, suggesting the
species might benefit from warmer water conditions. Our updated snake pipefish assembly
is essential for future analyses of the morphological and molecular changes unique to the
Syngnathidae.

Subjects Genetics and Genomics, Evolutionary Biology, Marine Biology

INTRODUCTION
The snake pipefish Entelurus aequoreus (Linnaeus 1758) is a member of the family
Syngnathidae, which currently includes over 300 species of seahorses and pipefishes [1].
E. aequoreus shares typical features with other pipefishes, such as the unique, elongated
body plan and fused jaws [2]. However, unlike most pipefishes, which are found in benthic
habitats, the snake pipefish inhabits more open and deeper seagrass environments and
occurs even in pelagic waters [2]. They are ambush predators on small crustaceans and
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other invertebrates, thereby indirectly contributing to the overall biodiversity and stability
of these fragile habitats [3]. Adult snake pipefishes are poor swimmers equipped with small
fins. They rely on their elongated, thin bodies for crypsis in eelgrass habitats [4–6].

The snake pipefish historically ranged from the waters of the Azores northwards to the
waters of Norway and Iceland and eastward to the Baltic Sea [7]. However, since 2003, the
species has expanded its distribution [8] into the Arctic waters of Spitsbergen [9], the
Barents Sea, and the Greenland Sea [10]. Simultaneously, population sizes seem to increase
within its former range, as indicated by substantially increased catch rates [11, 12]. Several
factors have been proposed to cause this expansion and population growth, including rising
sea temperatures, an increased potential for long-distance dispersal of juveniles via ocean
currents [4, 7], and an increased reproductive success facilitated by the dispersal of
invasive seaweeds [6, 8–10, 13]. The latter explanation has been confirmed by local field
experiments in the northern Wadden Sea, suggesting a mutual co-occurrence of the
invasive Japanese seaweed (Sargassum muticum) and the snake pipefish [5]. Studies based
on mtDNA marker regions did not discern any population structure thus far and suggest a
previous population expansion in the Pleistocene, around 50–100 thousand years ago
(kya) [6]. Yet, a comprehensive analysis of demographic events is better conducted using
genomic data, thus requiring a high-quality reference genome, ideally of the same species
or at least a closely related one.

Previously, genomes of Syngnathidae have been used to study the evolution of highly
specialized morphologies and life-history traits unique to pipefishes and seahorses [14–16].
For instance, the transition to male pregnancy was associated with major genomic
restructuring events and parallel modifications of the adaptive immune system. There is a
remarkable variability in genome sizes within the family, with estimates ranging from
350 Mbp to 1.8 Gbp [14]. The major shifts in body shape are assumed to be related to
gene-family loss and expansion events, along with higher rates of protein and nucleotide
evolution [16]. Genomic data obtained using a direct sequencing approach of
ultra-conserved elements improved the understanding of the phylogeny of pipefishes [15]
and identified a likely radiation of the group in the waters of the modern Indo-Pacific
Ocean. Nevertheless, high-quality genomes of Syngnathidae are only available for a few
species. According to the NCBI genome database, only 7% of the known species diversity
has genome sequences available.

A draft genome of the snake pipefish was previously assembled using a combination of
paired-end and mate-pair sequencing techniques, yielding an assembly with low continuity
(N50 3.5 kbp, BUSCO C: 21%) and a large difference between the estimated and assembled
genome sizes (1.8 Gbp vs. 557 Mbp) [14]. To obtain a higher quality, near chromosome-scale
genome assembly for the snake pipefish, essential for future population, conservation, and
evolutionary genomics studies of fish, we used long-read sequencing technologies. This
allowed us to gain insights into the genetic properties of the species and to perform
demographic analyses based on the Pairwise Sequentially Markovian Coalescent (PSMC)
framework [17]. The data generation and analyses presented here were conducted during a
six-week master course in 2021 at the Goethe University, Frankfurt am Main, Germany. The
concept of high-quality genome sequencing in a course setting has so far yielded three
reference-quality fish genomes and has proven to be a successful approach to introducing
the technology to a new generation of scientists [18–21].
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T a bl e  1. S u m m a r y st ati sti c s of t h e s n a k e pi p e fi s h r ef e r e n c e g e n o m e. T h e t a bl e i n cl u d e s i nf o r m ati o n f o r ( A) t h e
r a w r e a d s e q u e n ci n g, ( B) t h e s c a ff ol d- a n d c o nti g-l e v el d e n o v o a s s e m bl y, a n d ( C) t h e B U S C O c o m pl et e n e s s
st ati sti c s.

( A)  R a w r e a d st ati sti c s

N o. s h o rt r e a d s 2 6 4, 1 1 1, 7 3 1

M a p p e d s h o rt r e a d s ( %) 9 9. 5 3

M e a n s h o rt r e a d c o v e r a g e ( x ) 2 3

N o. l o n g r e a d s 1 3 0, 5 9 0, 3 7 2

M a p p e d l o n g r e a d s ( %) 9 8. 6 1

M e a n l o n g- r e a d c o v e r a g e (x ) 2 0 5. 2

( B)  A s s e m bl y st ati sti c s ( s c a ff ol d/ c o nti g)

N o. s c a ff ol d s/ c o nti g s 7, 3 8 7 7, 4 7 3

N o. s c a ff ol d s/ c o nti g s ( > 5 0  k b p) 4 6 6 5 2 6

S c a ff ol d/ c o nti g L 5 0 1 2 1 4

S c a ff ol d/ c o nti g N 5 0 ( b p) 6 2, 3 4 1, 1 6 6 4 5, 0 1 0, 0 7 4

T ot al l e n gt h ( b p) 1, 6 6 2, 0 5 3, 0 4 6 1, 6 6 2, 0 3 5, 8 4 6

G C ( %) 3 8. 8 7 3 8. 8 7

N o. of N’ s p e r 1 0 0  k b 1. 0 3 0. 0

H et e r o z y g o sit y ( %) 0. 3 8 7

T ot al i nt e r s p e r s e d r e p e at s ( b p) 1, 2 3 7, 9 2 9, 5 5 9 ( 7 4. 9 3 %)

( C)  B U S C O c o m pl et e n e s s

Cl a d e: A cti n o pt e r y gii C: 9 4. 1 % [ S: 9 2. 6 %, D: 1. 5 %]

F: 2. 0 %, M: 3. 9 %

n: 3, 6 4 0

B U S C O: B e n c h m a r ki n g U ni v e r s al Si n gl e- C o p y O rt h ol o g s ( 6 5 ); C, c o m pl et e; S, si n gl e c o p y; D, d u pli c at e d; F,
f r a g m e nt e d; M, mi s si n g.

R E S U L T S A N D DI S C U S SI O N

G e n o m e s e q u e n ci n g a n d a s s e m bl y
P a c Bi o’ s c o nti n u o u s l o n g r e a d ( C L R) t e c h n ol o g y g e n e r at e d 4 0 1 G b p of l o n g- r e a d d at a i n ∼ 6 0

milli o n r e a d s wit h a n N 5 0 of 7. 9 k b ( T a bl e  1 ). Ill u mi n a s e q u e n ci n g yi el d e d 3 8  G b p of

st a n d a r d s h o rt- r e a d d at a i n a p p r o xi m at el y 2 5 7 milli o n r e a d s wit h a m e a n l e n gt h of 1 4 8  b p

aft e r filt e ri n g. S e q u e n ci n g of t h e O m ni- C li b r a r y g e n e r at e d 5 4. 7  G b p of r a w s h o rt- r e a d d at a.

T h e s n a k e pi p e fi s h’ s g e n o m e w a s a s s e m bl e d d e n o v o t o a t ot al si z e of 1. 7  G b p. It c o n si st e d

of 2, 2 0 4 s c a ff ol d s, wit h a s c a ff ol d N 5 0 of 6 2  M b p a n d a n L 5 0 of 1 1 ( T a bl e  1 , Fi g u r e 1 A). T h e

fi n ali z e d a s s e m bl y h a s 1. 0 N s p e r 1 0 0 k b p a n d a G C c o nt e nt of 3 8. 8 4 %. O u r B U S C O

( R RI D:S C R _ 0 1 5 0 0 8 ) c o m pl et e n e s s a s s e s s m e nt r e s ult e d i n 9 4. 1 % c o m pl et e c o r e g e n e s, b a s e d

o n t h e a cti n o pt e r y gii _ o b d 1 0 s et, s h o wi n g t h e hi g h c o m pl et e n e s s of t h e a s s e m bl y. B ot h l o n g-

a n d s h o rt- r e a d d at a m a p p e d o nt o t h e a s s e m bl y wit h hi g h m a p pi n g r at e s of 9 8. 6 % a n d

9 9. 5 %, r e s p e cti v el y. HI- C m a p pi n g r e s ult e d i n 2 8 l a r g e r s c a ff ol d s ( Fi g u r e  1 B), i n di c ati n g t h e

n e a r- c h r o m o s o m e l e v el of t h e d e n o v o a s s e m bl y. T hi s r e s ult ali g n s wit h p a st k a r y ot y p e

e sti m ati o n s of ot h e r pi p e fi s h a n d s e a h o r s e s, p r e di cti n g 2 2 a n d 2 2- 2 4 c h r o m o s o m e s,

r e s p e cti v el y [ 2 2 – 2 4 ]. T h e r e st of t h e g e n o m e c o m p ri s e s o nl y s m all e r s c a ff ol d s a n d c o nti g s,

w hi c h m a y r e s ult f r o m t h e hi g h a m o u nt s of r e p etiti v e r e gi o n s, a s d et ail e d i n t h e f oll o wi n g

s e cti o n. O u r Bl o bt o ol s ( R RI D: S C R _ 0 1 7 6 1 8 ) a n al y si s of b ot h l o n g- a n d s h o rt- r e a d d at a

( Fi g u r e 1 C a n d  D) f o u n d n o a p p a r e nt si g n s of c o nt a mi n ati o n. H o w e v e r, w e d et e ct e d a n d

r e m o v e d b a c k g r o u n d n oi s e of u n k n o w n o ri gi n i n b ot h d at a s et s.

V a ri a nt c alli n g i d e nti fi e d ∼ 3 0 1 milli o n sit e s (i n cl u di n g m o n o m o r p hi c sit e s), wit h ∼ 1. 3

milli o n f o u n d t o b e bi all eli c. G e n o m e- wi d e h et e r o z y g o sit y w a s d et e r mi n e d t o b e 0. 3 8 7 %,

w hi c h i s i n li n e wit h ot h e r fi s h s p e ci e s [ 2 5 , 2 6 ]. T h e G e n o m e S c o p e ( R RI D:S C R _ 0 1 7 0 1 4 )

r e s ult s b a s e d o n s h o rt r e a d s s u g g e st e d a h a pl oi d g e n o m e si z e of 1. 1 5  G b p a n d a n e x p e ct e d

Gi g a b y t e , 2 0 2 4, D OI: 1 0. 4 6 4 7 1 / gi g a b y t e. 1 0 5 3 / 1 3
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Figure 1. Assembly characteristics and quality assessments of the de novo Entelurus aequoreus genome. (A) The
snail plot summarizes different assembly properties. Scaffold statistics are depicted in the innermost circle, and
colors red to orange represent the longest scaffold N50 and N90, respectively. GC composition is shown in the
outer blue circle. BUSCO completeness statistics are depicted in the small green circle. (B) Omni-C contact density
map indicating 28 larger scaffolds and the near-chromosome level of the assembly. (C,D) The BlobPlot analysis
compares GC content (x-axis), assembly coverage (y-axis), and taxonomic BLAST assignments of contigs (color) for
both the Omni-C short reads (C) and PacBio long reads (D).

genome-wide heterozygosity of 1%. These estimates were around 362 Mbp shorter and
0.57% more heterozygous than the final assembly. This, again, might be explained by the
high repeat content of the genome.

Annotation
In total, 0.9 Gbp, or 74.93%, of the entire assembly, were identified as repetitive during our
de novo repeat-modeling (using RepeatModeler, RRID:SCR_015027) and repeat-masking
(using RepeatMasker, RRID:SCR_012954) as shown in Figure 2. This high repeat content
contrasts with other fish genomes [27]. However, it is similar, although at a smaller scale, to
the closest relative, Nerophis ophidion (65.7%) [14], and other syngnathid fish genomes, such
as seadragons [28]. The first draft assembly of the snake pipefish had a repeat content of
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Fi g u r e 2. R e p e at l a n d s c a p e of t h e d e n o v o E nt el u r u s a e q u o r e u s g e n o m e. C ol o r s r e p r e s e nt di ff e r e nt t y p e s of R E,
a n d g r a y a r e a s i n di c at e u n cl a s si fi e d t y p e s of r e p etiti v e r e gi o n s.

5 7. 2 % [ 1 4 ], a n d o u r i m p r o v e d l o n g- r e a d a s s e m bl y i d e nti fi e d 1 7. 7 % a d diti o n al r e p e at s t h at

w e r e mi s si n g f r o m t h e p r e vi o u s a s s e m bl y [ 1 4 ]. S o f a r, a m o n g v e rt e b r at e s, o nl y t h e l u n g fi s h

N e o c e r at o d u s f o r st e ri  [2 9 ] h a s m o r e t r a n s p o s a bl e el e m e nt s ( T E s) t h a n t h e s n a k e pi p e fi s h.

T h e a n n ot ati o n of t h e g e n o m e, f e at u ri n g d e n o v o a n d h o m ol o g y- b a s e d i d e nti fi c ati o n

a p p r o a c h e s, r e s ult e d i n 3 3, 2 0 2 g e n e s wit h a n a v e r a g e l e n gt h of 1 3, 8 2 8 b p. E a c h g e n e h a d, o n

a v e r a g e, 7. 3 2 e x o n s a n d 6. 2 5 i nt r o n s wit h a v e r a g e l e n gt h s of 1 8 8 b p a n d 2, 2 4 0 b p,

r e s p e cti v el y. I n t ot al, w e i d e nti fi e d 2 4 3, 0 3 8 e x o n s a n d 2 0 7, 4 6 7 i nt r o n s wit hi n o u r a n n ot ati o n.

T h e t ot al n u m b e r of g e n e s i s ∼ 3 0 % hi g h e r c o m p a r e d t o ot h e r a n n ot at e d g e n o m e s i n t h e

o r d e r S y n g n at hif o r m e s, s u c h a s 2 3, 4 5 8 f o r t h e ti g e r t ail s e a h o r s e ( Hi p p o c a m p u s c o m e s ) [1 6 ]

Gi g a b y t e , 2 0 2 4, D OI: 1 0. 4 6 4 7 1 / gi g a b y t e. 1 0 5 5 / 1 3
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o r 2 4, 9 2 7 f o r t h e g r e at e r pi p e fi s h ( S y n g n at h u s a c u s ) [3 0 ] m a d e b y t h e N C BI E u k a r y oti c

G e n o m e A n n ot ati o n pi p eli n e. N ot a bl y, a s t h e s e t w o g e n o m e s a r e c o n si d e r a bl y s m all e r

( 4 9 2  M b p a n d 3 2 4  M b p, r e s p e cti v el y), w e c a n a s s u m e t h at t h e l a r g e- s c al e g e n o m e i n c r e a s e

i n t hi s s p e ci e s i n cl u d e d m a n y c o di n g s e q u e n c e s. T h e hi g h c o nt e nt of r e p etiti v e r e gi o n s a n d

t h e l a c k of t r a n s c ri pt o mi c d at a mi g ht al s o h a v e i n c r e a s e d t h e n u m b e r of f al s e p o siti v e

g e n e- c all s; h o w e v e r, o u r B U S C O c o m pl et e n e s s a n al y si s of t h e p r e di ct e d p r ot ei n s r e s ult e d i n

8 2. 6 % c o m pl et e s e q u e n c e s, wit h o nl y 6. 8 % d u pli c at e d o n e s. A d diti o n all y, 5. 3 % of t h e c o di n g

s e q u e n c e s a p p e a r e d f r a g m e nt e d, a n d 1 2. 1 % w e r e mi s si n g f r o m t h e a cti n o pt e r y gii _ o b d 1 0

O rt h o D B s et. O u r f u n cti o n al a n n ot ati o n r e s ult e d i n hit s f o r 8 9 % of t h e p r e di ct e d p r ot ei n s.

D e m o g r a p hi c i nf e r e n c e
T h e d e m o g r a p hi c i nf e r e n c e a n al y si s of t h e s n a k e pi p e fi s h g e n o m e ( Fi g u r e 3 ) u si n g t h e

P S M C f r a m e w o r k [ 1 7 ] t r a c e d p o p ul ati o n c h a n g e s o v e r t h e p a st 1 milli o n y e a r s. Gi v e n t h e

c h o s e n s u b stit uti o n r at e a n d g e n e r ati o n ti m e, t h e r e w a s a st e a d y i n c r e a s e i n t h e e ff e cti v e

p o p ul ati o n si z e ( N e ), st a rti n g at 1 5 t h o u s a n d i n di vi d u al s 1 milli o n y e a r s a g o, w hi c h p e a k e d

at a n N e of 2 5 0 t h o u s a n d i n di vi d u al s 1 0 0  k y a. T h e r e aft e r, N e d e c r e a s e d u ntil r e a c hi n g 3 0

t h o u s a n d i n di vi d u al s at 1 0  k y a a n d st a g n at e d u ntil t h e e n d of t h e m o d el. T h e p r e vi o u sl y

s u g g e st e d p o p ul ati o n e x p a n si o n d u ri n g t h e Pl ei st o c e n e ( 5 0 – 1 0 0  k y a) w a s t h e r ef o r e

c o n fi r m e d b y t hi s m o d el. H o w e v e r, t h e p o p ul ati o n e x p a n si o n w a s f oll o w e d b y a n ot h e r

p o p ul ati o n d e cli n e t h at w a s n ot r e s ol v e d b y B r a g a G o n c al v e s et  al.  [6 ]. O u r r e s ult m a y p oi nt

t o a c o n cl u si o n di ff e r e nt f r o m t h at d r a w n b y t h e a ut h o r s. T hi s i s b e c a u s e t h e s n a k e pi p e fi s h

mi g ht h a v e i n h a bit e d a c o m p a r a bl y s m all p o p ul ati o n d u ri n g t h e H ol o c e n e a n d o nl y r e c e ntl y

e x p a n d e d it s di st ri b uti o n. T hi s e x p a n si o n r e s ult e d i n a l a r g e p o p ul ati o n wit h a hi g h d e g r e e

of h o m o g e ni z ati o n, a s o b s e r v e d b y B r a g a G o n c al v e s a n d c oll e a g u e s [ 6 ]. Gi v e n t h at t h e

p r e s e nt e d p e a k i n p o p ul ati o n si z e p a r all el s wit h t h e l a st i nt e r gl a ci al p e ri o d b et w e e n t h e

P e n ulti m at e Gl a ci al P e ri o d ( 1 3 5 – 1 9 2  k y a [ 3 1 ]) a n d t h e l a st gl a ci al p e ri o d ( p r e s e nt

–  2 0  k y a [ 3 2 ]), w e a s s u m e t h at t h e s n a k e pi p e fi s h l a r g el y b e n e fitt e d f r o m t h e w a r m e r w at e r

c o n diti o n s d u ri n g t h e i nt e r gl a ci al p e ri o d, a s s e e n i n t h e p r e s e nt r a n g e e x p a n si o n.

M A T E RI A L A N D M E T H O D S

S a m pli n g, D N A e x t r a c ti o n, a n d s e q u e n ci n g
A si n gl e i n di vi d u al of E nt el u r u s a e q u o r e u s ( Li n n a e u s 1 7 5 8) ( N C BI: t xi d 4 2 8 6 1,

m a ri n e s p e ci e s. o r g:t a x n a m e: 1 2 7 3 7 9 ) w a s c a u g ht b y t r a wli n g d u ri n g a n a n n u al m o nit o ri n g

e x p e diti o n t o t h e D o g g e r B a n k i n t h e N o rt h S e a i n J ul y 2 0 2 1 (t r a wl st a rt c o o r di n at e s

5 4. 9 9 3 6 3 3, 2. 9 4 0 8 3 3; e n d c o o r di n at e s 5 5. 0 0 7 7, 2. 9 2 9 8 6 7) wit h t h e p e r mi s si o n of t h e

M a riti m e P oli c y U nit of t h e U K F o r ei g n a n d C o m m o n w e alt h O ff c e. T h e st u d y c o m pli e d wit h

t h e ‘ N a g o y a P r ot o c ol o n A c c e s s t o G e n eti c R e s o u r c e s a n d t h e F ai r a n d E q uit a bl e S h a ri n g of

B e n e fit s A ri si n g f r o m T h ei r Utili z ati o n’. T h e s a m pl e w a s i niti all y f r o z e n at − 2 0 ° C a n d l at e r

st o r e d at − 8 0 ° C.

Hi g h- m ol e c ul a r- w ei g ht g e n o mi c D N A w a s e xt r a ct e d f r o m m u s cl e ti s s u e, f oll o wi n g t h e

p r ot o c ol b y M a yj o n a d e et  al.  [3 3 ], wit h t h e a d diti o n of P r ot ei n a s e K. W e e v al u at e d t h e

q u a ntit y a n d q u alit y of t h e D N A wit h t h e G e n o mi c D N A S c r e e n T a p e o n t h e A gil e nt 2 2 0 0

T a p e St ati o n s y st e m ( A gil e nt T e c h n ol o gi e s), a s w ell a s wit h t h e Q u bit ® d s D N A B R A s s a y Kit.

F o r l o n g- r e a d s e q u e n ci n g, a P a c Bi o S M R T B ell C L R li b r a r y w a s p r e p a r e d u si n g t h e

S M R T b ell E x p r e s s P r e p kit v 3. 0 kit ( P a ci fi c Bi o s ci e n c e s – P a c Bi o, M e nl o P a r k, C A, U S A) a n d

s e q u e n c e d o n t h e P a c Bi o S e q u el II e pl atf o r m. A p r o xi mit y-li g ati o n li b r a r y w a s c o m pil e d

Gi g a b y t e , 2 0 2 4, D OI: 1 0. 4 6 4 7 1 / gi g a b y t e. 1 0 5 6 / 1 3
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Fi g u r e 3. D e m o g r a p hi c hi st o r y of t h e s n a k e pi p e fi s h e sti m at e d u si n g t h e P S M C f r a m e w o r k. U si n g a g e n e r ati o n
ti m e of 2. 5 y e a r s [7 2 ] a n d a s u b stit uti o n r at e of 1. 7 ×  1 0 − 8 p e r sit e p e r g e n e r ati o n [ 7 1 ], a m o d el w a s c r e at e d
c o v e ri n g t h e l a st 1 0  k y a t o 1  M y a. T h e x - a xi s r e p r e s e nt s ti m e i n n u m b e r of y e a r s a g o a n d t h e y - a xi s s h o w s t h e
e ff e cti v e p o p ul ati o n N e si z e i n t e n s of t h o u s a n d s of i n di vi d u al s. T h e m o d el i n di c at e s a p e a k i n N e of 2 5 0 t h o u s a n d
i n di vi d u al s d u ri n g t h e Pl ei st o c e n e a r o u n d 1 0 0 t h o u s a n d y e a r s a g o.

wit h m u s cl e ti s s u e f oll o wi n g t h e D o v et ail ™ O m ni- C p r ot o c ol ( D o v et ail G e n o mi c s, S a nt a C r u z,

C alif o r ni a, U S A). I n a d diti o n, a st a n d a r d w h ol e- g e n o m e 1 5 0 b p p ai r e d- e n d Ill u mi n a li b r a r y

w a s p r e p a r e d u si n g t h e N E B N e xt Ult r a II li b r a r y p r e p a r ati o n kit ( N e w E n gl a n d Bi ol a b s I n c.,

I p s wi c h, U S A). Fi n all y, t h e p r o xi mit y li g ati o n a n d t h e p ai r e d- e n d li b r a r y w e r e s hi p p e d t o

N o v o g e n e ( U K) f o r s e q u e n ci n g o n t h e Ill u mi n a N o v a S e q 6 0 0 0 pl atf o r m ( R RI D: S C R _ 0 1 6 3 8 7 ).

P r e- p r o c e s si n g a n d g e n o m e si z e e s ti m a ti o n
T h e P a c Bi o s u b r e a d s w e r e c o n v e rt e d f r o m B A M i nt o F A S T Q f o r m at u si n g t h e P a c Bi o

S e c o n d a r y A n al y si s T o ol B A M 2f a st x v. 1. 3. 0 [ 3 4 ]. Q u alit y c o nt r ol, t ri m mi n g, a n d filt e ri n g of

t h e Ill u mi n a r e a d s w e r e p e rf o r m e d u si n g f a st p v 0. 2 3. 1 ( R RI D: S C R _ 0 1 6 9 6 2 ) [3 5 ] wit h t h e

s etti n g s “- g - 3 -l 4 0 - y - Y 3 0 - q 1 5 - u 4 0 - c - p -j - h - R - w N ”. T o e sti m at e t h e g e n o m e si z e of t h e

s n a k e pi p e fi s h, w e p e rf o r m e d k - m e r p r o fili n g u si n g t h e st a n d a r d s h o rt- r e a d Ill u mi n a d at a.

W e fi r st r a n J ell y fi s h v 2. 3. 0 ( R RI D: S C R _ 0 0 5 4 9 1 ) [3 6 ] t o g e n e r at e a hi st o g r a m of k - m e r s wit h a

l e n gt h of 2 1 b p. S u b s e q u e ntl y, w e u s e d t hi s d at a t o o bt ai n a g e n o m e p r o fil e u si n g

G e n o m e S c o p e v 2. 0 ( R RI D: S C R _ 0 1 7 0 1 4 ) [3 7 ]. W e f u rt h e r t e st e d alt e r n ati v e k - m e r l e n gt h s

b et w e e n 1 7- a n d 2 5- m e r s. N o si g ni fi c a nt di ff e r e n c e s i n t h e e sti m at e d g e n o m e si z e w e r e

d et e ct e d e x c e pt f o r t h e 1 7- m e r, w hi c h r e s ult e d i n a s m all e r g e n o m e si z e e sti m ati o n of

∼ 5 0 0  M b p.

G e n o m e a s s e m bl y a n d p oli s hi n g
W e a s s e m bl e d t h e g e n o m e f r o m t h e P a c Bi o l o n g- r e a d d at a u si n g W T D B G v. 2. 5

( R RI D:S C R _ 0 1 7 2 2 5 ) [3 8 ]. T h e r e s ulti n g a s s e m bl y w a s fi r st p oli s h e d u si n g t h e P a c Bi o d at a

wit h Fl y e v. 2. 9 ( R RI D: S C R _ 0 1 7 0 1 6 ) [3 9 ], u si n g Mi ni m a p v. 2. 1 7 [4 0 ] f o r m a p pi n g. Aft e r w a r d s,

w e c o n d u ct e d t w o r o u n d s of s h o rt- r e a d p oli s hi n g b y m a p pi n g r e a d s o nt o t h e a s s e m bl y wit h

B W A- M E M v. 0. 7. 1 7 ( R RI D: S C R _ 0 1 0 9 1 0 ) [4 1 ], f oll o w e d b y e r r o r c o r r e cti o n wit h Pil o n v 1. 2 3

( R RI D:S C R _ 0 1 4 7 3 1 ) [4 2 ].
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Assembly quality control and scaffolding
The polished assembly contigs were anchored into chromosome-scale scaffolds utilizing the
generated proximity-ligation Omni-C data. First, the data were mapped and filtered to the
assembly following the Arima Hi-C mapping pipeline used by the Vertebrate Genome
Project [43]. In brief, reads were mapped using BWA-MEM v.0.7.17 [41], the mapped reads
were filtered with samtools v.1.14 (RRID:SCR_002105) [44], and the duplicated reads were
removed with “MarkDuplicates” in Picard v.2.26.10 (RRID:SCR_006525) [45]. The filtered
mapped reads were then used for proximity-ligation scaffolding in YaHs v.1.1 [46]. Gaps in
the scaffolded assembly were closed with TGS-GapCloser v.1.1.1 (RRID:SCR_017633) [47]
using a subset (25%) of the PacBio subreads due to computational constraints. To further
improve the assembly’s contiguity, scaffolding and gap-closing were performed a second
time using a different subset of PacBio reads for gap-closing. The PacBio read subsets were
generated with Seqtk v.1.3 (RRID:SCR_018927) [48] using the random number generator
seeds 11 and 18. Gene set completeness was analyzed with BUSCO v.5.4.7 [49] using the
Actinopterygii set of core genes (actinopterygii_odb10). Assembly continuity was evaluated
using QUAST v5.0.2 (RRID:SCR_001228) [50], and mapping rates were assessed by QualiMap
v2.2.1 (RRID:SCR_001209) [51]. Finally, BlobToolsKit v.4.0.6 [52] performed contamination
screening.

Repeat landscape analysis and genome annotation
The TE annotation was done in three steps. First, we used RepeatMasker v4.1.5 [53] to
annotate and hard-mask known Actinopterygii repeats from Repbase (RRID:SCR_021169),
which comprises a database of eukaryotic repetitive DNA element sequences [54]. Secondly,
a de novo library of TE was created from the hard-masked genome assembly using
RepeatModeler v2.0.4 [55], which includes RECON v1.08 (RRID:SCR_021170) [56],
RepeatScout v1.0.6 (RRID:SCR_014653) [57], as well as LTRharvest and LTR_retriever
(RRID:SCR_018970 and RRID:SCR_017623, respectively) [58, 59]. Finally, predicted repeats
were annotated with a second run of RepeatMasker on the hard-masked assembly obtained
in the first run. The results of both RepeatMasker runs were then combined. A summary of
TEs and the relative abundance of repeat classes in the genome are shown in Table 2 and
Figure 2.

The genome was annotated using the BRAKER3 pipeline (RRID:SCR_018964) [60–65],
combining a de novo gene calling and a homology-based gene annotation. For protein
references, we combined the vertebrate-specific protein collection from OrthoDB
(RRID:SCR_011980) and the protein collection of the greater pipefish (Syngnathus acus)
genome [30] made by the NCBI (see: GCF_901709675.1, last accessed 12th October 2023). To
further filter genes based on the support of introns and using extrinsic homology evidence,
we used TSEBRA [66] with an “intron_support=0.1”. The resulting set of proteins was tested
for completeness using BUSCO v.5.4.7 [49] in “protein mode” and run against the
Actinopterygii-specific set of core genes. Finally, functional annotation was done using
InterProScan v5 (RRID:SCR_005829) [67].

Variant calling and demographic inference
The preprocessed short reads were mapped to the final assembly using BWA-MEM
v.0.7.17 [41], followed by the removal of duplicate reads with “MarkDuplicates” in Picard
v.2.26.10 [45] and the evaluation of the mapping quality using Qualimap v2.2.1 [51]. Indels
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T a bl e  2. R e p e at c o nt e nt of t h e g e n o m e a s s e m bl y. Cl a s s: cl a s s of t h e r e p etiti v e r e gi o n s. C o u nt: n u m b e r of
o c c u r r e n c e s of t h e r e p etiti v e r e gi o n. b p M a s k e d: n u m b e r of b a s e p ai r s m a s k e d; % M a s k e d: p e r c e nt a g e of b a s e
p ai r s m a s k e d. LI N E: L o n g I nt e r s p e r s e d N u cl e a r El e m e nt s (i n cl u d e r et r o p o s o n s); L T R: L o n g T e r mi n al R e p e at
el e m e nt s (i n cl u di n g r et r o p o s o n s); SI N E: S h o rt I nt e r s p e r s e d N u cl e a r El e m e nt s; R C: R olli n g Ci r cl e.

Cl a s s C o u n t b p M a s k e d % m a s k e d

A R T E F A C T 4 8 4 0. 0 0 %

D N A 2, 7 6 5, 2 9 7 3 7 2, 4 0 7, 7 3 9 2 2. 4 0 %

LI N E 8 5 0, 2 2 2 1 6 7, 3 3 7, 4 1 9 1 0. 0 6 %

L T R 1 7 7, 2 1 4 5 5, 4 3 9, 6 8 7 3. 3 3 %

P L E 1 0 0. 0 0 %

R C 3 2, 3 4 8 3, 3 8 5, 0 8 4 0. 2 0 %

SI N E 4 3 5, 4 6 4 3 2, 7 0 9, 5 7 2 1. 9 5 %

U n k n o w n 3, 6 2 8, 3 2 8 5 3 4, 2 1 6, 0 8 4 3 2. 1 4 %

L o w c o m pl e xit y 1 2 7, 7 3 3 3, 0 9 5, 3 2 2 0. 1 9 %

S at ellit e 2 1, 2 2 1 7, 1 4 5, 4 6 9 0. 4 3 %

Si m pl e r e p e at 1, 4 3 7, 0 9 0 6 1, 0 7 7, 3 3 9 3. 6 7 %

r R N A 4, 3 9 4 5 3 4, 5 9 9 0. 0 3 %

s c R N A 5 5 0 4 0. 0 0 %

s n R N A 6 9 5 4 6, 8 4 5 0. 0 0 %

t R N A 6, 0 2 9 5 3 3, 8 1 2 0. 0 3 %

T ot al 9, 4 8 6, 0 4 5 1, 2 3 7, 9 2 9, 5 5 9 7 4. 9 3 %

i n t h e B A M fil e s w e r e fi r st i d e nti fi e d a n d t h e n r e ali g n e d wit h “ R e ali g n e r T a r g et C r e at o r ” a n d

“I n d el R e ali g n e r ” a s p a rt of t h e G e n o m e A n al y si s T o ol kit v 3. 8- 1 [ 6 8 ]. S u b s e q u e ntl y, s a mt o ol s

v. 1. 1 4 [ 4 4 ] w a s u s e d t o c h e c k a n d r e m o v e u n m a p p e d, s e c o n d a r y, Q C-f ail e d, d u pli c at e d, a n d

s u p pl e m e nt a r y r e a d s, k e e pi n g o nl y r e a d s m a p p e d i n p r o p e r p ai r s i n n o n- r e p etiti v e r e gi o n s

of t h e 2 8 c h r o m o s o m e- s c al e s c a ff ol d s.

S a m b a m b a v 1. 0. 0 ( R RI D: S C R _ 0 2 4 3 2 8 ) [6 9 ] w a s u s e d t o e sti m at e sit e d e pt h st ati sti c s.

Mi ni m u m a n d m a xi m u m t h r e s h ol d s f o r t h e gl o b al sit e d e pt h w e r e s et t o d ± ( 5 × M A D),

w h e r e d i s t h e gl o b al sit e d e pt h di st ri b uti o n m e di a n a n d M A D i s t h e m e di a n a b s ol ut e

d e vi ati o n. V a ri a nt c alli n g w a s p e rf o r m e d u si n g t h e b cft o ol s v 1. 1 7 ( R RI D: S C R _ 0 0 5 2 2 7 ) [7 0 ]

c o m m a n d s “ m pil e u p ” a n d “ c all ” [- m]. V a ri a nt s w e r e t h e n filt e r e d wit h b cft o ol s “ filt e r ” [- e

“ D P < d − ( 5 × M A D) ∥ D P > d + ( 5 × M A D) ∥ Q U A L < 3 0 ”], t h u s r e m o vi n g sit e s wit h l o w q u alit y

a n d o ut of r a n g e d e pt h. Fi n all y, b cft o ol s w a s u s e d t o e sti m at e t h e g e n o m e- wi d e

h et e r o z y g o sit y a s t h e p r o p o rti o n of h et e r o z y g o u s sit e s u si n g t h e “ st at s ” c o m m a n d.

L o n g-t e r m c h a n g e s i n t h e e ff e cti v e p o p ul ati o n si z e ( N e ) o v e r ti m e w e r e e sti m at e d u si n g

t h e P S M C m o d el [1 7 ]. T hi s a n al y si s u s e d t h e di pl oi d c o n s e n s u s g e n o m e s e q u e n c e s g e n e r at e d

b y b cft o ol s v 1. 1 7 [ 7 0 ] wit h t h e s c ri pt “v cf util s. pl ” f r o m t h e p r o c e s s e d B A M fil e s, a s d e s c ri b e d

a b o v e. Sit e s wit h r e a d- d e pt h u p t o a t hi r d of t h e a v e r a g e d e pt h o r a b o v e t wi c e e a c h s a m pl e’ s

m e di a n d e pt h a n d wit h a c o n s e n s u s b a s e q u alit y < 3 0 w e r e r e m o v e d. P S M C w a s e x e c ut e d

u si n g 2 5 it e r ati o n s, e m pl o yi n g a m a xi m u m 2 N 0 - s c al e d c o al e s c e nt ti m e of 1 5, a n i niti al θ∕ ρ

r ati o of 5, a n d 6 4 at o mi c ti m e i nt e r v al s ( 4 +  2 5 ×  2 +  4 +  6) t o i nf e r t h e s c al e d m ut ati o n r at e,

t h e r e c o m bi n ati o n r at e, a n d t h e f r e e p o p ul ati o n si z e p a r a m et e r s, r e s p e cti v el y. W e

p e rf o r m e d 1 0 0 b o ot st r a p r e pli c at e s b y r a n d o ml y s a m pli n g wit h r e pl a c e m e nt 1  M b bl o c k s

f r o m t h e c o n s e n s u s s e q u e n c e f o r all i n di vi d u al s. A m ut ati o n r at e ff of 1. 7 ×  1 0 − 9 p e r sit e p e r

g e n e r ati o n [ 7 1 ] a n d a g e n e r ati o n l e n gt h of 2. 5 y e a r s [ 7 2 ] w e r e e m pl o y e d f o r pl otti n g.

D A T A A V AI L A BI LI T Y
T h e d e n o v o g e n o m e a n d all u n d e rl yi n g r a w d at a w e r e u pl o a d e d t o N C BI u n d e r t h e

Bi o P r oj e ct P RJ N A 1 0 0 5 5 7 3 , Bi o S a m pl e S A M N 3 6 9 8 8 6 9 1 , g e n o m e a s s e m bl y G C A _ 0 3 4 5 0 8 5 9 5 .
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All other data, including the repeat and gene annotation, is available in the GigaDB
repository [73].

ABBREVIATIONS
CLR, continuous long reads; kya, thousand years ago; MAD, median absolute deviation;
PSMC, Pairwise Sequentially Markovian Coalescent; TE, transposable element.
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