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The genetic basis of the leafy seadragon’s unique camouflage
morphology and avenues for its efficient conservation derived from
habitat modeling
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The leafy seadragon certainly is among evolution’s most “beautiful and wonderful” species aptly named for its extraordinary
camouflage mimicking its coastal seaweed habitat. However, limited information is known about the genetic basis of its
phenotypes and conspicuous camouflage. Here, we revealed genomic signatures of rapid evolution and positive selection in core
genes related to its camouflage, which allowed us to predict population dynamics for this species. Comparative genomic analysis
revealed that seadragons have the smallest olfactory repertoires among all ray-finned fishes, suggesting adaptations to the highly
specialized habitat. Other positively selected and rapidly evolving genes that serve in bone development and coloration are
highly expressed in the leaf-like appendages, supporting a recent adaptive shift in camouflage appendage formation. Knock-out
of bmp6 results in dysplastic intermuscular bones with a significantly reduced number in zebrafish, implying its important
function in bone formation. Global climate change-induced loss of seagrass beds now severely threatens the continued existence
of this enigmatic species. The leafy seadragon has a historically small population size likely due to its specific habitat re-
quirements that further exacerbate its vulnerability to climate change. Therefore, taking climate change-induced range shifts into
account while developing future protection strategies.
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INTRODUCTION

Charles Darwin famously ended the first edition of the Ori-
gin of Species with “from so simple a beginning endless
forms most beautiful and most wonderful” (Darwin, 2004).
The leafy seadragon Phycodurus eques (Giinther, 1865)
certainly belongs to nature’s most extraordinary creatures,
because of its many unique biological features and its iconic
morphology (Figure 1A). The leafy seadragon is endemic to
South Australia’s coastal regions, where within this already
small distribution, it is further limited to specific habitats of
kelp forests and seagrass meadows (Browne et al., 2008),
making it vulnerable to local and global environmental
changes (Kuiter, 2000; Pollom et al., 2021).

Adorned with gossamer, leaf-shaped appendages covering
their bodies, seadragons perfectly blend in with the kelp and
seaweeds that they inhabit (Branshaw, 2005). The leafy
seadragon is one of Australia’s national emblems, as well as
a flagship species for the global conservation of marine life.
Sadly, the wild leafy seadragon populations are shrinking
drastically due to habitat destruction, pollution, and poaching
(IUCN, 2020). Moreover, despite its instant recognizability,
virtually nothing is known about its population history or the
genetic basis of its conspicuous camouflage.

Endemics normally have narrower niches than widespread
species and are thus considered more sensitive to environ-
mental changes and suffer higher rates of extinction (Sala et
al., 2000). Syngnathids, due to their small clutch sizes, direct
development in their fathers’ pouches, sedentary life-style
and highly specific ecological niches, are especially vul-
nerable (Connolly et al., 2002; van Wassenbergh et al.,
2011). Upright swimming in seahorses and their prehensile
tails are associated with the expansion of shallow-water
areas and seagrass habitats. Their non-fish-like posture and
shape probably also enhance their crypsis without negatively
affecting maneuverability, which they manage although they
lack caudal and pelvic fins (Teske and Beheregaray, 2009).

Some genetic changes associated with phenotypic adap-
tations have been identified in some species of seahorses and
their relatives. For example, the loss of the limb-related gene
tbx4 in seahorses was demonstrated to affect pelvic fin for-
mation (Lin et al., 2016), and the pseudogenization of the
scpp5 gene was likely responsible for the loss of teeth in
syngnathids (Qu et al., 2021). Therefore, the analysis of the
leafy seadragon genome could provide a link to explore the
evolutionary signatures of the unique phenotypes and a
foundation for future conservation strategies.

Climate change is one of the direct drivers of global bio-
diversity loss (Diaz et al., 2019) and adversely affects many
marine species (Lindsey and Dahlman, 2020), leading to
shifts in distributions, body size, phenology, and behavior of
myriads of organisms (Sheridan and Bickford, 2011).
Moreover, climate change-induced range shifts not only di-

rectly influence marine organisms but also result in novel
species interactions and reduce the protective effect of nature
reserves (Dobrowski et al., 2021; Wei et al., 2022). There-
fore, to better understand how to conserve seadragons, it is
necessary to predict the impact of future climate change on
habitat loss and the distribution of this species.

We assembled a de novo leafy seadragon genome, and
conducted, in order to gain biological insights into this iconic
species, further comparative genomic analyses. This study
provides insights into the genetic basis for extraordinary
camouflage of the leafy seadragon, addressed using the
CRISPR-Cas9 methodology. Furthermore, the most simpli-
fied but specific olfactory receptors were found in sea-
dragons, suspected to be ecological adaptations to the highly
specialized environments of kelp forests and seagrass beds.
The historical and contemporary population dynamics were
determined and predicted, and species distribution models
(SDMs) were developed to predict their potential distribution
changes under climate change scenarios (Guisan et al.,
2017), and meanwhile, to offer valuable knowledge for
guiding long-term conservation of the leafy seadragons.

RESULTS

Comparative genomics and evolutionary rates

The leafy seadragon genome was sequenced from a piece of
the leaf-like appendage of an adult male. The final assembly
was 871 Mb (N50, 5.95 Mb), with an estimated complete-
ness of approximately 95% in BUSCO scores (Tables S1 and
S2 in Supporting Information). This genome was predicted
to contain 20,113 protein-coding genes, and a relatively high
level of transposable elements (TEs) and other interspersed
repeats (~61%) (Figure S1, Tables S3—S6 in Supporting In-
formation). The correlations between genome size and the
proportion of TEs across published syngnathids and other
representative teleosts were separately calculated. Overall,
the relative TE content was positively correlated with gen-
ome size in both groups, with a higher correlation coefficient
in syngnathids (Figure 1C and Table S7 in Supporting In-
formation). The proportion of retrotransposon short inter-
spersed nuclear elements (SINEs) in the leafy seadragon was
found to be significantly higher than that in other syngnathid
species (Figure 1D).

Next, we constructed a high-confidence species tree for
eight syngnathids and another 13 ray-finned fishes using a
genome-wide set of 637 one-to-one orthologous genes. We
confirmed that the leafy seadragon is sister to the weedy
seadragon (Phyllopteryx taeniolatus) and estimated their
divergence to have happened during the Neogene—about 9.3
million years ago (Mya) (Figure 1B; Figure S2 in Supporting
Information). Previous studies revealed that seahorses have
among the highest evolutionary rates of teleosts, suggesting
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Figure 1 Phylogenetic position and genomic TE characteristics of the leafy seadragon. A, The morphological diversity in Syngnathidae. Seadragons have
large body sizes, the dragon-like shape body with dermal appendages. B, Phylogenetic relationships of the leafy seadragon and 20 representative teleosts. The
numbers labeled on the tree refer to the estimated divergence time, and the red dots on the shadow rectangle on each node show the 95% confidence interval.
Branches are colored based on w (dN/dS). Pe., Permian; Tr., Triassic; Ju., Jurassic; Cr., Cretaceous; Pa., Paleogene; N., Neogene; Q., Quaternary. C,
Correlation between genome size and the proportion of TEs in syngnathids (yellow, 7=0.5873, P=0.0266) and representative teleosts (gray, =0.3230,
P=0.0004). Genome size statistics of the leafy seadragon and seven other syngnathid species. D, The diagram indicates the size of each type of element,
including the coding regions, LINEs, SINEs, LTRs, DNA elements, and other genomic regions in each species.

that this might be linked to the morphological divergence of
their lineage (Lin et al., 2016). By calculating the substitu-
tion rates, we found that rapid evolution (0.0020 dS/Mya)
originally occurred in the common ancestor of the tail-
brooders (subfamily Syngnathinae), whereas in Manado pi-
pefish—the representative of trunk-brooders in the sub-
family Nerophinae included in this analysis—the
substitution rate was more moderate compared with that of
most other teleosts (0.0001-0.0008 dS/Mya, Figure S3 in
Supporting Information). Syngnathinae is species rich with
highly divergent phenotypes compared with Nerophinae

(Hamilton et al., 2017), which might be causally linked to a
positive correlation with the rate of neutral molecular evo-
lution. We estimated the w (dN/dS) value of orthologous
protein-coding genes in Syngnathinae and other teleosts and
found the highest w value in the common ancestor of sea-
dragons and two seadragon species (leafy and weedy sea-
dragons) (Figure S3 in Supporting Information).

Genetic signatures for camouflage

Adaptive evolution is one of the most important factors af-
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fecting fitness and shaping species distributions (Lohbeck et
al., 2012; Walkiewicz et al., 2012). The genetic basis of
adaptive traits is expected to be shaped by natural selection
(Ge and Guo, 2020; Wei, 2020). This would also be expected
for the evolution of the remarkable camouflage and other
characteristics of the leafy seadragon. We identified 89 po-
sitively selected genes (PSGs), and 269 rapidly evolving
genes (REGs) in the leafy seadragon (adjusted P<0.05)
(Figure S4, Tables S8-S11 in Supporting Information).
Among these, genes involved in neurodevelopment, and
bone, cartilage and body axis formation stood out and were
investigated further (Figure 2A). Leaf-like appendages are a
common feature of seadragons, although leafy seadragons
have much more ornate and elaborate appendages than other
species. The long leaf-like structures are primarily composed
of a bone matrix along with connective tissues enriched by
collagenous fibers (Qu et al., 2021; Stiller et al., 2015). The
identified PSGs and REGs suggest their potential involve-
ment in the formation of leaf-like appendages. For example,
genes involved in the BMP (bmprlaa) and NODAL (ndrl)
signaling pathways, and the HOX (/hoxbla) gene families
showed signs of positive selection. In addition, alkaline
phosphatase (alp/), which plays a conserved and important
role in vertebrate bone development (Liu et al., 2018), was
identified as both a PSG and REG in the leafy seadragon
(Figure 2A)—a gene with a central function in osteogenic
differentiation and bone mineralization in zebrafish (Ohle-
busch et al., 2020).

We specifically retrieved 189 genes related to the devel-
opment of bone and cartilage and estimated the dN/dS ratio
in leafy and weedy seadragons. Compared with background
levels, these genes showed significantly higher dN/dS ratios
in both seadragon species (P<0.0001 in leafy seadragon,
P<0.01 in weedy seadragon), with a slightly (but not sig-
nificantly) higher rate in the leafy seadragon (Figure 2B).

The leafy seadragon’s conspicuous camouflage can even
change color to mimic kelp and seagrass, enhancing crypsis
further (Groves, 1998). Concordantly, we found evidence of
rapid evolution of the KIT proto-oncogene, receptor tyrosine
kinase a (kita) and oculocutaneous albinism II (oca?) in the
leafy seadragon (Figure 2A). The encoded proteins regulate
chromocyte differentiation and migration, and kita knockout
zebrafish show abnormal colorless trunks (Santoriello et al.,
2010). Scl2all, which contributes to diversification of hues
in pigment cells in vertebrates (Kimura et al., 2014), showed
positive selection and accelerated evolution in the leafy
seadragon (Figure 2A). Together, these results imply that the
PSGs and REGs in the leafy seadragon genome might con-
tribute to its remarkable camouflage.

We previously found that the maintenance of leaf-like
appendages is largely supported by genes recruited from
those involved in the development and maintenance of fins
and skin (Qu et al., 2021). Using transcriptomic datasets

from leaf-like appendages (on the head, dorsal, and ventral),
skin, and fins (Qu et al., 2021), we found that most of the
PSGs and REGs had higher expression in the leaf-like ap-
pendages than in the fins and skin (Figure 2C). Among these
genes, REG bone morphogenetic protein 6 (bmp6) was
consistently and highly expressed in the leaf-like appendages
compared with its expression in other body tissues (Figure
2C). In this study, we generated bmp6 mutant zebrafish lines
using the CRISPR-Cas9 technology. The intermuscular
bones (IBs) in bmp6~'~ fish were dysplastic and significantly
reduced in number compared with those in the wild types,
which had no visible phenotypic changes in the axial ske-
leton, such as the skull, rib, and vertebral column (Figure 2D;
Figures S5-S8 in Supporting Information). Consistent re-
sults were also reported in Xu’s study (Xu et al., 2022). The
stable phenotypes of bmp6 knockout fish further confirmed
the crucial function of this gene in the IBs development.

Adaptive changes
metabolism

in nutrient use efficiency and

Similar to many other syngnathids leafy seadragons inhabit
costal seagrass beds, but it differs from their relatives not
only in their ornate leaf-like appendages, but also in their
larger body size. Fully grown adults can reach a length of
50 cm (Groves, 1998), which may require large amounts of
energy for maintenance. Accordingly, we identified several
PSGs and REGs that contribute to nutrition and metabolism
(Figure 2A). For example, cyp7al encodes a member of
cytochrome P450 enzyme and is involved in the synthesis of
cholesterol, steroids, and other lipids (Escher et al., 2003;
Pullinger et al., 2002). apoAl, cept, sortl, soatl, and abcal
play important roles in cholesterol conversion (Bachmann et
al., 2004; Geng et al., 2016; Gustafsen et al., 2014; Oram and
Lawn, 2001; Thompson et al., 2008). Moreover, the ex-
panded gene families of the leafy seadragon were enriched in
the “glycerolipid metabolism” pathway (Figure 2A; Tables
S12 and S13 in Supporting Information). Animals with lar-
ger body sizes usually require higher energy metabolism, and
these genetic changes in the leafy seadragon may improve its
nutrient use efficiency, thus allowing for a larger size at
maturity.

Simultaneous evolution of vision and olfaction

Leafy seadragons have a sufficiently well-developed vision
to not only detect small prey organisms but also to visually
assess their surroundings for camouflage (Telgarsky, 2014).
We found that numerous genes involved in the structure of
the eyes significantly diverged between the leafy seadragon
and other teleosts (Figure 2A). The PSGs and REGs ascl!a,
and gnl3 are necessary for retinal development (Campbell
and Okamoto, 2013; Endo et al., 2009), while fzd8a and opal
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Figure 2 Genomic features related to the particular leafy seadragon biology. A, PSGs, REGs, expanded genes and pathways in the leafy seadragon genome
are associated with vision, coloration, nutrition & metabolism, and morphology & camouflage. B, A total of 189 genes in Gene Ontology (GO) terms related
to the development of bone and cartilage were selected, and we calculated the dN/dS ratios in the leafy seadragon and weedy seadragon under the two-ratio
branch model (model 2) of PAML. Background dN/dS ratios were calculated under one-ratio branch model (model 1) of PAML. The distribution densities of
the dN/dS values are shown. A box plot of dN/dS values in different body size categories is shown. The mean dN/dS values in leafy seadragon and weedy
seadragon were both significantly larger than the background value. ****  P<(.0001; **, P<0.01. C, Expression pattern of genes related to bone and cartilage
formations in the leaf-like appendages, skin, and fin in the weedy seadragon. D and E, Phenotypes and statistics of bmp6 knockout mutants showing that IBs
are dysplastic and significantly reduced in number in zebrafish (*** P<0.001). The bone was stained with Alizarin red. The black arrowheads indicate that the

IBs disappeared in the mutant.

are core genes for the optic nerves (Savvaki et al., 2021;
Yarosh et al., 2008). Among them, knockout of g/n3 led to
the absence of retinal cone and optic tectum apoptotic cells
(Paridaen et al., 2011), and that of fzd8a resulted in optic
fissures in zebrafish (Cheng et al., 2018).

Previous studies in both mammals and fish hypothesized
that enhanced vision comes with an evolutionary con-
sequence of receded olfaction, which suggests a trade-off in
sensory acuity (Nummela et al., 2013; Wang et al., 2022). In
the present study, we found that the sense of smell may have
been secondarily reduced in the two seadragon species
(Figure 3A; Tables S14-S17 in Supporting Information).

Generally, vertebrates have five types of evolutionarily dis-
tinct multi-gene families of G-protein-coupled receptors
(GPCRs) to detect chemicals in the environment: odorant
receptors (ORs), trace-amine associated receptors (TAARS),
vomeronasal type 1 and type 2 receptors (V1R and V2R), and
the mammal-specific formylpeptide receptors (FPRs) (Man-
zini and Korsching, 2011; Mombaerts, 2004). In teleosts,
homologs of VIRs and V2Rs are also named ORAs (ORs
related to class A GPCRs) and OIfCs (ORs related to class C
GPCRs) because of their independent monophyletic entities
and lack of vomeronasal organ in fish (Hussain, 2011). A
previous study on seahorses revealed a significantly smaller



1218

repertoire of ORs (26 genes) than is typical for teleosts (33—
160 genes) (Lin et al., 2016). By retrieving the complete OR,
TAAR, ORA/VIR, and OIfC/V2R gene repertories in eight
syngnathids and nine other teleost fishes, we found that OR
contraction is the ancestral feature of syngnathids (<35 genes
in all species). Seadragons exhibited an even greater loss of
olfaction-related genes (9 and 10 genes in leafy and weedy
seadragons, respectively) and possess the, so far, smallest
repertoire of any ray-finned fish genome (Figure 3A; Figures
S9-S12, Tables S18 and S19 in Supporting Information).
Notably, in addition to the contraction in ORs, significant
gene loss of TAARs and OIfCs/V2Rs was also found in the
common ancestor of syngnathids (Figure 3A; Figures S13—
S19 and Tables S20-S23 in Supporting Information), im-
plying weakened olfaction in these taxa.

In contrast to other olfactory receptor families character-
ized by very dynamic evolutionary gains and losses of
functional genes, the ORA/VIR family—which consists of
the same six genes—is strikingly conserved in teleost species
(Zapilko and Korsching, 2016). Interestingly, seadragons
retained only two (ora2 and ora5) of these six genes,
whereas seahorses, pipefishes, and other teleosts typically
have five to six (Figure 3A; Figure S15, Tables S24 and S25
in Supporting Information). ORAs respond to pheromonal
signals, thereby playing vital roles in mating preferences,
aggression control, individual recognition, and migration. In
zebrafish, ORAs can detect phydroxyphenylacetic acid and
bile acids/salts (Ahuja and Korsching, 2014; Cong et al.,
2019). The extreme loss of ORAs/V1Rs coincides with the
solitary behavior in seadragons, suggesting that they depend
less on their sense of smell and taste to navigate through the
seagrass.

Unlike ORAs/VIRs, OIfCs/V2Rs detect amino acids
(AAs) and elicit feeding behavior in fish (Luu et al., 2004).
For example, in cichlids, the large OIfC/V2R repertoire is
suspected to contribute to their extraordinary feeding beha-
vior diversification (Nikaido et al., 2013). In seadragons,
besides the reduced gene copy, there are fewer conserved AA
sequences. Some seadragon-specific changes were detected
in the AA-sensing ligand-binding receptor signature motif
(Figure 3D and E). As it remains unclear whether these
changes have any effects on the binding ability or preference
of these receptors in seadragons, further studies are needed to
clarify their functional consequences.

Historic population dynamics

Originating in temperate Australasia, Syngnathinae under-
went rapid episodes of diversification after splitting from
Nerophinae (Santaquiteria et al., 2021; Stiller et al., 2022).
Currently, they are widely distributed in tropical and warm-
temperate regions, with extant diversity occurring across the
Indo-Pacific (Figure S20 in Supporting Information). How-

ever, species living in temperate Australasia have been lar-
gely restricted to this region (Stiller et al., 2022) (Figure 4A;
Table S26 in Supporting Information)—including two highly
endemic seadragon species in the coastal waters of southern
Australia.

For teleosts, speciation and habitat colonization rates and
population size were greatly affected by drastic climate
change and shifting ocean currents in the Neogene and
Quaternary (Li et al., 2021b). To infer the demographic
histories of syngnathids, we used whole-genome datasets to
investigate the changes in the effective population size (Ne)
in eight species with different distributions (Figure 4B) using
both the pairwise sequentially Markovian coalescent
(PSMC) and multiple sequentially Markovian coalescent
(MSMC) methods (Li and Durbin, 2011; Schiffels and
Durbin, 2014). The trends revealed with these methods were
consistent in most cases (Figure 4C; Figure S21 in Sup-
porting Information).

We also found that the population histories of syngnathids
distributed in southern Australasia and the west Atlantic
regions are related to eustatic sea-level fluctuations, as de-
monstrated by the evident drastic decline in Ne ~100 thou-
sand years ago (kya), which coincided with the inception of
the Last Glacial Period (LGP, approximate 110—12 kya)
(Figure 4C). However, the Ne of the southern Australasian
species has remained low until today, despite global tem-
peratures and sea levels having risen again and the Ne of
other syngnathids increasing. These Australasian species, in
particular the leafy and the weedy seadragons (Figure 4C),
have also had relatively smaller Nes than those in other re-
gions. Moreover, population studies on the leafy seadragon
have estimated a particularly low genetic diversity (Stiller et
al., 2021; Stiller et al., 2016), which corresponds to a rela-
tively gradual and much smaller change in Ne than in any
other syngnathid species.

Habitat suitability under climate change

Using the maximum entropy approach, we then explored the
distribution of each syngnathid species during the present
and Last Glacial Maximum (LGM, ~21 kya) (Figure 5; Table
S27 in Supporting Information). Manado pipefish were ex-
cluded from this analysis because they live in both brackish
and freshwater (Froese and Pauly, 2022), for which the
models are largely different from those of marine species and
thus have low comparability. The predicted distribution
range was consistent with the extant distribution of all seven
species (Figure 4B; Figure S22 in Supporting Information).
Habitat suitability was largely reduced for most species
during the LGM, which might to some extent explain the
drastic decline in Ne (Figures S23 and S24 in Supporting
Information).

We additionally estimated possible changes in the suitable
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habitats of syngnathid species under representative con-
centration pathway (RCP) 8.5 in 2090-2100. The SDMs
predicted considerable future loss (22% to 41%) of suitable
areas for three southern Australasian species and the Gulf
pipefish endemic to the Gulf of Mexico (Figure 5; Table S28
in Supporting Information). Research on terrestrial plants
and animals has shown that endemic species usually have
narrower niches, making them more sensitive to global en-

vironmental changes (Sala et al., 2000). A similar situation
was also observed for syngnathids. Compared with the
widespread lined seahorse and alligator pipefish, endemic
seadragons can only tolerate a limited range of environ-
mental gradients and thus have much narrower realized ni-
ches (Figure S25 in Supporting Information).

For the two seadragon species, the lost suitable areas in
20902100 were mainly on the east and west coasts of
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Australia (Figure 5B). The leafy seadragon populations in
Western and South Australia are demographically in-
dependent units (Stiller et al., 2021; Stiller et al., 2016), and
similar results were also reported for the weedy seadragon
(Wilson et al., 2017). Despite declining population sizes, low
genetic diversity, loss of habitat, and limited gene flow be-
tween populations potentially making seadragons more
vulnerable to further global changes, the SDMs demon-
strated potential gain of habitat areas for the leafy seadragon
(35%), the tiger tail seahorse (50%), and particularly, the
lined seahorse (93%) (Figure 5B). However, syngnathids
have low-dispersal life histories (Browne et al., 2008), in-
dicating that they may not be able to efficiently emigrate to
suitable habitats that form in the future.

DISCUSSION

With the development of the sequencing technology, gen-
ome-wide analysis became an effective way to reveal animal
traits evolution (Ahlberg, 2021; Chen and Huang, 2020). In
this study, we produced a de novo assembled genome of the
leafy seadragon and identified signatures of rapid evolution
and positive selection in genes related to the formation of
camouflage color and appendages. Accelerated evolutionary
rate and rapid natural selection are usually key factors for
adaptive radiation and hence, diversification of morphology
and behavior (Lii et al.,, 2021; Weber et al., 2020). The
neutral evolutionary rate in the leafy seadragon was higher
than that in other teleosts in the ancestral branch of the
subfamily Syngnathinae, which might explain their rapid and
drastic phenotypic diversification, including the evolution of
their defining skin appendages (Shepherd et al., 2017).
Furthermore, rapid evolution and positive selection have
been shown to correlate with specific morphological and
physiological traits in many fish lineages, including jaw and
tooth phenotypes in cichlids (Karagic et al., 2020), body plan
asymmetry in flatfishes (Lii et al., 2021), and the extreme
lifespan of rockfishes (Kolora et al., 2021). Seadragons were
reported to loss some key fgf genes, which were involved in
the morphogenesis of traits (Small et al., 2022; Xiao et al.,
2020). In the present study, we further identified genetic
signatures in the leafy seadragon that may have contributed
to its extraordinary camouflage and keen eyesight (Bran-
shaw, 2005). Syngnathids often exhibit a reduced olfaction-
related gene repertoire, suggesting an evolutionary trade-off
with the visual system that seems to have increased in ge-
netic complexity and possibly acuity. Gradual gene loss
events have been observed in chemosensory receptors of
syngnathids, with seadragons retaining the smallest re-
pertoire. Previous studies have documented associations
between changes in chemosensory receptor repertoires and
ecological niches. For example, the expansion of OR genes

in freshwater fish may allow them to detect a wider range of
odorant stimuli that are important for their survival in
freshwater (Liu et al., 2021), whereas the small numbers of
ORs and TAARs in Mariana snailfish may be related to the
low abundance and diversity of organisms and biomass in the
hadal trenches (Jiang et al., 2019). The SDMs in this study
predicted significantly smaller realized niches for seadragons
than for their widespread relatives. Hence, we suspect that
the simplified but specific olfactory receptors in seadragons
are related to ecological adaptation to the highly specialized,
environments of kelp forests and seagrass beds.

Leafy seadragons evolved to camouflage within their ha-
bitat. However, this highly specialized ecological niche and
habitat also led to a high dependency on its specific habitat
type, and thus climate change-related habitat loss is a major
threat to leafy seadragon populations. The SDM predictions
indicated that the leafy seadragon had experienced a dra-
matic range shift over the course of this century. The limited
dispersal capacity and specific habitat requirements of these
fish are likely to amplify their vulnerability to environmental
change and reduce the efficiency of protected areas and
prospective suitable habitats that are geographically distant
from their current habitat. Therefore, assessment of the
vulnerability of the leafy seadragon and an informed con-
servation plan needs to consider more than just the species
population dynamics; the everchanging habitat in the face of
global climate change must also be considered. For example,
a long-term empirical study from the 2000s demonstrated
that kelp forests in a tropical-temperate transition zone in
eastern Australia are subjected to considerable warming due
to climate change and have become increasingly dominated
by tropical herbivores. This consequently resulted in the
gradual decline and disappearance of the kelp (Vergés et al.,
2016). Hence, the conservation and management of the leafy
seadragon need to also consider the protection of seagrass
and kelp habitats. Specifically, we recommend taking cli-
mate change-induced range shifts into account while devel-
oping future protection strategies.

MATERIALS AND METHODS

Sampling

A small tissue clip was collected from a tail leaf-like ap-
pendage that naturally fell from an adult leafy seadragon
(Phycodurus eques) provided by LanHai Co., a transport
company responsible for transporting live animals to aqua-
riums in Guangzhou, without harming the animal. The tis-
sues were then stored in 95% ethanol.

DNA extraction and sequencing

Genomic DNA was extracted from the tissue clip using the



classic phenol-chloroform method, followed by purification
with the QIAGEN Genomic kit (Qiagen, USA) according to
the standard operating procedure provided by the manu-
facturer. For sequencing, a total of 30.14 Gb of PacBio reads
and 34.55 Gb of Illumina reads were sequenced using a
PacBio Sequel II platform and an Illumina HiSeq 2500 in-
strument, respectively. Raw sequencing data were processed
following the quality control protocol using SMRTlink 8.0 to
remove low-quality reads and adapters, resulting in subreads.

Genome assembly

k-mer analysis was performed prior to genome assembly to
estimate the genome size and heterozygosity (Gnerre et al.,
2011). Quality-filtered reads were subjected to /7-mer fre-
quency distribution analysis. By analyzing the /7-mer depth
distribution from the shotgun-cleaned sequencing reads, we
estimated the genome size of the leafy seadragon as follows:
genome Size=K,ym/Kyepn-

The genome was assembled de novo into contigs based on
PacBio long reads using FALCON (Li et al., 2012), string
graph (Myers, 2005), and hifiasm (Cheng et al., 2021) with
optimized parameters. The assembly was then polished with
BLASR (Chaisson and Tesler, 2012) by mapping PacBio
reads back to the contigs. To further improve the accuracy of
the assembly, the contigs were refined with Nextpolish using
[llumina short reads with the default parameters (Hu et al.,
2020). To discard possibly redundant contigs and generate a
final assembly, similarity searches were performed using
Redundans software with the parameters “identity 0.8 —
overlap 0.8”.

The completeness of genome assembly was assessed using
BUSCO v4.0.5 (Benchmarking Universal Single-Copy Or-
thologs) with the actinopterygii odbl0 database (3,640
single-copy genes) (Siméo et al., 2015).

Genome annotation

We identified repeats and TEs using de novo approaches.
GMATA (Wang and Wang, 2016) and TRF (Benson, 1999)
were used to identify tandem repeats under default para-
meters. LTR FINDER (Xu and Wang, 2007) was used to
identify long terminal repeat retrotransposons, and the
“einverted” tool in EMBOSS (https://www.bioinformatics.
nl/cgi-bin/emboss) was used to detect the terminal inverted
repeats. RepeatMasker (Tarailo-Graovac and Chen, 2009)
and RepeatProteinMask v3.3.0 (http://www repeatmasker.
org/) were employed to identify TEs based on homology
searches against the Repbase library v16.03, (https://www.
girinst.org/repbase/) using the parameters “-nolow -no_is
-norna -parallel 1” and “-noLowSimple —pvalue le-4”. An
ab initio TE library was constructed by integrating two re-
peat finding programs, RECON and RepeatModeler v1.08
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(http://www.repeatmasker.org/RepeatModeler.html). Using
the repeat library, we estimated the repeat content of the leafy
seadragon genome using RepeatMasker with the sensitive
mode (-s) option.

Ab initio gene prediction was performed using three pro-
grams, namely Augustus (Stanke and Waack, 2003), Glim-
merHMM (Majoros et al., 2004), and SNAP (Korf, 2004).
The GeMoMa program (Keilwagen et al., 2016) was run for
homology-based prediction by aligning the assembled gen-
ome against zebrafish (Danio rerio), Japanese medaka (Or-
yzias latipes), lined seahorse (Hippocampus erectus), tiger
tail seahorse (H. comes), and weedy seadragon (Phyllopteryx
taeniolatus). Next, the transcriptome data of weedy sea-
dragon from our previous study (Qu et al., 2021) was map-
ped onto the genome, and gene prediction was performed
using TransDecoder (http://transdecoder.github.io) and
GeneMarkS-T (Tang et al., 2015). PASA (Campbell et al.,
2006) was used to predict unigene sequences without re-
ference assembly, based on transcriptome data. We then
combined the results from these three methods with Evi-
denceModeler (Haas et al., 2008). The functions of the
predicted genes were annotated using InterProScan v 5.15
(Jones et al., 2014) against public protein databases. In ad-
dition, the KEGG (Kanehisa and Goto, 2000), NR (Birney et
al., 2004), SwissProt (Release 2011.6), and TrEMBL (Re-
lease 2011.6) databases were searched for homology-based
functional assignments using BLAST software v2.6.0.

Syntenic analysis

We performed a genome-wide syntenic analysis between the
leafy seadragon and weedy seadragon. BLASTP was used to
identify orthologous genes in the pairs of these species.
Synteny blocks were searched for seeds with at least five
consecutive orthologous genes between each pair of species.
Subsequently, the proportion of synteny between the pairs of
species was calculated. A circos plot of the leafy seadragon-
weedy seadragon was generated (Figure S1 in Supporting
Information).

Phylogenomic analysis

To determine the phylogenetic position of the leafy sea-
dragon with respect to other Syngnathidae fish, we per-
formed phylogenomic analysis using whole-genome protein
datasets from several representative ray-finned fish. Protein
datasets were obtained from Ensembl-FTP release-96 (fugu,
Takifugu rubripes; stickleback, Gasterosteatus aculeatus;
medaka, O. latipes; Nile tilapia, Oreochromis niloticus;
turbot, Scophthalmus maximus; greater amberjack, Seriola
dumerili; giant fin mudskipper, Periophthalmus magnus-
pinnatus; zebrafish, D. rerio and spotted gar, Lepisosteus
oculatus) or other sources—Southern bluefin tuna, Thunnus
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orientalis (Suda et al., 2019); Atlantic cod, Gadus morhua
(gadMor2) (Terresen et al., 2017); Asian arowana, Scler-
opages formosus (Bian et al., 2016); Pacific opah, Lampris
incognitus (Wang et al., 2022); tiger tail seahorse, H. comes
(Lin et al., 2016); lined seahorse, H. erectus (Li et al.,
2021a); Big-belly seahorse, H. abdominails (He et al., 2021);
Gulf pipefish, Syngnathus scovelli (Small et al., 2016); alli-
gator pipefish, Syngnathoides biaculeatus; weedy seadragon,
P. taeniolatus (Qu et al., 2021); Manado pipefish, Microphis
manadensis (Zhang et al., 2020) and leafy seadragon, P.
eques (present study). OrthoFinder v 2.2.7 (Emms and Kelly,
2015) with default settings was used to identify one-to-one
orthologs from the 21 ray-finned fish species. Multiple
alignments were generated for each orthologous group using
MAFFT v7.475 (https://mafft.cbrc.jp/alignment/software/).
gBlocks was used to remove poorly aligned regions for each
of the orthologous groups with the “allowed gap positions”
set to “With Half’. After alignment and trimming, all the
one-to-one orthologous genes were concatenated into a sin-
gle supergene. ProteinModelSelection.pl provided with
RAXML v8.2.12 (Stamatakis, 2014) was used to deduce the
best-suited substitution model for concatenated alignment. A
maximum likelihood (ML) tree was generated using
RAXML. For the ML analysis, we used the best-fit sub-
stitution model, as deduced by ProteinModelSelection.pl,
and 1,000 replicates for bootstrap support (Figure S2 in
Supporting Information). Molecular dating was performed
using MCMCtree v4.9j in the PAML software v4.9h. The
time calibration was based on a total of eight calibration
points, including three dated fossil records: (i) fAcen-
trophorus varians (~254-260 Ma ago), the oldest known
neopterygian; (ii) tPlectocretacicus clarae (~97-153 Ma
ago), earliest stem tetraodontiform; and (iii) TProsolenosto-
mus lessenii (~48—50 Ma ago), the oldest syngnathid fossil
(Stiller et al., 2022; Teske and Beheregaray, 2009).

Population historical dynamics

The demographic history of the leafy seadragon and the other
seven syngnathid species was inferred using both the PSMC
(Li and Durbin, 2011) and MSMC methods (Schiffels and
Durbin, 2014). For each species, [llumina reads were aligned
to the genome using BWA to recover diploid genome het-
erozygosity information. Variable sites were identified using
SAMotools (Li and Durbin, 2009). The whole-genome diploid
consensus sequences were generated using SAMtools and
BCFtools (Li, 2011) based on the parameter with C50 -d8000
-uf. The program fq2psmcfa was used to transform the
consensus sequence into a FASTA-like format, where the
characters indicate heterozygous positions in consecutive
bins of 100 bp. The PSMC analysis consisted of the fol-
lowing parameters: N25-t15-r5—p “4+25*2+4+6”. In addi-
tion, 100 bootstrap replicates were obtained to measure the

uncertainty around the parameter estimates. MSMC started
from a bam-file created by SAMtools and generated a mask-
file using BEDtools genomecov (Quinlan and Hall, 2010).
We then separated the chromosomes and generated input
files using generate multihetsep.py in msmc-tools. The
MSMC program was run with parameters t27. The mutation
rate for each species was estimated based on the phyloge-
netic tree and divergence time. Changes in the effective
population size (Ne) of each species were calculated using a
mutation rate (u) of 4.33x 107 per site per year and a gen-
eration time (g) of one year (Li et al., 2021a; Lin et al., 2016).

Ecological niche analyses

Study area and distribution data

Distribution data of the leafy seadragon and six other syng-
nathid species were collected from the published literature
and various online repositories, including the Global Biodi-
versity Information Facility (http://www.gbif.org), Ocean
Biogeographic Information System (http://iobis.org), USGS
Biodiversity Information Serving Our Nation (https://bison.
usgs.gov), and Atlas of Living Australia (http://www.ala.org.
au). The retrieved records were checked by experts on
syngnathid and invalid records such as outside species nat-
ural distributional range were excluded. To correct for
sampling bias, we filtered the presence records by keeping
one record per 5-arcmin grid cell (Hu et al., 2021; Kramer-
Schadt et al., 2013). Ultimately, 111-1,211 records were
retained for each species (Figure S22 in Supporting In-
formation).

Predictor variables

We used predictors from MARSPEC (Sbrocco and Barber,
2013) and Bio-ORACLE (Assis et al., 2018) to project ha-
bitat suitability for syngnathids in paleo-and future climates,
respectively. We checked collinearity among the predictors
and selected one among the highly correlated predictors (Hu
et al.,, 2021). We ultimately considered six (water depth,
distance to shore, annual mean sea surface salinity (SSS),
annual range of SSS, annual mean sea surface temperature
(SST), and annual range of SST) and seven (plus annual
mean current velocity) predictors to project habitat suit-
ability during the Last Glacial Maximum and the average of
2090-2100, respectively (Figure S23 in Supporting In-
formation). We obtained projections of marine predictors in
the 2100s under the RCP 8.5, and the importance of each
predictor was quantified (Figure S26 in Supporting In-
formation).

Realized niche quantification

We quantified the realized niches for the leafy seadragon and
its relatives using Hutchinson’s n-dimensional hypervolume
approach. We first extracted marine predictors from the



presence records for each species and scaled them to zero
means and unit variance. We then used the Aypervolume R
package to determine the shapes and volumes of the realized
niches for each species (Blonder et al., 2018).

Species distribution model

We constructed SDMs using the MaxEnt algorithm, which is
amachine learning approach that has been widely used in the
marine realm (Melo-Merino et al., 2020). In principle, we
developed SDMs based on species present-day distribution
data and present-day marine predictors and then applied this
model to project species habitat suitability during different
time periods. Therefore, we developed two SDMs for each
species: one model to project habitat suitability during the
LGM, and the other to investigate possible future changes in
habitat suitability. To avoid overfitting issues associated with
model default parameter settings, we tuned MaxEnt para-
meters using the ENMeval R package (Kass et al., 2021).
Predictive abilities of SDMs were evaluated using the area
under the receiver operating characteristic curve (AUC) and
continuous Boyce index. For easy interpretation, we con-
verted continuous SDM predictions into binary through 10%
presence probability threshold. For each species, we calcu-
lated the ratio of the suitable habitat area during the LGM to
the present-day suitable habitat area. When projecting future
habitat suitability, we adopted an unlimited dispersal sce-
nario that assumes that species can occupy any new suitable
habitat in the future. In addition, the coefficient of variation
(i.e., the standard deviation divided by the mean), which
measures model agreement levels (a lower value indicates
higher agreement), was estimated. Generally, the coefficient
of variation values was low, especially within the projected
suitable areas (Figures S27 and S28 in Supporting In-
formation), suggesting that our model predictions should be
reliable.

Expansion and contraction of gene families

We compared the protein sequences of leafy seadragon with
that of 12 other ray-finned fish, including zebrafish, opah,
medaka, fugu, Southern bluefin tuna, tiger tail seahorse,
lined seahorse, big-belly seahorse, Gulf pipefish, weedy
seadragon, alligator pipefish, and Manado pipefish, for
identifying potential homologs using BLASTP with an E-
value of 1x10 '°. OrthoFinder version 2.5.2 was used to
identify orthogroups with the default MCL inflation para-
meter (Emms and Kelly, 2015). First, OrthoFinder uses
DIAMOND for sequence similarity searches in all-versus-all
mode. The OrthoFinder algorithm was then used to initially
process the DIAMOND search results, connect putative
homologues, and determine the final scores for each species
to the graph file. The Markov cluster algorithm (MCL) was
used to cluster gene families. The numbers and sequences of
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the orthogroups are written into files. Expansion and con-
traction in the gene family were calculated using the CAFE
program v3.1 (De Bie et al., 2006) with the gene family
counts file and species tree as input based on the birth-and-
death model. The parameters “-p 0.01, -r 10000, -s” were set
to search for the birth and death parameter (1) of genes based
on Monte Carlo resampling, and birth and death parameters
in gene families with a P value<0.01 have been reported.
Gene families without homology in the SWISS-PROT da-
tabase were filtered out to reduce potential false-positive
expansions or contractions caused by gene prediction. Gene
families containing sequences with multiple functional an-
notations were then removed. Gene expansion and contrac-
tion results for each branch of the phylogenetic tree were
estimated and are summarized in Figure S4 in Supporting
Information. In addition, GO and KEGG enrichment ana-
lyses of expanded and contracted gene families in the leafy
seadragon and leafy-weedy seadragon clades were con-
ducted using the GOseq R package and KOBAS software,
and the results are shown in Figures S9, S10, Tables S12—
S17, S29 and S30 in Supporting Information.

Positive selection analysis

PSGs in the leafy seadragon and the leafy-weedy seadragon
clade were detected. Orthologous genes were extracted from
the same species as in the gene family analysis. Coding se-
quence alignments were generated using the PRANK wv.
170427 software with the codon model (Loytynoja, 2014).
Positive selection analyses were conducted using the branch-
site. model with the PAML (Yang, 2007). We compared
model A (allows sites to be under positive selection; fix_
omega=0) with null model A1 (sites may evolve neutrally or
under purifying selection; fix_omega=1 and omega=1) via a
likelihood ratio test using the Codeml program in PAML.
The significance (adjusted P<0.05) of the compared like-
lihood ratios was evaluated using x2 tests from PAML. Next,
GO and KEGG enrichment analyses were performed for
PSGs (Tables S8-S11 and S31-S37 in Supporting Informa-
tion).

Rapid evolution analysis

REGs were detected in the leafy seadragon and the sea-
dragon clade were detected, respectively. Orthologous genes
were extracted from the same species as in the gene family
analysis. The branch model in PAML was used with the null
model (model=0), which assumed that all branches had
evolved at the same rate, and the alternative model (mod-
el=2). A likelihood ratio test was conducted to examine
whether the foreground branch exhibited a significantly
higher o value (regardless of whether it was greater than 1)
than the background branch. Genes with adjusted P<0.05
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were considered to evolve at a significantly faster rate in
leafy seadragon. GO and KEGG enrichment analyses were
performed for the REGs (Tables S8-S11 and S31-S37 in
Supporting Information).

CRISPR-Cas9-based knockout of bmp6

CRISPR/Cas9 strategy was used to generate a bmp6 mutant
zebrafish line. Zebrafish were kept at 26-28°C under a
controlled light cycle (14 h light, 10 h dark) to induce
spawning. Offspring were used for subsequent experiments.
The guide RNAs (gRNAs) were designed to target zebrafish
bmp6 in exon 5 (Figure S5 in Supporting Information) ac-
cording to the study by Moreno-Mateos et al. (2015). The
gRNA template DNA for the in vitro transcription was made
using the following overlap PCR system, before being run at
98°C for 30's, 45 cycles of (98°C for 10 s, 60°C for 10 s,
72°C for 15 s), 72°C for 5 min, 10°C for storage.

The generated gRNA template and synthesized Cas9
plasmid (pCS2-nCas9n) DNA were then used for in vitro
transcription using the mMachine T7 Transcription Kit
(Thermo Fischer Scientific, USA), and purified using the
RNA cleanup protocol from the RNAeasy mini kit (Qiagen,
Germany). Purified gRNAs (~80 ng uL™") were co-injected
with Cas9 mRNA (~400 ng uL™") into zebrafish embryos (FO
fish) at the single-cell stage. FO fish were raised to maturity
and genotyped using fin clipping. The corresponding primers
(forward: bmp6 F:5 GGTGTAGTATAATGCAATAC 3;
reverse: bmp6_R:5' CCACTGCTGGTCTCCACACTGA 3')
were used to screen founders with site mutations. Adult
founders were outcrossed with wild-type fish to obtain F1
fish, which were subsequently genotyped and outcrossed
with wild-type fish to obtain F2 fish. Heterozygous F2 in-
dividuals were intercrossed to obtain homozygous F3 fish.

Fluorescence in situ hybridization

In situ hybridization was performed for bmp6 and sp7,
markers of osteoblasts in zebrafish. The tissue was fixed in
4% paraformaldehyde for 24 h, dehydrated using a series of
gradient ethanol baths, embedded in paraffin, and sliced
horizontally (5 um). According to the coding sequences of
bmp6 and sp7, primers were designed (bmp6 F1:5'
TGCTGGAATCTCGCAGGTTG 3', bmp6 R1:5' TAA-
TACGACTCACTATAGGGAGAGATGAGCCGGTCC-
CTTTGATG 3'; sp7_F1:5 GACCCTCACTGGACTGCTTC
3", sp7 _RI1:5' TAATACGACTCACTATAGGGAGAGCG-
GCATTTGAGGATTGAGCG 3"). The PCR products were
purified, and a DIG-tagged hmp6 probe and a fluorescein-
tagged sp7 probe were synthesized. Dual fluorescence in situ
hybridization was performed according to the method de-
scribed by Fominaya et al. (2016). Two antibodies, anti-DIG-
POD, Fab fragments (Roche Diagnostics GmbH, Shanghai,

China) and anti-fluorescein-POD, Fab fragments (Roche
Diagnostics GmbH), were used to bind the probes separately.
Then, tyramide signal amplification (TSA) was used for
chromogenic reaction with hmp6 labeled in green and sp7
labeled in red, and DAPI labeled in blue for nuclei (Figure S6
in Supporting Information).

Bone staining for bmp6™"~ mutants

Mineralized bone was stained with Alizarin Red using the
following modified protocol from the lab of P. Eckhard
Witten in Ghent University (Belgium) for larvae and adult
fish: (i) fix the specimens in 4% paraformaldehyde overnight;
(ii) wash specimens thrice with 1% PBST (0.1% Tween 20),
5 min each time; (iii) prepare the bleach solution by mixing
3% H,0, and 2% KOH according to a ratio of 1:2; (iv) add
this bleach solution to the specimens and process the sample
for 10 min (depending on the size of the specimens, this does
not take a long time and has to be observed carefully) until
the specimens is transparent; (v) wash specimens thrice with
water, for 5 min each time; (vi) transfer the sample to Ali-
zarin Red S (0.1%) for 1-2 h (depending on the size of the
specimen, timing observation, adjusting the dyeing time);
(vii) Wash thrice with water; (viii) place the sample in 50%
glycerol-KOH to make them transparent, and then transfer to
70% before storing it in 100% glycerol for examination; (ix)
The stained specimens were analyzed and photographed
using an Olympus SZX2 stereo microscope (Japan).

Transcriptome analyses for bmp6_/_ mutants

Total RNA was isolated from whole fish at 45 dpf wild type
and mutants using RNAiso Plus Reagent (TaKaRa, Beijing,
China). Subsequently, total RNA was quantified using a 2100
Bioanalyzer system (Agilent Technology, USA), and samples
that met the quality requirements were used for RNA-seq
library preparation. Three biological duplicates were used for
wild-type and mutant lines, respectively, and a total of six
libraries were generated and sequenced on an Illumina HiSeq
platform. After quality control of the raw data, paired-end
clean reads were aligned to the zebrafish reference genome
(ftp://ftp.ensembl.org/pub/release-92/fasta/danio_rerio/).
Then the FPKM of each gene was calculated, and differential
expression analysis was performed using the DESeq R
package (1.18.0) (Wang et al., 2010). Genes with a P-va-
lue<0.05 and a fold change of >2 or <0.5 were defined as
differentially expressed genes (DEGs) after controlling for the
false discovery rate (Figure S7 in Supporting Information).

Behavioral observation for bmp6_/_ mutants

The methods were modified from those described by Yuan et
al. (2021). Wild types and mutants (all 90 dpf) were sepa-



rately transferred to an experimental tank (length 30 cm
xheight 24 cmxwidth 12 cm filled with 2 L of clean water)
with a uniform cold white light source. The wild types and
mutants were allowed to acclimatize to the environment for
at least 1 h. A digital video format (Sony, Beijing, China)
was used to record videos 10 min after the fish were accli-
mated to the environment, and EthoVision XT 14 software
(Noldus Information Technology, Beijing, China) was used
to analyze the behavioral changes (speed, swimming route,
and reaction time) between the wild-type and mutant strains.
The wild-type and mutants had six biological replicates.
During all experiments, the room and water temperatures
were maintained at 25°C+1°C.

Identification of chemosensory receptor families

We identified four chemosensory receptor families OR,
TAAR, ORA/VIR and OIfC/V2R, in 17 teleosts (zebrafish,
Atlantic cod, opah, fugu, stickleback, turbot, platyfish, me-
daka, bluefin tuna, Manado pipefish, Gulf pipefish, big-belly
seahorse, lined seahorse, tiger tail seahorse, alligator pipe-
fish, weedy seadragon, and leafy seadragon). First, we
downloaded the OR, TAAR, ORA/V1R, and OIfC/V2R se-
quences of zebrafish, medaka, tilapia, and tiger-tail seahorse
from public databases or published articles. These sequences
were used as initial queries. A genome-wide survey was
performed in leafy seadragon and other 16 teleosts using the
Gene Model Mapper (GeMoMa) v1.7.1 (Keilwagen et al.,
2016). Briefly, the module Extractor in GeMoMa was used to
extract coding exons as queries. We selected mmseqs as the
search algorithm to search for the target genome with query
sequences. Module GeneModelMapper was used to build
gene models from mmseqs search results. Module GAF was
used to merge and filter the gene models by combining
predictions from different reference organisms. Finally, the
Annotation Finalizer module was used to rename the pre-
dictions. We only retrieved high-quality gene models with
completeness (start=="M’ and steo==‘*’) and high relative
scores (score/aa>1.5). Pseudogenes were predicted using
Shiu Lab’s pseudogene pipeline (Campbell et al., 2014).

Phylogenetic analysis for chemosensory receptor families

For each of the four chemosensory receptor families, the amino
acid sequences of all 17 species were aligned using MAFFT
v7.475 (https://maftt.cbrc.jp/alignment/software/) with the
default parameters. Then the alignments were manually ad-
justed to delete gaps with 90% tolerance. For phylogenetic
analysis, ProteinModelSelection.pl provided with RAXML
v8.2.12 (Stamatakis, 2014) was used to deduce the best-suited
substitution model, and a tree was constructed using RAXML
with BS (BootStrap) and ML search type. Subsequently, the
tree topologies were rendered in FigTree v1.4.4.
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Estimation of gene gain and loss of chemosensory re-
ceptor families

We estimated gene gain and loss for each of the four che-
mosensory receptor families. CAFE was used to reconstruct
the phylogenetic history and infer copy numbers for all an-
cestral nodes using the identified complete genes. First, a text
file containing the gene number of each subfamily for each
species was prepared. Species trees with divergence times
were obtained from our phylogenomic analysis. CAFE uses a
birth and death process to model gene gain and loss across
tree species. The P-value was set to 0.05. To calculate the
gene gain and loss for each ancestral node in the species tree,
copy numbers for all subfamilies in each node were counted.

Data availability

The raw data and genome assembly are available from the
National Center for Biotechnology Information BioProject
under the accession code PRINA838714 and
PRINA842165.
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