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Abstract
Seahorses are a hallmark of specialized morphological features due to their elongated prehensile tail. However, the underlying 
genomic grounds of seahorse tail development remain elusive. Herein, we evaluated the roles of essential genes from the Wnt 
gene family for the tail developmental process in the lined seahorse (Hippocampus erectus). Comparative genomic analysis 
revealed that the Wnt gene family is conserved in seahorses. The expression profiles and in situ hybridization suggested that 
Wnt5a, Wnt8a, and Wnt11 may participate in seahorse tail development. Like in other teleosts, Wnt5a and Wnt11 were found 
to regulate the development of the tail axial mesoderm and tail somitic mesoderm, respectively. However, a significantly 
extended expression period of Wnt8a during seahorse tail development was observed. Signaling pathway analysis further 
showed that Wnt8a up-regulated the expression of the tail axial mesoderm gene (Shh), while interaction analysis indicated that 
Wnt8a could promote the expression of Wnt11. In summary, our results indicate that the special extended expression period 
of Wnt8a might promote caudal tail axis formation, which contributes to the formation of the elongated tail of the seahorse.
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Introduction

Seahorses (genus Hippocampus) are known for their 
unique morphological features, such as an elongated and 
prehensile tail, and ovoviviparous reproductive strategies 
(Li et al. 2020; Lin et al. 2016; Neutens et al. 2014; Zhang 
et al. 2020). The seahorse tail is regarded as a remarkable 

evolutionary innovation, as it is not used for rapid swimming 
but, instead, as a flexible appendage for grasping (Ashley-
Ross 2002; Porter et al. 2015). The seahorse tail is finless, 
square-prism shaped, elongated, flexible, and prehensile, 
enabling it to hold on to objects such as sea grasses, coral 
reefs, and mangrove roots (Hale 1996; Neutens et al. 2014). 
In the lined seahorse (Hippocampus erectus), the number 
of tail somites (34–39, most 36) is significantly higher than 
that of the trunk (11) (Lourie et al. 2004). The ratio of tail 
to trunk somites (36/11) is significantly higher than that 
of common fish, such as zebrafish (14/18) (Kimmel et al. 
1995) and medaka (11/24) (Iwamatsu 2004). The length of 
the seahorse tail accounts for almost half of the whole body 
length, and the tail shows obviously elongated tail segments 
compared with those of other teleosts (Neutens et al. 2014; 
Porter et al. 2015; Praet et al. 2012). Embryology studies 
have shown that the specialized tail morphological feature 
of seahorses is established during embryogenesis. According 
to standardized classification, seahorse embryogenesis can 
be divided into four sequential stages: early-embryogenesis, 
mid-embryogenesis (or eye development), late-embryogene-
sis (or snout formation), and juvenile stages (Sommer et al. 
2012; Whittington et al. 2015). The seahorse tail develop-
mental process occurs throughout these four stages, such that 
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the tail bud primordium forms in the early-embryogenesis 
stage and tail somite extension mainly occurs during the 
following two developmental stages (Novelli et al. 2018; 
Sommer et al. 2012).

Vertebrate tails are formed with an anterior–posterior 
(A–P) progression that is driven by a population of multi-
potent precursors at the tail bud (Cambray and Wilson 2002; 
Charrier et al. 1999; Gont et al. 1993). Data from diverse 
deuterostomes (amphioxus, fish, frog, chicken, and mouse) 
suggest that the fate of the stem cells at the tail bud is orches-
trated by a tightly regulated interplay of several signaling 
pathways (Aires et al. 2018; Benazeraf and Pourquie 2013; 
Thorpe et al. 2005). The crosstalk among these signaling 
pathways provides positional information and induces cell 
differentiation (Huelsken and Birchmeier 2001; Nelson 
and Nusse 2004; Nusse 2008; Ryan and Baxevanis 2007; 
Saito-Diaz et al. 2013). Crucial mediators of this cell-to-
cell communication process are the Wnt ligands (Huelsken 
and Birchmeier 2001; Kestler and Kuhl 2008; Krausova 
and Korinek 2014; Moon et al. 1997; Ramel et al. 2005). 
Wnt ligands regulate the expression of several genes that 
are involved in several developmental processes, from axis 
formation to tissue generation (Klaus and Birchmeier 2008). 
They function via different Wnt signaling pathways, which 
are categorized into the canonical Wnt signaling pathway (or 
Wnt/β-catenin signaling pathway) and non-canonical Wnt 
signaling pathway (including the Wnt/Ca2+ and the Wnt/
PCP signaling pathways) groups (Reya and Clevers 2005). 
Wnt signaling pathways form an ancient system that has 
been highly conserved during evolution (Angers and Moon 
2009; Wiese et al. 2018).

In vertebrates, tail development has been under investiga-
tion for decades, but the mechanism underlying tail diversifi-
cation among species is largely unknown. The unique elon-
gated and prehensile tail of the seahorse makes it the perfect 
model to elucidate the molecular mechanisms underlying the 
diverse tail development in vertebrates. The present study 
focused on elucidating the vital role of the Wnt gene family 
in the elongated tail formation in seahorses using a com-
parative genomic analysis approach by identifying potential 
key Wnt elements and molecular regulatory mechanisms 
involved in this process.

Results

Wnt genes in lined seahorse

A total of 22 Wnt gene family members were identified from 
the whole-genome data of the lined seahorse (Supplemen-
tary Table S1). Similar to other teleosts, gene synteny analy-
sis revealed that the genomic arrangements of Wnts were 
non-clustered in the seahorse and that most Wnts shared a 

genomic organization that was conserved during seahorse 
evolution (Supplementary Fig. S1). The Wnt locus length 
was variable. The exon numbers ranged from three to seven 
(Supplementary Fig. S2), which is comparable to those in 
other teleosts.

Similar to other teleosts, the lengths of Wnt proteins in 
the seahorse ranged from 290 to 422 amino acids (Supple-
mentary Table S1). The domain architecture of homologous 
Wnt proteins was also highly conserved in the seahorse. 
Although the N terminus was variable, a highly conserved 
“Wnt1” domain was observed at the C terminal of each Wnt 
protein (Supplementary Figs. S3, S4).

Evolution of Wnt genes

Wnt protein sequences from other eight representative ver-
tebrate species available in the NCBI database were used to 
construct the Wnt phylogenetic tree. Similar to other verte-
brates, the Wnt proteins of the seahorse could be subdivided 
into 12 subfamilies, including Wnt1–11 and Wnt16 (Fig. 1, 
Supplementary Fig. S5), but no seahorse-specific subfam-
ily was identified. The subfamilies of Wnt1, Wnt11, and 
Wnt16 were single orthologs, a finding that was consist-
ent among various vertebrates. The other Wnt subfamilies 
were multiple orthologs that contained two or three copies. 
Wnt orthologs from two seahorses showed the most distant 
evolutionary relationship within teleosts. Compared to other 
teleosts, the Wnt gene families in the seahorses H. erectus 
and H. comes were conserved, and no special expansion or 
contraction of Wnt gene families was observed.

Temporal expression of Wnt genes during seahorse 
embryo development

To screen the potential Wnts involved in seahorse tail devel-
opment at the embryonic stages, the Wnt family expres-
sion profiles at four typical tail development stages were 
evaluated. The data revealed 22 Wnts that showed dynamic 
changes during seahorse embryo development. Interestingly, 
four Wnts—Wnt5a, Wnt8a, Wnt9b, and Wnt11—showed 
particular fluctuations during the developmental process 
(Fig. 2). Wnt8a was prominently expressed during the early- 
and mid-embryogenesis stages, and its expression gradu-
ally decreased during the following stages. In contrast, the 
expression of Wnt9b kept increasing throughout the embryo 
developmental process. Both Wnt5a and Wnt11 were promi-
nently expressed during the mid- and late-embryogenesis 
stages, during which rapid seahorse tail axial growth and 
somite formation took place. The expression of two other 
Wnt genes, namely Wnt2bb and Wnt4b, also changed sig-
nificantly during the embryo developmental stages, however, 
these two genes exclusively regulate liver specification and 
central nervous system development (Inohaya et al. 2010; 
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Negishi et al. 2009; Ober et al. 2006). Therefore, we specu-
lated that among members of the Wnt gene family, Wnt5a, 
Wnt8a, Wnt9b, and Wnt11 may be important in regulating 
seahorse tail development.

In situ hybridization analysis of the key candidate 
Wnt genes

To test this hypothesis, the expression of the Wnts identified 
in specific morphological regions was evaluated. Whole-

mount in situ hybridization results showed that three (Wnt5a, 
Wnt8a, and Wnt11) of the four candidate Wnts were highly 
expressed in the developing tails.

Given that Wnt8a is a maternal gene (Hino et al. 2018), 
it was first observed at the animal pole of the early cleavage 
at the early-embryogenesis stage (Fig. 3a1), and it gradu-
ally accumulated in the primitive streak (Fig. 3b1). In the 
mid-embryogenesis stage, in which the tail bud primor-
dium arises, a Wnt8a buildup was observed in the tail bud 

primordium, and Wnt8a continued to accumulate during tail 
segment outgrowth (Fig. 3c1, d1). In the late-embryogenesis 
stage, as the new tail somite formation gradually ended, the 
accumulation of Wnt8a in the tail bud gradually decreased 
(Fig. 3e1), until it was undetectable by the end of the new 
tail somite formation (Fig. 3f1, g1). Unlike in zebrafish, in 
which the expression of Wnt8a is limited to the blastula and 
gastrula (Lu et al. 2011; Shimizu et al. 2005), the expression 
of Wnt8a was significantly extended during tail development 
in the seahorse.

Interestingly, the expression pattern of Wnt5a partially 
overlapped with that of Wnt8a. During the early-embryo-
genesis stage, the accumulation of Wnt5a was detected at 
the animal pole of the blastomere, and later, it was detected 
in the primitive streak (Fig. 3a, b). In the mid-embryo-
genesis stage, Wnt5a continuously accumulated in the tail 
bud primordium in a graded manner along the A–P axis, 
with the highest accumulation observed in the distal tail 
bud (Fig. 3c, d). During the late-embryogenesis stage, the 

Fig. 1  The Wnt gene repertoire 
of several representative verte-
brates. The tree on the left sum-
marizes the phylogenetic rela-
tionships of the seahorse and 
seven additional vertebrates. 
Different Wnt subfamilies are 
delineated by gray background. 
A box indicates the presence of 
a member of a given Wnt sub-
family in a particular group

Fig. 2  Expression profiles of 
Wnts in seahorse embryos at 
four typical tail developmental 
stages. qRT-PCR experiments 
were performed in triplicate 
for each developmental stage. 
The development stages are 
indicated at the left, and the 
relative expression levels of the 
22 Wnts at each stage are shown 
at the right
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accumulation of Wnt5a in the tail bud primordium gradu-
ally decreased (Fig. 3e, f). However, the accumulation of 
Wnt5a in the tail bud was maintained for longer than that 
of Wnt8a (Fig. 3e–g). Moreover, Wnt5a also accumulated 
in abundance in other distal tissues that outgrow from the 

body axis, such as the dorsal fin bud, pectoral fin buds, and 
caudal end of the gut (Fig. 3e–g, Supplementary Fig. S6).

Wnt11 showed a strikingly different expression pattern. Ini-
tially, it accumulated in the animal pole, and later, it accumu-
lated at the primitive streak in the early-embryogenesis stage 

Fig. 3  Whole-mount in situ hybridization analysis of Wnt5a, Wnt8a, 
and Wnt11 in lined seahorse embryos at different developmental 
stages. Arrowheads indicate Wnt accumulation in the tail. The boxes 
in the upper right corners of panels show the higher magnification of 
the tail. Embryos in a, a1, and a2 are shown with the animal pole 
up; embryos in b, b1, and b2 are shown with the primitive streak up; 

the dorsal view is shown for embryos in c2, with the head to the left; 
the remaining images show a lateral view, with the head to the left 
and dorsal side up. These images are representative of at least five 
individual specimens. Ear early-embryogenesis stage, Mid mid-
embryogenesis stage, Lat late-embryogenesis stage, Juv Juvenile. 
Bar = 200 μm
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(Fig. 3a2, b2) like Wnt5a and Wnt8a. However, with the forma-
tion of the body axis, Wnt11 began to accumulate in the whole 
somites and notochord (Fig. 3c2, d2). By the late-embryogen-
esis stage, with the anterior trunk somitogenesis completed, 
the accumulation of Wnt11 at the anterior trunks gradually 
decreased and was mostly limited to the tail somites and noto-
chord (Fig. 3e2). When the tail somitogenesis ended, Wnt11 
was no longer detectable by in situ hybridization (Fig. 3f2, g2).

In contrast to the Wnts described above, Wnt9b showed 
quite a different expression pattern. From the early-embry-
ogenesis to mid-embryogenesis stage, Wnt9b was undetect-
able by in situ hybridization. By the late-embryogenesis and 
juvenile stages, a significant Wnt9b signal had accumulated 
in the primary digestive tract (Supplementary Fig. S7).

Overall, these results indicate that three Wnts (Wnt5a, 
Wnt8a, and Wnt11) could be involved in seahorse tail devel-
opment. Wnt5a and Wnt8a may function in the tail bud in 
a partially redundant or complementary manner, whereas 
Wnt11 may contribute to the regulation of the tail axial 
somite development.

Signaling pathway analysis of the key candidate 
Wnt genes

To explore the potential regulatory functions of Wnt5a, 
Wnt8a, and Wnt11 in seahorse tail development, the signal-
ing pathway of downstream tail component marker genes 
was evaluated after Wnts overexpression in seahorse primary 
embryonic cell lines. The results showed that the expres-
sion of tail component genes were up-regulated after the 
overexpression of each of the three Wnts (Fig. 4a–c). During 
this process, different Wnt signaling pathways were acti-
vated (Supplementary Fig. S8). Cells overexpressing Wnt5a 
or Wnt8a showed enhanced expression of Shh (Fig. 4a, b), 
which indicated the potential of Wnt5a and Wnt8a in pro-
moting the formation of the seahorse tail axial mesoderm 
and/or primitive streak. Cells overexpressing Wnt11 showed 
a higher expression of MyoD (Fig. 4c), indicating the poten-
tial for promoting the formation of the seahorse tail somitic 
mesoderm. Nevertheless, the expression patterns of both tail 
marker genes in vivo showed significant correlation with 
the three Wnts during seahorse embryo tail development. 
The axial mesoderm marker gene, Shh, was highly expressed 
during rapid tail outgrowth (in the mid- and late-embryo-
genesis stage), whereas it was reduced in the juvenile stage, 
when tail somitogenesis ended (Fig. 4d). In turn, the somitic 
mesoderm marker gene, MyoD, was highly expressed dur-
ing the mid-embryogenesis stage and remained elevated 
throughout the following stages (Fig. 4e).

Therefore, Wnt5a and Wnt8a may regulate seahorse tail 
development by promoting tail bud axial mesoderm forma-
tion, while Wnt11 may contribute to seahorse tail develop-
ment by promoting tail somitogenesis (Fig. 4f).

Interaction analysis of the key candidate Wnt genes

Given the partially overlapped expression pattern of the 
three Wnts in the seahorse tail, determining their potential 
interplays would be helpful to better understand the under-
lying mechanisms during seahorse tail development. Sig-
nificant interactions among the three Wnts were observed. 
Overexpression of Wnt5a resulted in an up-regulation of 
Wnt11, but down-regulation of Wnt8a (Fig. 5a), whereas 
overexpression of Wnt8a only impacted Wnt11, leading to its 
up-regulation (Fig. 5b). However, the expression of neither 
Wnt5a nor Wnt8a was influenced by the overexpression of 
Wnt11 (Fig. 5c). Thus, a potential regulation loop could be 
inferred to exist among the three key Wnts involved in sea-
horse tail development (Fig. 5d).

Discussion

How novel traits arise in organisms has long been a funda-
mental problem in biology (Wagner and Lynch 2010). Cur-
rently, there exist two appealing hypotheses regarding the 
molecular events leading to the development of novel traits. 
One hypothesis suggests that novel traits usually evolve 
through the co-option of preexisting genes, mainly via gene 
duplication and functional specialization of proteins. An 
alternative hypothesis is that novel traits can evolve without 
requiring gene duplication, but rather through changes in 
spatiotemporal gene expression patterns or functional modi-
fications of the proteins encoded by genes or a combination 
of both (Harlin-Cognato et al. 2006). The Wnt gene family 
encodes a class of signaling molecules that play vital roles 
in the regulation of vertebrate posterior body development 
(Huelsken and Birchmeier 2001; Kestler and Kuhl 2008; 
Krausova and Korinek 2014; Martin and Kimelman 2008; 
Moon et al. 1997; Ramel et al. 2005). As in many other 
gene families, the expansion and contraction of the Wnt gene 
family, by gene duplication or loss, is associated with devel-
opmental diversification in the animal kingdom (Cho et al. 
2010). In vertebrates, the Wnt gene family is subdivided 
into 12 subfamilies, of which only six have counterparts in 
Ecdysozoa (Prud’homme et al. 2002). Studies showed that 
the Wnt gene family in mammals (mouse and human) is 
composed of 19 Wnts (Garriock et al. 2007; Nusse 2001). 
However, the Wnt gene family is expanded in frog and tel-
eost genomes (Garriock et al. 2007), which is suggestive 
of duplication events. Whole-genome analysis revealed 22 
Wnts in the lined seahorse and the genomic organization 
of the Wnt loci was conserved when compared with that in 
other teleosts. Our results were consistent with data from 
other bony fishes (Duncan et al. 2015; Garriock et al. 2007). 
Moreover, our data indicated that no specific gene duplica-
tion of the Wnt gene family occurred in the seahorse when 
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compared with other teleosts. The 22 Wnts in the seahorse 
could be subdivided into 12 Wnt subfamilies, and sequence 
alignment analysis showed that the Wnt proteins were evo-
lutionarily conserved. Furthermore, no special functional 
specialization or modifications were noted in Wnt proteins 
of the seahorse. These findings indicate that the Wnt gene 
family was not subjected to genomic changes in the sea-
horse, and the development of the special seahorse tail was 
not associated with the gene duplication or functional spe-
cialization of Wnt gene family.

The mRNA expression profile and in situ hybridization 
analyses further revealed that three Wnts (Wnt5a, Wnt8a, and 
Wnt11) may be involved in the seahorse tail developmental 
process. Among them, Wnt5a and Wnt8a may be involved 
in tail bud development, whereas Wnt11 may be involved in 
tail somite development. Previous studies reported that the 
Wnts were involved in tail development, but they only men-
tioned Wnt5 or Wnt8a individually or the combination of 
Wnt5a and Wnt11 (Andre et al. 2015; Cha et al. 2008, 2009; 
Song et al. 2008; Yamaguchi et al. 1999). During mouse 
embryogenesis, Wnt5a is expressed in multiple outgrow-
ing structures and is important for their outgrowth. Muta-
tion of Wnt5a results in severe shortening of the A–P axis 
and limb truncation (Yamaguchi et al. 1999). In zebrafish, 
Wnt8a is involved in the convergent extension of the primal 
body axis (Erter et al. 2001) and is a crucial determinant 
of the posterior body axis during gastrulation (Erter et al. 
2001; Lekven et al. 2001; Lu et al. 2011). At later stages of 
zebrafish embryonic development, Wnt11 is expressed in 

several mesoderm-induced organs, such as somites, and the 
developing notochord (Makita et al. 1998). Wnt11 is also 
involved in posterior mesoderm and notochord differentia-
tion in all vertebrates (Makita et al. 1998; Tada and Smith 
2000). Expression of dominant-negative Wnt11 leads to con-
vergent extension and neural tube defects (Tada and Smith 
2000). In the present study, signaling pathway analysis sug-
gested that both Wnt5a and Wnt8a promote the expression 
of the tail axial mesoderm marker gene and Wnt11 promotes 
the expression of the tail somitic mesoderm marker gene. 
Taken together, these findings suggest that Wnt5a and Wnt8a 
may promote seahorse tail axial mesoderm formation, and 
Wnt11 may promote seahorse tail somitogenesis. These data 
were consistent with those of previous studies and confirmed 
the functional conservation of the three Wnts in vertebrate 
tail development.

A current view of animal evolution posits that the dif-
ferential expression of conserved sets of regulatory genes 
contributes to body plan diversification (Carroll et al. 2001). 
Although the function of the three Wnts was conserved among 
vertebrates, the expression pattern of Wnt8a during seahorse 
tail development showed some differences. Compared to other 
teleosts, the expression period of Wnt8a was significantly 
extended during the seahorse tail development process until 
the late stage of tail somitogenesis. In vertebrates, Wnt8a is 
critical for the generation of the axial mesoderm and main-
tenance of the axial stem cell pool (Cunningham et al. 2015) 
and is required for dorsal axis determination in the early-
embryogenesis stage (Lu et al. 2011; Shimizu et al. 2005). In 

Fig. 4  Potential functional 
analysis of the three key Wnts 
in seahorse. a–c Shh and MyoD 
tail tissue marker genes were 
assessed after overexpression of 
each Wnt in seahorse primary 
embryonic cell lines. Wnt5a, 
Wnt8a, and Wnt11 promote 
the expression of different tail 
mesoderm marker genes. d–e 
Shh and MyoD expression at 
different embryo development 
stages. f Summary of hypothe-
sized Wnt roles during seahorse 
tail development. Statistical 
analyses, the results of which 
are shown in panel a–c were 
performed using Student’s t test, 
and of which are shown in panel 
d and e were performed using 
one-way analysis of variance. 
Different letters above the bars 
indicate a significant difference 
(P < 0.05)
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zebrafish and medaka, Wnt8a is transiently expressed in the 
tail bud in the early-embryogenesis stage, including blastula 
and gastrula (Cunningham et al. 2015; Ramel et al. 2005). 
Additional stimulation of grafted naive cells of zebrafish 
with BMP, Nodal, and Wnt8a was found to induce a second 
tail formation (Agathon et al. 2003). Moreover, inhibition of 
Wnt8a function in zebrafish causes the loss of all but the first 
8–12 somites, as the mesodermal progenitors fail to facilitate 
posterior somite development (Agathon et al. 2003; Lekven 
et al. 2001 Martin and Kimelman 2008;  Thorpe et al. 2005). 
In Xenopus, the dominant-negative overexpression of Wnt8a 
disrupts posterior development (Hoppler et al. 1996). Given 
the conservative function of homologous genes, as well as the 
fact that Wnt8a may promote seahorse tail axial mesoderm 
formation, the extended expression of Wnt8a during seahorse 
tail development might promote caudal tail bud formation for 
a longer time. Moreover, both Wnt5a and Wnt8a promote the 
expression of Wnt11, which regulates tail somitogenesis. In 
turn, the particularly extended expression of Wnt8a, coordi-
nated with the commonly expressed Wnt5a, may cause a dual-
positive regulation of Wnt11, which might further support 
the elongated outgrowth of the seahorse tail somite (Fig. 6).

Conclusions

In summary, by comprehensively analyzing critical body plan 
genes, i.e., the Wnt gene family, in lined seahorse, we found 
that this gene family is evolutionarily conserved and that three 

specific Wnts, Wnt5a, Wnt8a, and Wnt11, are involved in tail 
development in the seahorse, as in other vertebrates. How-
ever, a specific expression pattern and significantly extended 
expression of Wnt8a during seahorse tail development may 
mediate tail bud formation, as well as tail somitogenesis, con-
tributing to the development of the elongated seahorse tail.

Materials and methods

Experimental animals

Pregnant male lined seahorses (H. erectus) were obtained 
from the Shenzhen Seahorse Aquamarine Culture Center 
of the South China Sea Institute of Oceanology, Chinese 
Academy of Sciences. Embryos at different tail develop-
ment stages were collected from the pregnant seahorses. 
Seahorse embryo staging was based on morphological fea-
tures, as described previously (Sommer et al. 2012; Whit-
tington et al. 2015). Briefly, lined seahorse embryos were 
divided into early-embryogenesis (1–3 days, from zygote 
to early tail bud formation), mid-embryogenesis (3–7 days, 
tail segment extension), late-embryogenesis (14–17 days, 
further tail segment extension and tail somite formation), 
and juvenile (within 12 h after embryo release, larva fish, 
end of tail somite formation and tail functionality) stages 
(Supplementary Fig. S9). This study was approved by the 
Chinese Academy of Sciences (IACUC #160413).

Fig. 5  Analysis of the potential 
interactive relationship among 
the three key Wnts in seahorse 
tail development. a–c Relative 
mRNA levels of the different 
Wnts after overexpression of 
each Wnt separately in seahorse 
primary embryonic cell lines. d 
Predicted regulatory interac-
tion among Wnt5a, Wnt8a, and 
Wnt11. *P < 0.05, **P < 0.01
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Wnt gene family in seahorse

To obtain a comprehensive scenario of the Wnt gene family 
in seahorse, Wnt sequences from publicly available whole-
genome data for the lined seahorse were obtained (NCBI 
Sequence Read Archive, accession number SRA392578; 
Lin et al. 2016). The sequences were verified by polymerase 
chain reaction (PCR), and the Wnt genes were identified by 
sequence alignment and domain analysis. The Wnt amino 
acid sequences associated with the obtained gene sequences 
were predicted using the ORF finder software (https:// www. 
ncbi. nlm. nih. gov/ orffi nder/). Signal peptides and other con-
served Wnt domains were analyzed via the SMRT Server 
(http:// smart. embl- heide lberg. de/ smart/ set_ mode. cgi? NOR-
MAL=1). To analyze the conservation of the Wnt locus in 
seahorse genome evolution, syntenic analyses of Wnt genes 
were performed using data for five representative teleosts in 
publicly accessible databases (http:// www. genom icus. biolo 
gie. ens. fr/ genom icus). To determine the phylogenetic rela-
tionship of Wnt family members across species, the publicly 
available amino acid sequences (NCBI database) encoded by 
the Wnt genes from tiger-tail seahorse (H. comes), zebrafish 
(Danio rerio), medaka (Oryzias latipes), fugu (Takifugu 
rubripes), spotted gar (Lepisosteus oculatus), frog (Xenopus 
laevis), chicken (Gallus gallus), and mouse (Mus musculus) 
were used (Supplementary Table S2). A Wnt phylogenetic 
tree was generated using “Wnt1” domains. The maximum 
likelihood method was used for analysis with MEGA 5.1 
software (https:// www. megas oftwa re. net), with 1000 boot-
strap replicates.

Expression profile of the Wnt gene family

To identify the key candidate Wnts involved in the regula-
tion of the seahorse tail development, quantitative real-time 
PCR (qRT-PCR) with specific primers (Supplementary 
Table S3) was performed to analyze the expression of Wnt 
genes at four typical tail developmental stages. β–actin was 
used as the internal reference for each sample. qRT-PCR 
was performed in 10 μl volumes, using SYBR Premix Ex 
Taq (Takara, Japan). The thermal cycling protocol was as 
follows: denaturation for 3 min at 95 °C; 40 cycles of 20 s at 
95 °C, 20 s at the primer-specific annealing temperature, and 
20 s at 72 °C; followed by 30 s at 95 °C and 1 min at 60 °C. 
Fluorescence signals were acquired at the end of each cycle 
and melting curve analysis was performed at the end of the 
reaction to validate the specificity of the PCR amplification.

In situ hybridization

To further validate the involvement of Wnts in seahorse tail 
development, whole-mount in situ hybridization was per-
formed with embryos at different developmental stages. The 

embryos were dissected in RNase-free phosphate-buffered 
saline solution and fixed in 4% paraformaldehyde at 4 °C 
overnight. The embryos were dehydrated and rehydrated 
with a graded methanol series. Gene-specific antisense RNA 
probes corresponding to the candidate Wnts were labeled 
with digoxigenin-UTP for hybridization (Roche, Switzer-
land). Hybridization was performed as reported previously 
(Correia and Conlon 2001).

Seahorse embryo cell line establish 
and overexpression analysis

Given that Wnt signals can modulate the expression of 
several genes, critical genes known to be involved in tail 
formation were evaluated after ectopic Wnt overexpres-
sion. In this study, the tail-related genes analyzed were Shh 
and MyoD, which were indicative of the tail axial meso-
derm and somitic mesoderm, respectively (Cambray and 
Wilson 2002; Hopwood et al. 1989; Martin and Kimelman 
2008). Shh, a morphogenetic signal produced by the polar-
izing region (Welscher et al. 2002), is a marker gene of 
primitive streak and axial mesoderm and is widely used to 
examine axial body plan in embryo development (Cambray 

Fig. 6  Schematic showing the hypothesized roles of Wnt family 
members in the seahorse tail extended outgrowth. The development 
of the specialized seahorse tail is regulated by the combined activity 
of Wnt5a, Wnt8a, and Wnt11; Wnt5a and Wnt8a strongly promote tail 
bud extension and Wnt11 promotes tail somite formation

https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1
http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1
http://www.genomicus.biologie.ens.fr/genomicus
http://www.genomicus.biologie.ens.fr/genomicus
https://www.megasoftware.net
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and Wilson 2002; Zhang et al. 2020). MyoD is a skeletal 
muscle-specific gene, the expression of which is restricted 
to the somites (Hopwood et al. 1989). It is a marker gene 
of the somite mesoderm and is used to examine somitogen-
esis in embryo development (Martin and Kimelman 2008; 
Martin and Kimelman 2012). The in vitro overexpression 
analysis was performed in embryonic cell line of the lined 
seahorse (Chinese patent: ZL 2017 1 1050527.5). Briefly, 
gastrula-stage seahorse embryos were harvested and dis-
sociated into single cells with trypsin/EDTA solution. The 
cells were transferred into 6-well cell culture plates con-
taining 5 ml per well Dulbecco’s modified eagle medium: 
Ham’s nutrient mixture F-12 (1:1) medium (DMEM/F12) 
supplemented with fetal bovine serum (FBS, 20%) and 
antibiotics (penicillin, 400 U/ml; streptomycin, 400 µg/
ml; Gibco BRL). Cells were maintained at 28 °C in an 
ambient air incubator. The cells at passage 30 were trans-
fected using Lipofectamine 2000 (Life Technologies, 
USA) according to the manufacturer’s instructions. Each 
candidate Wnt was cloned into the pcDNA 3.1 plasmid 
(Wnt5a::pcDNA 3.1, Wnt8a::pcDNA 3.1, Wnt11::pcDNA 
3.1) and transfected. The empty vector pcDNA 3.1 was 
transfected as a control. Wnt expression assays were per-
formed 48 h post-transfection.

To evaluate the relationship between Wnt in vitro 
expression and the exact embryo development in vivo, the 
tail-related genes were assessed by qRT-PCR in seahorse 
embryos at different developmental stages.

Interaction analysis

As the spatiotemporal expression patterns of the key can-
didate Wnts partly overlapped, we evaluated the potential 
interactions of the key candidate Wnts during seahorse 
tail development. This analysis was conducted using the 
Wnt-overexpressing seahorse cell lines described above.

Statistical analysis

For data analysis of qRT-PCR, the 2−ΔΔCt method (Livak 
and Schmittgen 2001) was used to calculate the relative 
mRNA expression of each gene. All data in this study 
were expressed as the mean ± standard error of the mean 
of three independent experiments.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42995- 021- 00099-7.

Acknowledgements This work was supported by the K.C.Wong Edu-
cation Foundation, the National Natural Science Foundation of China 
(nos. 41825013, 41706178, 41576145, 41806189, 32000350), the 
China postdoctoral science foundation grant (no. 2019M663151), the 

Guangdong Special Support Program of Youth Scientific and Techno-
logical Innovation (2017TQ04Z269). We are also grateful to Wenqi 
Hu for help with cell culture.

Author contributions QL and BZ designed the study, performed labo-
ratory protocols, and analyzed bioinformatics. BZ, GQ and YHZ pre-
pared the tables and figures. BZ and CYL carried out the qRT-PCR and 
in situ hybridization analysis. LLQ and CLC helped with the experi-
ments. All authors read and approved the final manuscript.

Declarations 

Conflict of interest The authors declare no conflicts of interest.

Animal and human rights statement This article does not contain any 
studies with human participants. All animal experiments were con-
ducted in accordance with established guidelines and approved by the 
Chinese Academy of Sciences (IACUC #160413).

References

Agathon A, Thisse C, Thisse B (2003) The molecular nature of the 
zebrafish tail organizer. Nature 424:448–452

Aires R, Dias A, Mallo M (2018) Deconstructing the molecular mech-
anisms shaping the vertebrate body plan. Curr Opin Cell Biol 
55:81–86

Andre P, Song H, Kim W, Kispert A, Yang YZ (2015) Wnt5a and 
Wnt11 regulate mammalian anterior-posterior axis elongation. 
Development 142:1516–1527

Angers S, Moon RT (2009) Proximal events in wnt signal transduction. 
Nat Rev Mol Cell Bio 10:468–477

Ashley-Ross MA (2002) Mechanical properties of the dorsal fin muscle 
of seahorse (Hippocampus) and pipefish (Syngnathus). J Exp Zool 
293:561–577

Benazeraf B, Pourquie O (2013) Formation and segmentation of the 
vertebrate body axis. Annu Rev Cell Dev Biol 29:1–26

Cambray N, Wilson V (2002) Axial progenitors with extensive potency 
are localised to the mouse chordoneural hinge. Development 
129:4855–4866

Carroll SB, Grenier JK, Weatherbee SD (2001) From DNA to diversity: 
molecular genetics and the evolution of animal design. Blackwell 
Science, Malden

Cha SW, Tadjuidje E, Tao Q, Wylie C, Heasman J (2008) Wnt5a and 
Wnt11 interact in a maternal Dkk1-regulated fashion to activate 
both canonical and non-canonical signaling in Xenopus axis for-
mation. Development 135:3719–3729

Cha SW, Tadjuidje E, White J, Wells J, Mayhew C, Wylie C, Heasman J 
(2009) Wnt11/5a complex formation caused by tyrosine sulfation 
increases canonical signaling activity. Curr Biol 19:1573–1580

Charrier JB, Teillet MA, Lapointe F, Le Douarin NM (1999) Defin-
ing subregions of Hensen’s node essential for caudalward move-
ment, midline development and cell survival. Development 
126:4771–4783

Cho SJ, Vallès Y, Giani JVC, Seaver EC, Weisblat DA (2010) Evo-
lutionary dynamics of the wnt gene family: a lophotrochozoan 
perspective. Mol Biol Evol 27:1645–1658

Correia KM, Conlon RA (2001) Whole-mount in situ hybridization to 
mouse embryos. Methods 23:335–338

Cunningham TJ, Kumar S, Yamaguchi TP, Duester G (2015) Wnt8a 
and Wnt3a cooperate in the axial stem cell niche to promote mam-
malian body axis extension. Dev Dyn 244:797–807

https://doi.org/10.1007/s42995-021-00099-7


425Marine Life Science & Technology (2021) 3:416–426 

1 3

Duncan RN, Samin P, Tatjana P, Dorsky RI (2015) Identification of 
wnt genes expressed in neural progenitor zones during zebrafish 
brain development. PLoS ONE 10:e0145810

Erter CE, Wilm TP, Basler N, Wright CVE, Solnica-Krezel L (2001) 
Wnt8 is required in lateral mesendodermal precursors for neural 
posteriorization in vivo. Development 128:3571–3583

Garriock RJ, Warkman AS, Meadowsn SM, D’Agostino S, Krieg PA 
(2007) Census of vertebrate Wnt genes: isolation and devel-
opmental expression of Xenopus Wnt2, Wnt3, Wnt9a, Wnt9b, 
Wnt10a, and Wnt16. Dev Dyn 236:1249–1258

Gont LK, Steinbeisser H, Blumberg B, Derobertis EM (1993) Tail 
formation as a continuation of gastrulation: the multiple cell-pop-
ulations of the Xenopus tailbud derive from the late blastopore lip. 
Development 119:991–1004

Hale ME (1996) Functional morphology of ventral tail bending and 
prehensile abilities of the seahorse, Hippocampus kuda. J Mor-
phol 227:51–65

Harlin-Cognato A, Hoffman EA, Jones AG (2006) Gene cooption with-
out duplication during the evolution of a male-pregnancy gene in 
pipefish. Proc Natl Acad Sci USA 103:19407–19412

Hino H, Nakanishi A, Seki R, Aoki T, Yamaha E, Kawahara A, 
Shimizu T, Hibi M (2018) Roles of maternal wnt8a transcripts in 
axis formation in zebrafish. Dev Biol 434:96–107

Hoppler S, Brown JD, Moon RT (1996) Expression of a dominant-
negative Wnt blocks induction of MyoD in Xenopus embryos. 
Genes Dev 10:2805–2817

Hopwood ND, Pluck A, Gurdon JB (1989) MyoD expression in the 
forming somites is an early response to mesoderm induction in 
Xenopus embryos. EMBO J 8:3409–3417

Huelsken J, Birchmeier W (2001) New aspects of Wnt signaling path-
ways in higher vertebrates. Curr Opin Genet Dev 11:547–553

Inohaya K, Takano Y, Kudo A (2010) Production of Wnt4b by floor 
plate cells is essential for the segmental patterning of the vertebral 
column in medaka. Development 137:1807–1813

Iwamatsu T (2004) Stages of normal development in the medaka Ory-
zias latipes. Mech Dev 121:605–618

Kestler HA, Kuhl M (2008) From individual Wnt pathways towards 
a Wnt signalling network. Philo Trans R Soc B 363:1333–1347

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF 
(1995) Stages of embryonic development of the zebrafish. Dev 
Dyn 203:253–310

Klaus A, Birchmeier W (2008) Wnt signalling and its impact on devel-
opment and cancer. Nat Rev Cancer 8:387–398

Krausova M, Korinek V (2014) Wnt signaling in adult intestinal stem 
cells and cancer. Cell Signal 26:570–579

Lekven AC, Thorpe CJ, Waxman JS, Moon RT (2001) Zebrafish 
wnt8 encodes two wnt8 proteins on a bicistronic transcript and 
is required for mesoderm and neurectoderm patterning. Dev Cell 
1:103–114

Li CY, Li YX, Qin G, Chen ZL, Qu M, Zhang B, Han X, Wang X, 
Qian PY, Lin Q (2020) Regulatory role of retinoic acid in male 
pregnancy of the seahorse. Innov 1:100052

Lin Q, Fan SH, Zhang YH, Xu M, Zhang HX, Yang YL, Lee AP, 
Woltering JM, Ravi V, Gunter HM, Luo W, Gao ZX, Lim ZW, 
Qin G, Schneider RF, Wang X, Xiong PW, Li G, Wang K, Min 
JM et al (2016) The seahorse genome and the evolution of its 
specialized morphology. Nature 540:395–408

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression 
data using real-time quantitative PCR and the 2−ΔΔCT method. 
Methods 25:402–408

Lourie SA, Foster SJ, Cooper EWT, Vincent ACJ (2004) A guide to the 
identification of seahorses. Project Seahorse and TRAFFIC North 
America, Washington D.C.

Lu FI, Thisse C, Thisse B (2011) Identification and mechanism of 
regulation of the zebrafish dorsal determinant. Proc Natl Acad 
Sci USA 108:15876–15880

Makita R, Mizuno T, Koshida S, Kuroiwa A, Takeda H (1998) 
Zebrafish wnt11: pattern and regulation of the expression by the 
yolk cell and no tail activity. Mech Dev 71:165–176

Martin BL, Kimelman D (2008) Regulation of canonical Wnt signal-
ing by Brachyury is essential for posterior mesoderm formation. 
Dev Cell 15:121–133

Martin BL, Kimelman D (2012) Canonical Wnt signaling dynamically 
controls multiple stem cell fate decisions during vertebrate body 
formation. Dev Cell 22:223–232

Moon RT, Brown JD, Torres M (1997) WNTs modulate cell fate 
and behavior during vertebrate development. Trends Genet 
13:157–162

Negishi T, Nagai Y, Asaoka Y, Ohno M, Namae M, MitaniH ST, 
Shimizu N, Terai S, Sakaida I, Kondoh H, Katada T, Furutani-
Seiki M, Nishina H (2009) Retinoic acid signaling positively 
regulates liver specification by inducing wnt2bb gene expression 
in medaka. Hepatology 51:1037–1045

Nelson WJ, Nusse R (2004) Convergence of Wnt, β-catenin, and cad-
herin pathway. Science 303:1483–1487

Neutens C, Adriaens D, Christiaens J, De-Kegel B, Dierick M, Boistel 
R, Hoorebeke LV (2014) Grasping convergent evolution in syng-
nathids: a unique tale of tails. J Anat 224:710–723

Novelli B, Ferrer FO, Socorro JA, Dominguez LM (2018) Early devel-
opment of the longsnout seahorse Hippocampus reidi (Syngnathi-
dae) within the male brood pouch. J Fish Biol 92:1975–1984

Nusse R (2001) An ancient cluster of Wnt paralogues. Trends Genet 
17:443

Nusse R (2008) Wnt signaling and stem cell control. Cell Res 
18:523–527

Ober EA, Verkade H, Field HA, Stainier DYR (2006) Mesodermal 
Wnt2b signalling positively regulates liver specification. Nature 
442:688–691

Porter MM, Adriaens D, Hatton RL, Meyers MA, Mckittrick J (2015) 
Why the seahorse tail is square. Science 349:aaa6683

Praet T, Adriaens D, Van-Cauter S, Masschaele B, De-Beule M, Ver-
hegghe B (2012) Inspiration from nature: dynamic modelling of 
the musculoskeletal structure of the seahorse tail. Int J Numer 
Method Biomed Eng 28:1028–1042

Prud’homme B, Lartillot N, Balavoine G, Adoutte A, Vervoort M 
(2002) Phylogenetic analysis of the Wnt gene family: insights from 
lophotrochozoan members. Curr Biol 12:1395–1400

Ramel MC, Buckles GR, Baker KD, Lekven AC (2005) WNT8 and 
BMP2B co-regulate non-axial mesoderm patterning during 
zebrafish gastrulation. Dev Biol 287:237–248

Reya T, Clevers H (2005) Wnt signalling in stem cells and cancer. 
Nature 434:843–850

Ryan JF, Baxevanis AD (2007) Hox, Wnt, and the evolution of the 
primary body axis: insights from the early-divergent phyla. Biol 
Direct 2:37

Saito-Diaz K, Chen TW, Wang XX, Thorne CA, Wallace HA, Page-
McCaw A, Lee E (2013) The way Wnt works: components and 
mechanism. Growth Factors 31:1–31

Shimizu T, Bae YK, Muraoka O, Hibi M (2005) Interaction of Wnt 
and caudal-related genes in zebrafish posterior body formation. 
Dev Biol 279:125–141

Sommer S, Whittington CM, Wilson AB (2012) Standardised clas-
sification of pre-release development in male-brooding pipefish, 
seahorses, and seadragons (Family Syngnathidae). BMC Dev Biol 
12:39

Song H, Kispert A, Yang YZ (2008) Redundant function of Wnt5a and 
Wnt11 in somitogenesis and anteroposterior axis elongation. Dev 
Biol 319:584–585

Tada M, Smith JC (2000) Xwnt11 is a target of Xenopus Brachyury: 
regulation of gastrulation movements via Dishevelled, but not 
through the canonical Wnt pathway. Development 127:2227–2238



426 Marine Life Science & Technology (2021) 3:416–426

1 3

Thorpe CJ, Weldinger G, Moon RT (2005) Wnt/β-catenin regulation 
of the Sp1-related transcription factor sp5l promotes tail develop-
ment in zebrafish. Development 132:1763–1772

Wagner GP, Lynch VJ (2010) Evolutionary novelties. Curr Biol 
20:48–52

Welscher P, Zuniga A, Kuijper S, Drenth T, Goedemans HJ, Mei-
jlink F, Zeller R (2002) Progression of vertebrate limb develop-
ment through SHH-mediated counteraction of GLI3. Science 
298:827–830

Whittington CM, Griffith OW, Qi WH, Thompson MB, Wilson AB 
(2015) Seahorse brood pouch transcriptome reveals common 
genes associated with vertebrate pregnancy. Mol Biol Evol 
32:3114–3131

Wiese KE, Nusse R, van-Amerongen R (2018) Wnt signalling: con-
quering complexity. Development 145:dev165902

Yamaguchi TP, Bradley A, Mcmahon AP, Jones S (1999) A Wnt5a 
pathway underlies outgrowth of multiple structures in the verte-
brate embryo. Development 126:1211–1223

Zhang YH, Ravi V, Qin G, Dai H, Zhang HX, Han FM, Wang X, Liu 
YH, Yin JP, Huang LM, Venkatesh B, Lin Q (2020) Comparative 
genomics reveal shared genomic changes in syngnathid fishes and 
signatures of genetic convergence with placental mammals. Natl 
Sci Rev 7:964–977


	Wnt8a is one of the candidate genes that play essential roles in the elongation of the seahorse prehensile tail
	Abstract
	Introduction
	Results
	Wnt genes in lined seahorse
	Evolution of Wnt genes
	Temporal expression of Wnt genes during seahorse embryo development
	In situ hybridization analysis of the key candidate Wnt genes
	Signaling pathway analysis of the key candidate Wnt genes
	Interaction analysis of the key candidate Wnt genes

	Discussion
	Conclusions
	Materials and methods
	Experimental animals
	Wnt gene family in seahorse
	Expression profile of the Wnt gene family
	In situ hybridization
	Seahorse embryo cell line establish and overexpression analysis
	Interaction analysis
	Statistical analysis

	Acknowledgements 
	References




