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Twin-tail ornamental goldfish have a bifurcated caudal fin with a morphology that is extremely divergent 
from the conventional body plan of the vertebrates. Here, we investigate the musculoskeletal histology 
of this bifurcated caudal fin. From some of the investigated twin-tail goldfish, we found a twin-tail goldfish 
specific muscle (hereafter referred to as the “medial caudal muscle”) between left and right bifurcated 
caudal fin skeletons. Our immunohistochemical analyses revealed that the medial caudal muscle showed 
laterally biased distribution patterns of the slow and fast muscle fibers. Similar distribution patterns were 
also commonly observed in several deep muscles of wild-type goldfish as well as zebrafish, suggesting 
that these muscle fiber distribution patterns are formed by the same molecular developmental mechanisms 
even though their morphologies are highly diverged. These findings provide empirical evidence to consider 
how the histological features of a newly emerged morphology are influenced by selective pressures and 
pre-existing developmental mechanisms.
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BACKGROUND

Ornamental twin-tail goldfish have a bifurcated 
caudal fin. This goldfish has been deliberately selected 
by breeders and fanciers since the Ming dynasty for 
its aesthete appeal (Chen 1954 1956; Ota 2021; Ota 
and Abe 2016). Owing to exceptional morphological 
characteristics, this anatomical feature has been 
described in previous research (Abe et al. 2014; Le 
Verger et al. 2024; Li et al. 2019; Watase 1887). These 
studies revealed that the bifurcated caudal fin consists 
of the duplicated caudal skeletons and muscles (Fig. 1). 
Although several twin-tail mutants have been reported, 
such a morphology has not been genetically fixed in 

any other population besides twin-tail goldfish (see 
Korschelt 1907; Tyler 1970). The bifurcated caudal fin 
of twin-tail goldfish suggests that the basic architecture 
of  caudal  musculoskeletal  systems underwent 
significant changes in the ornamental goldfish lineage 
throughout the domestication process (Abe et al. 2014; 
Flammang 2014; Kardong 2006; Lauder 2015; Liem 
et al. 2001). That is to say, artificial selective pressures 
on the ornamental goldfish appear to have altered 
the evolutionarily highly conserved developmental 
mechanisms relating to musculoskeletal development 
(Abe et al. 2014).

The twin-tail phenotype is retained in the 
ornamental goldfish population mainly due to its 
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attractiveness for breeders and fanciers. It is known that 
the bifurcated caudal musculoskeletal system in the 
twin-tail goldfish stems from the highly modified dorsal-
ventral patterning deriving from the homozygous locus 
of a stop codon mutation allele in the duplicated chordin 
gene, referred to as the chdSE127X allele (or chdAE127X 
in the previous report) (Abe et al. 2014; Kon et al. 
2020). This mutation alters the gene’s original function, 
resulting in ventralized early embryos, the formation of 
bifurcated caudal fin folds at the embryonic stage, and 
ultimately, the emergence and stable fixation of various 
ornamental twin-tail goldfish strains (Abe et al. 2014; 
Chen et al. 2022).

Specifically, we identified muscle that had not 
been reported in other teleost species (Li et al. 2019); in 
this study, we refer to this unique muscle as the “medial 
caudal muscle” (Fig. 1D, E, F). Anatomical changes 
in the emergence of twin-tail goldfish also imply that 
the chordin gene mutation influences not only early 
development and patterning but also histogenesis. 
Positioned between the bifurcated left and right caudal 
skeletons, these twin-tail goldfish-specific muscles raise 
several questions. For instance, it prompts inquiry into 
which muscle in the wild-type goldfish is most closely 
related to the medial caudal muscle. This query can 
be reframed as follows; is the medial caudal muscle 
entirely novel and unique within the lineage of twin-tail 
goldfish, or are there comparable features between the 
medial caudal muscles and the conventional muscles in 
wild-type goldfish? Although the medial caudal muscle 
exhibits morphological uniqueness in twin-tail goldfish, 
could a comparable muscle be identified in wild-type 
goldfish by examination at a finer resolution, such as at 
the level of muscle tissue characteristics?

Muscle  t i ssues  of  ver tebrate  species  are 
heterogeneous in their consisting of muscle fibers in 
general. There are several different ways to classify and 
identify the muscle fiber types of the vertebrate species 
(see Luna et al. 2015; Keenan and Curie 2019). For 
teleost species, muscle fibers are typically categorized 
into two primary types: fast and slow muscle fibers 
(Bernal et al. 2001; Devoto et al. 1996; Du et al. 1997; 
Fierstine and Walters 1968; Shadwick et al. 2002; 
Stickney et al. 2000). These muscle fibers show well-
arranged distribution patterns at the mid-trunk region 
(Devoto et al. 1996; Kardong 2006; Liem et al. 2001; 
Nakae et al. 2014; Westneat and Wainwright 2001). Fast 
muscle fibers are located on the medial side, whereas 
the slow muscle fibers are distributed on the bilateral 
surface at the mid-trunk region in the majority of the 
teleost species. While the distribution patterns of the 
fast and slow muscle fibers are exceptionally highly 
modified in the lineage of the tuna fish group due to 
their swimming behavior, it is generally recognized that 

the same distribution patterns of these muscle fibers are 
highly conserved among major teleost species (Bernal 
et al. 2001; Fierstine and Walters 1968; Shadwick et al. 
2002).

The conserved distribution patterns of the different 
types of muscle fibers have also been investigated 
at the levels of developmental biology. Particularly, 
the differentiation and migration patterns of the slow 
muscle fibers have been intensively studied in zebrafish 
at the molecular level (Devoto et al. 1996; Du et al. 
1997; Keenan and Currie 2019; Stickney et al. 2000). 
These studies revealed that slow and fast muscle fibers 
differentiate from embryonic somite cells. Initially, slow 
muscle primordial cells are distributed near the midline 
of segmentally arranged somites. These cells then 
migrate to the lateral side and form the slow muscle 
fibers on the lateral surface at the trunk region (Devoto 
et al. 1996; Du et al. 1997; Keenan and Currie 2019; 
Stickney et al. 2000). Notably, critical signals from the 
notochord, including hedgehog signaling, play a pivotal 
role in these differentiation processes. These suggest 
that modifications to the early developmental process 
may impact the differentiation of these muscle fibers in 
the bifurcated caudal fin of the twin-tail goldfish.

Presumably due to the complexity of the muscle 
arrangement and structure in the caudal region, there 
has been limited immunohistochemical research 
conducted on muscle fibers in this area. In fact, while 
early research showed that the caudal muscle of teleost 
species contains both slow and fast muscles, their 
distribution patterns in muscle tissues and their relative 
location with the other skeletal tissues have not been 
well investigated yet (Flammang and Lauder 2008 
2009; Kryvi et al. 2021; Nag 1972). Thus, in this study, 
we conducted a detailed immunohistochemical analysis 
of the musculoskeletal system in the twin-tail goldfish, 
especially, focusing on the caudal region. Aiming 
to examine how histological features were changed/
conserved in the twin-tail goldfish, we performed 
immunohistochemistry focusing on the muscle fiber 
distribution patterns. We here carefully examined the 
distribution patterns of the slow and fast muscle fibers 
in the twin-tail goldfish and compared them with those 
in the wild-type goldfish and those in zebrafish.

Moreover, we examined two domesticated 
ornamental twin-tail goldfish strains, Ryukin and 
Oranda, as well as the lab strain derived from chdS 
mutant parents. We also deduce how histological 
features of the musculoskeletal system could be 
modified by drastic morphological changes within a 
short period due to genetic mutations and artificial 
selection, more generally aiming to provide implications 
for understanding large-scale morphological evolution 
and the emergence of novel phenotypes.
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Fig. 1.  Bifurcated caudal fin and the medial caudal muscles. (A). Dorsal view of Oranda strain. (B, C). Drawing of the caudal region of common 
carp and twin-tail goldfish (B), and schematic view of the transverse section of goldfish caudal fin (C) by Watase (1887). (D). Ventral view of twintail 
goldfish larvae. (E). The transverse section of the caudal fin of twin-tail goldfish in panel D. Sectioned level is indicated by the dashed line on panel D. 
(F). The magnified view of panel E. The magnified region is indicated by the dashed line box in panel E. White asterisks indicate the caudal skeletons 
at the ventral side. The black asterisks indicate the medial caudal muscle. Abbreviations: ne, neural tube; no, notochord. Scale bars: D = 1 mm;  E, F 
= 0.1 mm. Panels A, D, E, F adapted from Li et al. (2019) under Creative Commons Attribution 4.0 International License.
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MATERIALS AND METHODS

Goldfish and zebrafish

All the goldfish strains were maintained in Yilan 
Marine Re- search Station. The wild-type goldfish strain 
was derived from the single-tail common goldfish of 
the Taiwanese and Japanese populations. The single-tail 
goldfish strain parents were genotyped at the chdS locus 
(chdA in Abe et al. 2014) and chdSwt/wt, chdSwt/E127X, and 
chdSE127X/E127X individuals were separately maintained 
in our aquarium facility. To reproduce the wild-
type goldfish, we conducted artificial fertilization of 
chdSwt/wt genotype males and females. Goldfish showing 
chordin gene mutated phenotypes were reproduced by 
crossing chdSE127X/E127X and/or chdSwt/E127X parents. From 
the segregant population containing different chdS 
genotype, the progenies showing the bifurcated caudal 
fin fold were collected at 3–4 days post-fertilization 
(dpf). The Ryukin and Oranda strain progenies were 
obtained by crossing their parents purchased from local 
ornamental fish distributors based in Taiwan. These 
progenies were obtained by artificial fertilization as 
described previously (Li et al. 2019). Zebrafish adult 
specimens were derived from our lab strain. The wild-
type zebrafish individuals were derived from the lab 
strain originally established from the progenies of 
the AB strains provided by Zebrafish Core Facility at 
Academia Sinica, Taiwan (TZCAS). All experiments 
involving these fish have been approved by the 
Institutional Animal Care and Use Committee (IACUC) 
at Academia Sinica (Protocol ID: #19-11-1351 #20-06-
1480 #22-11-1922 #23-10-2073).

Maintenance of larvae and juveniles

Early stage larvae were moved from plastic 
dishes (9 cm) to plastic tanks (3000 ml). The plastic 
tanks are located in the aquarium system with an 
overflow system. The quality of water in the aquarium 
system was automatically adjusted to 200 to 300 µS/
cm in conductivity, pH 6.5 to 7.5, and 24°C to 26°C. 
Progenies were fed with live food (paramecium and/
or brine shrimp) and dry food at least once per day; 
the type of feed depended on the size of the progenies. 
Prot stage larvae were fed with paramecium. After 
Prot stage, larvae were mainly fed with brine shrimp at 
least once per day and supplemented with paramecium, 
algae, and dry food to minimize the risk of starvation 
and nutritional deficiency (Li et al. 2015 2019; Tsai et 
al. 2013).

Histological analyses

Fish specimens were anesthetized with MS-222 
(E10521, Sigma) and fixed using Bouin’s solution 
(HT10132, Sigma). The fixed specimens were 
soaked in 70% ethanol and photographed under the 
stereomicroscope (SZX16 with DP80, Olympus). 
After dehydration, specimens were cleared in Lemosol 
A (5989-27-5, FUJIFILM Wako Pure Chemical 
Corporation) embedded in paraffin, and sectioned to 
5 µm using a microtome (RM2245, Leica). The sections 
were placed on microscope slides (Platinum-pro, 
Matsunami). For the conventional histological analyses, 
the section was deparaffinized with Histo-Clear II (HS-
202, National Diagonistics), gradually hydrated with 
ethanol series, and stained as described previously (Li 
et al. 2019). For immunohistochemistry, the section 
was incubated at 65°C for 20 min in a paraffin oven, 
deparaffinized with Histo-Clear II, and immersed in 
100% ethanol. The deparaffinized slide was immersed in 
1% hydrogen peroxide/methanol solution for more than 
1 hour, and hydrated with ethanol series. The hydrated 
slide is blocked in 3% skim milk PBST for 1 hour and 
incubated with primary antibody (1:100) diluted in 
Superblock Blocking Buffer in TBS (#37535, Thermo 
Fisher Scientific) at room temperature overnight. The 
primary antibodies used are F59 (sc-32732, Santa Cruz 
Biotechnology Inc.) and F310 (Developmental Studies 
Hybridoma Bank). On the following day, the slides 
were washed with PBST five times for 3 min each and 
incubated with the secondary antibody (Goat Anti-
Mouse IgG H&L [ab205719, Abcam]) (1:1000) at room 
temperature for more than six hours. After the secondary 
antibody incubation, the slides were washed five times 
each in PBST for 3 min each. The signals were detected 
by Thermo Scientific Pierce Metal Enhanced DAB 
substrate kit (#34065, Thermo Scientific).

The counterstaining was performed using Alcian 
blue, hematoxylin, and Giemsa stains. The staining 
conditions were as follows: microscope slides were 
immersed in 0.1% Alcian blue (A5268, Sigma) aqueous 
solution for 30 seconds to 1 minute, then briefly 
rinsed with water to remove excess stain before being 
differentiated with 0.01% HCL in 70% ethanol. Next, 
they were stained with hematoxylin solution (MHS32, 
Sigma) for 30 seconds to 1 minute, followed by staining 
with 5% Giemsa solution (Sigma, GS500) in PBS for 
15 minutes. The slides were then rinsed with running 
water for about 5 minutes, differentiated in 80% ethanol 
for approximately 5 seconds, and finally washed with 
running water for an additional 30 minutes. Hematoxylin 
and Alcian blue staining allow for the differentiation of 
cell nuclei and cartilage tissue. Additionally, Giemsa 
staining strongly colors melanocytes in a bluish-black 
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hue, making it possible to distinguish them from the 
brown coloration of DAB staining (Luiza Silveira et al. 
2020). The slide was dehydrated with ethanol series, 
immersed in Lemosol A, and sealed by coverslip with 
Entellan new mounting media (107961, Sigma-Aldrich). 
The slides were observed under the microscope (BX43 
with DP27, Olympus). Identification and nomenclature 
of skeletons and muscles were based on Kardong (2006); 
Lauder (2015); Liem et al. (2001); Siomava and Diogo 
(2018); Winterbottom (1973).

RESULTS

The wild-type goldfish

To investigate the basic characteristics of slow 
and fast muscle fibers in the wild-type goldfish caudal 
muscles, we first conducted immunohistochemistry 
by using two distinct antibodies—F310 (the fast 
muscle fiber antibody) and F59 (the slow muscle fiber 
antibody) (Figs. 2, 3, and 4). The histological sections 
from the anterior caudal region (or the caudal peduncle) 
of the pelvic fin ray stage larva showed the distribution 

patterns of the muscle fibers of a typical teleost species 
(Fig. 2A–D2). The predominant portion of the muscle 
located on the medial side comprised fast muscle fibers, 
with its bilateral sides enveloped by slow muscle fibers 
(Fig. 2C–D). The boundary between these muscle fibers 
was discernible, indicating the suitability of F310 and 
F59 antibodies for the immunohistochemical analysis in 
goldfish.

At the more posterior caudal levels, the distribution 
pat- tern of these muscle fibers becomes more intricate 
(Fig. 2E–G). While fast muscle fibers on the superior 
layers exhibit similar distribution patterns to those 
observed at the caudal peduncle levels, the deeper layers 
of muscle fibers (flexor caudalis ventralis, f.c.v) contain 
slow muscle fibers (Fig. 2E–2G). Signal corresponding 
to slow muscle fibers is observed from the most medial 
side of the section, where the muscle fibers attaching 
to the caudal axial skeleton are detected (the black 
arrowheads of Fig. 2G2). Towards more posterior 
regions, the epaxial (epa) muscles and interradial (int.r) 
muscles display two types of muscle fibers (Fig. 2H–J). 
We could observe that the fast and slow muscle fibers 
distribute in the surface and deeper sides, respectively 
(Fig. 2I, J). Using adjacent sections, we confirmed that 

Fig. 2.  Transverse section of a wild-type goldfish larva at the pelvic fin ray stage (A). Lateral view of goldfish fixed with Bouin’s fixative 
(#2021-0517-09-22dpf-B01- ZWJZWJ, 9.95 mm in standard length [SL], 22 dpf). (A). Whole lateral view (A1) and magnified caudal view (A2). (B–J). 
Transverse sections at the anterior level (B–D), the mid-level (E–G), and the most posterior level (H–J) of the caudal region. The same sections are 
indicated by the same Roman letters and the magnified views are identified by the plural numeric suffix on the left upper corner of the panels. Dashed 
boxes are indicated the magnified regions. The upper, middle, and lower panels of the histological sections are conventional histological sections, 
immunohistochemistry with F310 antibody (the fast muscle fiber), and with F59 antibody (the slow muscle fiber), respectively. White asterisks 
indicate the ventral caudal skeleton complex including, hypural, parhypural, and hermal spines. Approximate sectioned levels are indicated by dashed 
lines in panel (A2). Horizontal myoseptum is indicated by black dashed lines in panels B1, B2, and B3. The slow muscle fibers are indicated by black 
arrowheads in panel G2. The conventional histology, F310, and F59 antibodies-stained sections in the same column are derived from the adjacent 
sections. Abbreviations: epa, epaxial muscle; f.c.v, flexor caudalis ventralis; hyp, hypaxial muscle; int.r, interradials; l.s.d, lateralis superficialis 
dorsalis; ne, neural tube; no, notochord. Scale bars: A1, A2 = 1 mm; D1, D2, D3, G1, G1, G2, J1, J3 = 100 μm. Histological sections in the same 
column have the same magnification.
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muscle fibers showing immunoreactivity with both F59 
and F310 antibodies were not detected, and no muscle 
displaying a random mixture of slow and fast fibers was 
observed. In other words, these results demonstrate that 
the antibodies used to stain different types of muscle 
fibers do not cause problematic cross- immunoreactivity. 

Furthermore, even when the F59 antibody is used alone, 
it provides valuable insight into the distribution of slow 
and fast muscle fibers.

For a more detailed examination of slow muscle fiber 
distribution patterns, we conducted immunohistochemistry 
with F59 antibody in a serial section of the wild-type 

Fig. 3.  Transverse section of a wild-type goldfish larva at the late pelvic fin bud stage. (A). Whole lateral view (A1) and magnified view of caudal 
level (A2) of the goldfish larvae (#2020-0406-01-Bzwj, 7.97 mm [SL], 26 dpf). (B, C). Transverse sections immunostained with the slow muscle 
fibers specific antibody (F59). (C2, C3). Medium magnification views of dorsal (C2) and ventral (C3) sides at the caudal level sections. (C4-6). High 
magnification views of dorsal (C4), mid (C5), and ventral regions at the caudal level sections. Sectioned levels are indicated by dashed lines in panel 
A2. The horizontal myoseptum is indicated by black dashed lines in panels B and C1. White asterisks indicate the ventral caudal skeleton complex 
including pural, hypural, and hermal spines. Black arrowheads indicate slow muscle fibers in the flexor caudalis ventralis. Abbreviations: ad.c.v, 
adductor caudalis ventralis; epa, epaxial muscle; f.c.d, flexor caudalis dorsalis; f.c.v, flexor caudalis ventralis; hyp, hypaxial muscle; l.p.d, lateralis 
profundus dorsalis; l.p.v, lateralis profundus ventralis; l.sup, lateralis superficials; ne, neural tube; no, notochord. Scale bars: A1, A2 = 1 mm; C1, C3, 
C6 = 100 μm. Panel B and C1, C2 and C3, and panels of the third row have the same magnifications.
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goldfish larva (Fig. 3). Strong signals from the F59 
antibody revealed the presence of slow muscle fibers 
on the superior parts at both the peduncle and posterior 
caudal levels, demonstrating the consistency of our 
immunohistochemistry (Fig. 3A2, 3B, 3C1). Notably, 
F59 antibody signals were observed in the deeper 
parts of muscles on both dorsal and ventral sides at the 
posterior level of the caudal region. These histological 
images enabled the identification of slow muscle 
fiber locations in various parts of the caudal muscles 
(Fig. 3C1–3C6). The bilateral sides of the surface 
musculatures—although their boundaries are uncertain, 
likely involving lateralis profundus dorsalis/ventralis 
(l.p.d/l.p.v), and lateralis superficialis dorsalis/ventralis 
(l.sup)—contained slow muscle fibers (Fig. 3C2–3C6). 
Conversely, in deep musculatures including flexor 
caudalis dorsalis (f.c.d) and flexor caudalis ventralis 
(f.c.v), slow muscle fibers were distributed on the 
medial side (Fig. 3C2–3C6).

Similar distribution patterns of slow muscle 
fibers were identified in horizontal sections of pelvic 
fin bud stage larvae (Fig. 4A). Slow muscle fibers were 
observed on the bilateral surface sides at the caudal 
peduncle level (Fig. 4B1, 4B2). Additionally, flexor 
caudalis ventralis (f.c.v) displayed relatively strong 
signals of F59 antibody toward the midline, indicating 
that the slow muscle fibers are positioned near the 
caudal skeleton (Fig. 4C1, 4C2). In total, several 
muscles of the caudal region differ significantly from 
that of the mid-trunk region in the distribution patterns 
of slow and fast muscle fibers in the wild-type goldfish.

Comparison with zebrafish

To examine whether the observed slow muscle 
distribution patterns are goldfish-specific characteristics 
or not, we further examined the slow muscle fiber 
distribution patterns in zebrafish adults (Fig. 5A). Our 
immunohistochemistry analysis indicated that the 
slow muscle fibers were also distributed at the medial 
regions of the deep muscles at the caudal level; the 
same results were observed in two different individuals 
(Fig. 5B, C). The signals of the slow muscle antibody 
are detected at the bilateral side of the muscle fibers 
in the trunk muscles, and more significantly, in flexor 
caudalis ventralis (f.c.v), consistent with the results in 
wild-type goldfish (the black arrowheads in Figs. 2G2, 
3C2, 3C4, 3C5, 3C6, 4C2, 5B2, 5B3, 5C2, and 5C3). As 
observed in the single-tail common goldfish, the muscle 
fibers proximate to the caudal axial skeletons in the 
flexor caudalis ventralis (f.c.v) tended to show the F59 
antibody-positive muscle fibers (the black arrowheads 
in Fig. 5B2, 5B3, 5C2, and 5C3). Namely, different 
from those of the mid-trunk region, the distribution 

Fig. 4.  Horizontal section of the caudal region of a wild-type goldfish 
larva at pelvic fin bud stage. (A). The whole (A1) and the magnified 
(A2) view of the gold- fish (#2020-0406-01C, 8.07 mm [SL], 26 dpf). 
(B, C). Sections immunostained with the slow muscle fiber specific 
antibody (F59) in the caudal region. The sectioned levels are indicated 
in panel A2. The magnified views of B1 and C1 are shown in B2 and 
C2, respectively. White asterisks in B2 and C2 indicate axial skeleton. 
Slow muscle fibers of flexor caudals ventralis are indicated by black 
arrowheads. Abbreviations: ad.c.v, Adductor caudalis ventralis; f.c.v, 
flexor caudalis ventralis; l.sup, lateralis superficials. Scale bars: 
A = 1 mm; B, C = 100 μm.
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Fig. 5.  Slow muscle tissues at the caudal region of zebrafish. (A). The lateral view of zebrafish (2022-0607-ZF-labstrain, 22.0 mm [SL], 582 dpf). (B, 
C). Transverse sections of immunostained with the slow muscle fiber specific antibody (F59) at caudal fin level. The magnified views of the regions 
are outlined by the dashed box with panel labels. Panels B and C are derived from two different individuals. Approximate levels of the histological 
sections are indicated by dashed lines in panel A2. White asterisks indicate the ventral caudal skeleton complex. Black arrowheads indicate slow 
muscle fibers in flexor caudalis ventralis and adductor caudalis ventralis. Abbreviations: ad.c.v, adductor caudalis ventralis; f.c.v, flexor caudalis 
ventralis. Scale bars: A = 1 mm; B1–C3 = 100 μm.
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patterns of slow muscle fibers of the observed deep 
muscles in the caudal region are medially axially biased 
in zebrafish as well. This suggests that the bilaterally 
biased distribution patterns of the slow muscle fibers 
in the deep muscle at the caudal level are commonly 
conserved histological characteristics in these two 
teleost species.

Twin-tail ornamental goldfish

To find similar/different points between the wild-
type and twin-tail goldfish, we conducted conventional 
histological analysis and immunohistochemistry in 
the pelvic fin ray stage Ryukin strain larva (Fig. 6A). 
Similar to the wild-type goldfish, histological analyses 
at the peduncle level of Ryukin goldfish showed robust 
signals from F310-positive fast muscle fibers throughout 
the major portion of muscular tissues, with the superior 
muscle layer instead exhibiting F59-positive slow 
muscle fibers (Fig. 6B–D). At the posterior level of the 
caudal region on the dorsal side, the muscles of Ryukin 
goldfish displayed several muscles reminiscent of those 
observed in the wild-type goldfish; lateralis profundus 
dorsalis (l.p.d), flexor caudalis dorsals (f.c.d), and 
adductor caudalis (ad.c.v) can be easily recognized (Fig. 
6E–G).

In addition, on the ventral side, medial caudal 
muscle t issues were evident (black and white 
arrowheads in Fig. 6E–G), located in the intermediate 
regions of the bifurcated caudal skeletons (Fig. 6E–
G), as previously reported (Li et al. 2019). While most 
of these muscle fibers are found close to the bifurcated 
caudal skeletons (the black asterisks in Fig. 6E3), 
a single muscle population, indicated by the white 
arrowhead in figure 6E3, seems to be isolated from the 
others and located on the middle sagittal plane of the 
body (Fig. 6E5, 6F5). The distribution patterns of the 
slow and the fast muscle fibers suggest that these twin-
tail goldfish-specific muscular tissues contain both 
slow and fast muscle fibers (Fig. 6F4, 6F5, 6G4, 6G5). 
The slow muscle fibers in the medial caudal muscle 
are distributed near the caudal skeleton (the black 
arrowheads in Fig. 6G3, 6G4). Moreover, the same 
distribution patterns of the slow muscle fibers were 
observed in the horizontal plane of Ryukin strain larva 
(Fig. 7).

To examine whether the same distribution patterns 
of the slow muscle fibers could be observed in the 
different types of twin-tail ornamental goldfish strain, 
we conducted the imunohistological analyses in the 
Oranda strain (Fig. 8A). Similar to the Ryukin strain 
(Figs. 6, 7), the strong signals were obtained in the 
lateralis profundus dorsalis of the Oranda strain (Fig. 
8B1–B2). More significantly, medial caudal muscles of 

this Oranda individual showed the slow muscle fibers 
(Fig. 8B3–B5). The signals are subtle in comparison 
with the investigated Ryukin individuals (Fig. 8B3–B5). 
However, the mediolaterally biased distribution patterns 
were observed in the medial caudal muscle, showing 
consistent results from Ryukin strain (Fig. 7).

chdS mutant lab strain progenies

We further examined the distribution patterns of 
slow and fast muscles in goldfish displaying various 
phenotypes of the caudal fin morphotype. Through 
artificial fertilization of the chdS mutant lab strain male 
and female, we successfully obtained seven juveniles 
exhibiting distinct morphologies in the caudal fin 
(MATERIALS AND METHODS) (Figs. 9–14). Based 
on the year of artificial fertilization, characteristic 
phenotype, and experimental ID, we designate them as 
follows: the “23 single #03” (#2023-0417-09-#03: Fig. 
9), “23 narrow twin #08” (#2023-0417-09-#08: Fig. 10), 
“23 wide twin #01” (#2023-0417-09-#01: Fig. 11)”, “23 
twisted #04” (#2023-0417-09-#04: Fig. 12), “24 twin 
#01” (#2024-0419-03-#01: Fig. 13), and “24 twin #02” 
(#2024-0419-03-#02: Fig. 14). Histological sections in 
the same row have the same magnifications.

The following describes the morphological 
characteristics of these chdS lab strain individuals. The 
23 single #03 did not have a clear bifurcated caudal fin, 
but several of its caudal skeletons were bifurcated (Fig. 
9). The 23 narrow twin #08 had a bifurcated caudal fin 
(Fig. 10A1–10B2), although more than half of the area 
at the upper caudal fin was not bifurcated (Fig. 10A2). 
The 23 wide-twin #01 had a well-bilaterally bifurcated 
caudal fin, displaying a bifurcated upper fin lobe (Fig. 
11A1–11A3). The twisted #04 had a well-bifurcated but 
twisted caudal fin (Fig. 12A1–12A2), and a significant 
amount of muscular tissues was observed, differing 
from the single #03 and the narrow twin #08 (Fig. 12B–
D). The 24 twin #01 and #02 showed the conventional 
bifurcated caudal fin in their external morphology 
(Figs. 13A, 14A). The aforementioned morphological 
variat ions among these lab s train individuals 
facilitate the investigation of the relationship between 
their external caudal morphology and histological 
characteristics.

Since the slow muscle fibers at the surface 
muscle in all of these lab-strains were clearly detected, 
it is certain that the immunohistochemical analyses 
we performed provide the plausible results of the 
distribution patterns of the slow muscle fibers in the 
medial caudal muscles in these lab-strain individuals 
(Fig. 9B–D, 10C, 11B, 12B-D, 13B, 14B). Among these 
lab strains, the 23 narrow twin #08, 23 twisted #04, 24 
twin #01, and 24 twin #02 showed slow muscle fibers in 
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Fig. 6.  Transverse view of the trunk region of a twin-tail goldfish larva at the pelvic fin ray stage. (A). The lateral view (A1) and ventral view (A2) 
of Ryukin goldfish sample (#2022-0502-21-26dpdf-RY@02-0802-1A-6C-2A-#01, 8.84 mm [SL], 26 dpf). (B–G). Transverse sections hematoxylin-
eosin stained and immunostained with the fast muscle fiber specific antibody (F310), and the slow muscle fiber specific antibody (F59) at post-anal 
fin level (B–D) and caudal fin level (E-G). Panels in the second to fourth columns at post-anal fin levels show magnified views of the dorsal (B2, 
C2, D2), mid (B3, C2, D3), and ventral (B4, C4, D4) regions. Panels in the second and third columns at caudal levels showed magnified views of 
the dorsal (E2, F2, G2), and ventral (E3, F3, G3) regions. Magnified areas are outlined by dashed boxes in panel E1. Panels in the fourth and fifth 
columns at caudal levels showed high-magnified views of the left-ventral (E4, F4, G4) and mid-ventral (E5, F5, G5) regions. Horizontal myoseptum 
is identified by dashed lines in panels B1, B3 and E1. The muscular tissues located between the bifurcated caudal fin skeleton are indicated by black 
asterisks. White asterisks indicate the ventral caudal skeleton complex including pural, hypural, and hermal spines. Black arrowheads indicate slow 
muscle fibers in the flexor caudalis ventralis. Abbreviations: ad.c.v, adductor caudalis ventralis; epa, epaxial muscle; f.c.d, flexor caudalis dorsalis; f.c.v, 
flexor caudalis ventralis; hyp, hypaxial muscle; l.p.d, lateralis profundus dorsalis; ne, neural tube; no, notochord. Scale bars:  A2 = 1 mm; D1, D2, 
D3, D4, G1 G2, G3, G4, G5 = 100 μm. Adjacent histological sections in the same column have the same magnification.
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their medial caudal muscles (the black arrows in Figs. 
10C, 12B–D, 13B, 14B). Due to the ease of comparing 
the morphologies of the medial caudal muscles, it is 
clearer that the slow muscles fibers in the medial caudal 
muscles of the 23 narrow twin #08 were equivalent 
to those in ornamental goldfish (Figs. 6G4, 8B, 10D). 
On the other hand, although the comparison was more 
difficult in the 23 twisted #04 and the 24 twin #02 due 
to significant differences in muscle morphology, a 
common feature was found in that slow muscle fibers 
were distributed close to the caudal skeleton in these 
individuals (Figs. 12B–D, 14C).

Unlike the aforementioned twin-tail lab strain 
individuals, 24 twin #01 displays slow muscle fibers in 
the medial caudal muscles that are randomly scattered, 
rather than exhibiting a lateral bias (Fig. 13C2, C3, 
C4). The presence of slow muscle fibers is observed 
not only in the region near the bifurcated caudal 
skeletal elements but also in the medial part of the 
caudal skeleton. Due to the varied sectioning levels and 
distribution patterns of muscle fibers, resulting from 
the morphological diversity of these lab strain goldfish, 
the resolution of our histological comparison may be 
limited. For example, although we could not find the 
median caudal muscle in the 23 wide-twin 01, it is still 
uncertain whether this individual lacks the slow muscle 
fibers in the medial caudal muscle or not (Fig. 11). 
Nevertheless, it is clear that the distribution patterns of 
slow muscle fibers vary across these lab strains (black 
arrowheads in Figs. 10D3, 12D3, 13C4, 14C2).

DISCUSSION

Conserved slow muscle fiber distributions

Our study revealed the distribution patterns of the 
different types of muscle fibers at the caudal regions in 
the wild-type goldfish, zebrafish, and different types of 
twin-tail goldfish strains (including Ryukin, Oranda), 
and the lab strain chdS mutant goldfish. The successful 
implementation of immunohistochemistry in our 
study provides a unique opportunity to compare the 
distribution patterns of slow muscle fibers among these 
fishes.

We confirmed that the surface muscles at the mid-
trunk region are covered by the slow muscle fibers 
in goldfish (Figs. 2–4, 6–14), similar to conventional 
teleost species (Kardong 2006; Keenan and Currie 
2019; Liem et al. 2001). Addition- ally, our observations 
revealed the presence of slow muscle fibers along the 
proximal side of the deep muscles in the caudal region 
of the wild-type goldfish (Figs. 2–4, 15A). Given 
the similar distribution patterns of the slow muscle 

Fig. 7.  Horizontal view of the distribution of the slow muscle fibers 
at the caudal region of Ryukin larva. (A). Whole body (A1) and the 
magnified caudal region (A2) of Ryukin larva (2022-0502-21-26dof-
@04, 9.11 mm [SL], 26 dpf). (B). The wide (B1) and magnified 
views (B2, B3) of horizontal section stained with the slow muscle 
fiber specific antibody (F59). Magnified areas are indicated by dashed 
boxes in B1. The muscular tissues located between the bifurcated 
caudal fin skeleton are indicated by black asterisks. White asterisks 
indicate the ventral caudal skeleton complex including pural, hypural, 
and hermal spines. Black arrowheads indicate slow muscle fibers in 
the flexor caudalis ventralis. Sectioned levels are indicated on panel of 
A2. Scale bars: A1, A2 = 1 mm; B1, B2, B3 = 100 μm.
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Fig. 8.  Distribution pattern of the slow muscle fibers in the Oranda strain gold-fish. (A). Whole body (A1), and magnified lateral (A2) of goldfish 
(#2024-0319-01-#03, 7.93 mm [SL], 31 dpf). The section at the caudal region was immunostained by the slow muscle fiber specific antibody (F59). (B). 
The sectioned levels are indicated in A2. White asterisks indicate the ventral caudal skeleton complex including pural, hypural, and hermal spines. 
Black asterisks indicate the medial caudal muscle. Abbreviations: ad.c.v, adductor caudalis ventralis; f.c.d, flexor caudalis dorsalis; l.p.d, lateralis 
profundus dorsalis; no, notochord; ne, neural tube. Scale bars: A1, A2 = 1 mm; B = 100 μm.
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Fig. 9.  Distribution pattern of the slow muscle fibers in the 23 single #03 of the lab strain goldfish. (A). Whole body (A1), magnified lateral (A2), 
and ventral view (A3) of goldfish (#2023-0417-09-#03, 8.59 mm [SL], 22 dpf). The different levels of the sections at the caudal region were 
immunostained by the slow muscle fiber specific antibody (F59). (B, C, D). The sectioned levels are indicated in A2 and A3. Panels in the second 
and third rows show the low-magnification (B1, C1, D1) and the high-magnification (B2, C2, D2) images. White asterisks indicate the ventral caudal 
skeleton complex including pural, hypural, and hermal spines. Abbreviations: ad.c.v, adductor caudalis ventralis; f.c.d, flexor caudalis dorsalis; f.c.v, 
flexor caudals ventralis; l.p.d, lateralis profundus dorsalis; l.p.v, lateralis profundus ventralis; no, notochord; ne, neural tube. Scale bars: A1, A2, A3 = 
1 mm; D1, D2 = 100 μm. 
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fibers observed in the zebrafish (Figs. 5 and 15A), it is 
reasonable to infer that this distribution pattern of slow 
muscle fibers within the deep muscles of the caudal 
region has been evolutionarily and developmentally 
conserved across these closely related teleost species. 
From the evidence that slow muscle fibers were found 
in a deep muscle in the caudal region of several teleost 
species from different lineages, it is expected that there 
may be a developmental mechanism specific to teleost 
fish that differentiates slow muscle fibers in the deep 
muscles at the caudal level (Flammang 2014; Flammang 
and Lauder 2008 2009; Kryvi et al. 2021; Nag 1972). 
Further comparison of immunohistochemical features 
of slow and fast muscle fibers in more distantly related 
teleost species will reveal whether this is correct. 
Moreover, although the caudal muscle in shark species 
has as well been shown to contain slow muscle fibers 
(Flammang 2010), its distribution pattern is yet to 
be carefully compared, especially at the level of 
immunohistochemistry, with that of the slow muscle 
fibers in teleost species.

We also identified the slow muscle fibers at the 
medial caudal muscles in Ryukin, Oranda, and four of 
investigated lab strain twin tail goldfish (Figs. 6G3–G4, 
7B1–B3, 8B4–B5, 10D3, 12D3, 13C4, 14C2). Based 
on the distributing area of the slow muscle fibers in the 
transverse plane, we could categorize their distribution 
pattern into two types; the randomly distributing type 
(Fig. 15B), and the biased distribution patterns (Fig. 
15C). In our present research, the 24 twin #01 exhibits 

the randomly distributed slow muscle fibers in its medial 
caudal muscle (Figs. 13C4, 15B). On the other hand, 
Ryukin, Oranda, the 23 narrow twin #08, 23 twisted 
#04, and 24 twin #02 can be categorized as the biased 
distribution pattern type (Figs. 6, 8, 10D3, 12D3, 14C2). 
Although there were differences in the morphology of 
the medial caudal muscle tissues, the slow muscle fibers 
in these individuals were distributed in close proximity 
to the caudal skeleton (Fig. 15C).

Among these individuals showing the biased 
distribution patterns of the slow muscle fibers in 
the medial caudal fin, Ryukin, Oranda, and the 23 
narrow twin #08 enable us to consider the relationship 
between the medial caudal muscle and the other 
muscles. The observed slow muscle fibers in the twin-
tail ornamental goldfish strain and the 23 narrow twin 
#08 showed morphological resemblance with the slow 
muscle fibers in the flexor caudalis ventralis in wild-
type goldfish (Figs. 2G2, 3C6, 4C2, 6G3, 6G4, 15). 
These resemblance of the distribution patterns of 
the slow muscle fibers in the twin-tail and wild-type 
goldfish suggest that a common underlying molecular 
mechanism and/or developmental process contribute 
to the formation of these muscles. Based on this 
interpretation, the randomly distributed slow muscle 
fibers in the 24 twin #01 led us to assume that the 
commonly underlying molecular developmental process 
might be disrupted, providing an opportunity to consider 
how the muscle tissues react to the morphological 
changes caused by the strong selective pressures (Figs. 

Fig. 10.  Distribution pattern of the slow muscle fibers in the 23 narrow twin #08 of the lab goldfish strain. (A, B). Whole body lateral (A1), 
magnified caudal lateral (A2), whole ventral (B1), and magnified caudal ventral views (B2) of goldfish (#2023-0417-09-#08, 7.16 mm [SL], 22 dpf). 
(C, D). The different levels of the sections at the caudal region immunostained with the slow muscle specific antibody (F59). The sectioned levels 
are indicated in the panels of A and B. The first and second columns of section images are low (C1) and high (C2) magnified views at the trunk level. 
The third, second, and fifth columns of section images are low (D1), mid (D2), and high (D3) magnified views at the caudal level. The area of the 
high magnification view (D3) is outlined with the dashed box in panel D2. The muscular tissues located between the bifurcated caudal fin skeleton 
are indicated by black asterisks. White asterisks indicate the ventral caudal skeleton complex including pural, hypural, and hermal spines. Black 
arrowheads indicate slow muscle fibers in the flexor caudalis ventralis. Abbreviations: ne, neural tube; no, notochord. Scale bars: A, B = 1 mm; C1, 
D1 = 100 μm; C1, C2, D2 = 10 μm; D3 = 100 μm.
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13, 15C).

Selective pressures and developmental 
mechanisms

The comparison of the ornamental twin-tail 
goldfish, the narrow twin #08, and 24 twin #01 offered 
a basis for considering a more plausible evolutionary 
scenario for the formation of the mediolaterally biased 
distribution patterns of slow muscle fibers in the medial 
caudal muscles (Figs. 6, 7, 10, 13 15). Two evolutionary 
scenarios have been considered to advance this 
discussion; whether the biased distribution patterns of 
slow muscles in the medial caudal fin are a consequence 
of i) selective pressures, or ii) conserved developmental 
mechanisms among teleost species. Although the 
relationship between the former and the latter is not 
entirely mutually exclusive, this classification will 

contribute to advancing the discourse.
The former select ion-based evolut ionary 

scenario can be examined from previous comparative 
physiological and anatomical studies (Bernal et al. 
2001; Blake et al. 2009; Fierstine and Walters 1968; 
Shadwick et al. 2002). It was observed that twin-
tail morphotype goldfish exhibit lower swimming 
performance compared to wild-type goldfish and this 
correlated with a reduced proportion of slow muscle 
fibers in twin-tail morphotype goldfish (Blake et 
al. 2009). Moreover, studies on the tuna fish group, 
known for high-speed cruising swimming, further 
demonstrated that there is a correlation between 
swimming performance and the position and quantity 
of slow muscle fibers (Bernal et al. 2001; Fierstine 
and Walters 1968; Shadwick et al. 2002). From these 
findings, it is implied that the distribution patterns of 
the slow muscle fibers are highly evolvable and plastic 

Fig. 11.  Distribution patterns of the slow muscle fibers in the 23 wide-twin #01 of the lab goldfish strain. (A). The lateral (A1), the ventral (A2), and 
the magnified ventral view (A3) of the goldfish (#2023-0417-09-#01, 7.83 mm [SL], 22 dpf). (B–C). The different levels of the sections at the caudal 
region immunostained with the slow muscle fiber specific antibody (F59). The sectioned levels are indicated in A1. The magnified views are indicated 
by the dashed boxes with panel labels. White asterisks indicate the ventral caudal skeleton complex including pural, hypural, and hermal spines. The 
muscular tissues located between the bifurcated caudal fin skeleton are indicated by the black asterisks in panels B1, B2, C1 and C2. Abbreviations: 
ad.c.v, adductor caudalis ventralis; f.c.d, flexor caudalis dorsalis; l.p.d, lateralis profundus dorsalis; ne, neural tube; no, notochord. Scale bars: A1, A2, 
A3 = 1 mm; B1, B2, C1, C2 = 100 μm.
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traits. Thus, one may suggest the potential applicability 
of the selection-based evolutionary scenario as follows; 
if the mediolaterally biased distribution patterns of the 
slow muscle fibers are advantageous, the distribution 
patterns can be easily formed, even in a newly appeared 
muscle such as the medial caudal muscle. In essence, 
the specific distribution patterns of these two different 
muscle fibers seems to indicate adaptive significance. 
Under this selection-based evolutionary scenario, the 

random distribution patterns of the slow muscle fibers in 
the 24 twin #01 might be understood as the intermediate 
status (Figs. 13, 15B).

However, applying the selection-based evolutionary 
scenario to the distribution patterns of slow muscle 
fibers in twin-tail goldfish is challenging due to the 
paucity of its supportive evidence in our study. In other 
words, we could not identify any clear advantageous 
points of the bilateral distrierally biased distribution 

Fig. 12.  Distribution pattern of the slow muscle fibers at the 23 twisted #04 of the lab goldfish strain. (A). The whole body (A1) and the magnified 
view of the caudal region (A2) of the goldfish (#2023-0417-09-#04, 8.59 mm [SL], 22 dpf). (B–C). Different levels of the sections immunostained 
with the slow muscle fiber specific antibody (F59). The magnified views of the sections are indicated by dashed line boxes with panel labels. 
White asterisks indicate the ventral caudal skeleton complex including pural, hypural, and hemal spines. The muscular tissues located between the 
bifurcated caudal fin skeleton are indicated by black asterisks in panels C1, D1, C2, and D2. The black arrowhead in panel D3 indicates slow muscle 
fibers in the medial caudal muscle. Abbreviations: ad.c.v, adductor caudalis ventralis; f.c.d, flexor caudalis dorsals; ne, neural tube, no, notochord. 
Scale bars: A1 = 1 mm; A2, B2, C2, D1, D2 = 100 μm; D3 = 100 μm. The panels in the second row are at the same magnification.
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patterns of slow muscle fibers, e.g. as observed in the 
narrow twin #08 goldfish (Figs. 6G3, 6G4, 6B2, 6B3, 
10D2, 10D3). The reasons for this skepticism are 
explained as follows.

Firstly, given that the narrow twin #08 goldfish 

originated from the single-tail common goldfish 
strain, it seems improbable that these goldfish strains 
have undergone selective pressures leading to the 
development of twin-tail morphology with laterally 
biased distribution patterns of slow muscle fibers 

Fig. 13.  Distribution pattern of the slow muscle fibers at the 24 twin #01 of the lab goldfish strain. (A). The whole body (A1) and the magnified 
view of the caudal region (A2) of the goldfish (#2024-0419-03-#01, 13.07 mm [SL], 23 dpf). (B–C). Different levels of the sections immunostained 
with the slow muscle fiber specific antibody (F59). The magnified views of the sections are indicated by dashed line boxes with panel labels. White 
asterisks indicate the ventral caudal skeleton complex including pural, hypural, and hemal spines. The medial caudal muscle fibers are indicated by 
black asterisks in panels C2, C3, and C4. The black arrowhead in panel D3 indicates slow muscle fibers in the medial caudal muscle. Abbreviations: 
ne, neural tube, no, notochord. Scale bars: A1 = 1 mm; A2, B, C = 100 μm.
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in the deep muscles of the caudal region (Fig. 10). 
Secondary, the random distribution patterns of the 
slow- muscle fibers in the 24 twin #01 seems to be 
quite irregular distribution patterns, rather than the 
ancestral intermedibution patterns of slow muscle 
fibers in the medial caudal muscle of the twin-tail 
ornamental goldfish (Figs. 6G3, 6G4, 6B2, 7B3, 8B4, 
B5). Of course, one could argue that the presence of 
slow muscle fibers in the medial caudal muscles of the 
twin-tail ornamental goldfish contributes to maintaining 
both the open and closed states of the bifurcated 
caudal fin, thereby aiding in expressing a twin-tail 
phenotype preferred by breeders and fanciers. Indeed, 
if the distribution of slow muscle fibers is related to the 
spreading of the caudal fin, it is reasonable to consider 
that the current distribution patterns of the slow muscle 
fibers are a result of artificial selection. Nevertheless, it 
prompts skepticism regarding the applicability of this 
selection-based evolutionary scenario clarifying the 
laterally condition (Fig. 13C4). More specifically, the 
running direction of the muscle fibers of this individual 
are not well arranged in comparison with the other lab 
strains (Figs. 6G4, 8B4, B5, 10D3, 13C4). In addition, 
the caudal skeleton of 24 twin #01 is positioned to 
surround the medial caudal muscle from both the dorsal 
and ventral sides, showing an exceptional and unique 
arrangement of the caudal skeleton (Fig. 13C2, 13C3).

Therefore, rather than relying solely on an 
adaptive explanation, it is pertinent to explore the 
possibility that the laterally biased distribution patterns 
of slow muscle fibers in the twin-tail ornamental 
goldfish and the narrow twin #08 of the lab strain 
primarily reflect pre-existing molecular developmental 
mechanisms conserved in wild-type goldfish and 
zebrafish (Figs. 5B, 5C, 6G3, 6G4, 10D, 15BC). To 

put it differently, the lateral expansion of the caudal 
skeleton could have played a significant role in forming 
the laterally biased distribution patterns of slow muscle 
fibers in the medial caudal fin. When including the role 
of selection in this discussion, it seems more reasonable 
to consider that selection contributed to the elimination 
of irregular individuals, such as those with a caudal fin 
skeleton like the 24 twin #01, rather than to the creation 
of a new molecular developmental mechanisms (Fig. 
15B, C).

Notochord and muscle fiber distribution

From our present studies, we are unable to 
pinpoint the molecular developmental mechanisms 
responsible for the mediolaterally biased distribution 
patterns of the slow muscle fibers observed in the 
medial caudal muscle (Fig. 15C). However, by 
focusing on the function, position, and quantity of the 
notochord, we may approach the common underlying 
molecular developmental mechanisms that dictate 
the biased distribution of muscle fibers in both wild-
type and twin-tail goldfish. Despite the presence of 
duplicated caudal musculoskeletal systems in twin-tail 
goldfish (including Ryukin, Oranda, and the lab strain, 
and previously investigated gold- fish (see Li et al. 
2019), our findings indicate that the notochord remains 
unduplicated (Figs. 1C, 6E1–6G5, 10D1) (see also 
Watase 1887; Bateson 1894). These findings prompt an 
inquiry into the developmental origins of mediolaterally 
biased distribution patterns of slow muscle fibers within 
the bifurcated caudal muscular systems of twin-tail 
goldfish; how can a single notochord-derived signaling 
source induce similar distribution patterns of caudal 
muscle fibers in both single and twin-tail goldfish?

Fig. 14.  Distribution pattern of the slow muscle fibers in the 24 twin #02 of the lab goldfish strain. (A, B). Whole body lateral (A1), magnified caudal 
lateral (A2) of goldfish (#2024-0419-03-#02, 13.09 mm [SL], 23 dpf). (B, C). The different levels of the sections at the caudal region immunostained 
with the slow muscle specific antibody (F59). The sectioned levels are indicated in the panels of A2. The area of the high magnification views (B2 
and C2) are outlined with the dashed boxes in panel B1 and C1, respectively. The medial caudal muscle fibers are indicated by black asterisks in 
panel C2. White asterisks indicate the ventral caudal skeleton complex including pural, hypural, and hermal spines. Black arrowheads indicate slow 
muscle fibers in the flexor caudalis ventralis. Abbreviations: ne, neural tube; no, notochord. Scale bars: A, B = 1 mm; C1, D1 = 100 μm; C1, C2, D2 
= 10 μm, D3 = 100 μm.
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To address this inquiry, we need to consider 
two alternative hypotheses. The first suggests that the 
introduction of slow muscle fibers in the deep caudal 
region is governed by molecular mechanisms operating 
at the mid-trunk level, involving notochord-derived 
signals, as previously reported (Devoto et al. 1996; 
Du et al. 1997; Hadzhiev et al. 2007; Keenan and 
Currie 2019; Siomava and Diogo 2018; Stickney et al. 
2000; Tanaka et al. 2023). The second proposes that 
the slow muscle fibers in the deep caudal region are 
defined by molecular mechanisms which differ from the 
aforementioned trunk notochord-derived signals (for 
example, see Elworthy et al. 2008). Although further 
studies are warranted, it is crucial to determine whether 
the former or latter hypothesis is more plausible, 
guiding future investigations.

For consideration of the first hypothesis, several 
points concerning the topological relationship between 
somite derivatives and the notochord must be addressed. 
Specifically, we cannot offer a plausible explanation 
for the observed mediolaterally biased distribution 
patterns in the flexor caudalis of the wild-type goldfish 
and the medial caudal muscle of twin-tail morphotype 
goldfish solely based on developmental mechanisms 
reliant on notochord-derived signals (Figs. 2G2, 3C5, 
6G4, 10D3). While recognizing that somite rotation 
occurs during embryonic development (Hollway et 
al. 2007), one could propose an explanation for the 
varying distribution patterns of different muscle fiber 
types at the trunk and caudal levels. By altering the 
timing of somite rotation, different types of muscle 
tissues displaying varied distribution patterns of 
muscle fibers can be generated. However, it remains 
unclear how the same explanation can be applied to 
the histological features of the bifurcated caudal fin in 
twin-tail goldfish, given the uncertain developmental 
timing and origin of the medial caudal muscles (black 
arrowheads in Figs. 6G3, 10D). Thus, if we consider the 
mediolateral distribution patterns based on the already 
known molecular developmental mechanisms from the 
study of the trunk notochord, further examination of 
the developmental origin of the medial caudal muscles 
is required. Furthermore, the role of notochord-derived 
signals, including long-range and longduration retaining 
signals, in twin-tail goldfish should also be investigated 
(Hadzhiev et al. 2007; Tanaka et al. 2023).

In contrast to the first hypothesis centered on the 
molecular mechanisms found in the trunk notochord, 
the second hypothesis appears to offer a constructive 
and promising explanation for the laterally biased 
distribution patterns of slow muscle fibers in the 
medial caudal muscles. It is worth noting that slow 
muscle fiber differentiation can occur through various 
molecular mechanisms (Elworthy et al. 2008) and 

Fig. 15.  Schematic representation of the distribution patterns of 
muscle fibers. Transverse view at the caudal levels of wild-type 
goldfish and zebrafish (A), that of the mutant showing randomly 
mixed distribution patterns of the slow muscle fibers (B) (see also Fig. 
13), and that of conventional ornamental twin-tail goldfish (C). For 
simplicity, only the deep ventral muscles are shown.
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several caudal muscles develop differently from mid-
trunk muscles (Siomava and Diogo 2018). These 
studies suggest that the slow muscle fibers in both the 
flexor caudalis ventralis muscles of wild-type goldfish 
and the medial caudal muscles of twin-tail goldfish 
differentiate without the direct influence of notochord-
derived signals. Given that the slow muscle fibers in the 
medial caudal muscle are adjacent to the caudal axial 
skeletons, it could be that axial skeleton-oriented signals 
contribute to the induction of the slow muscle fibers 
(the blue ellipses in Fig. 15). Assuming a relationship 
between the distribution patterns of slow muscle fibers 
and the location of the caudal skeleton, the randomly 
distributed slow muscle fibers in the 24 twin #01 
might be explained as follows; the space enclosed by 
the caudal skeleton could be filled with signals in an 
unusual manner, leading to a lack of specific polarity 
and resulting in the random appearance of slow muscle 
fibers (Fig. 13C).

Moreover, other signal sources might influence 
the differentiation of the slow and fast muscle fibers 
in goldfish. During embryonic development, the 
embryonic tailbud harbors different types of molecular 
signals, and its cells differentiate into multiple 
derivatives, including the precursors of muscle tissues 
(Agathon et al. 2003; Das et al. 2019; Henrique et al. 
2015; Lawton et al. 2013; Ohta et al. 2007; Row et al. 
2016). Notably, at least some known signaling domains 
are bifurcated in the tailbud of twin-tail goldfish, despite 
it having a single notochord (see bmp4 in Abe et al. 
2014, a regulator of muscle specification in zebrafish, 
Esterberg et al. 2008). It also very well could be that 
the function of the notochord and its attached tissues at 
the most posterior level differs from that of equivalent 
tissues (notochord and neural tube) at the mid-trunk 
region. Indeed, it has been shown in salmon species 
(Salmo salar) that the posterior- and anterior regions 
of the notochord could be very different (Kryvi et al. 
2021). Thus, it is reasonable to consider that applying 
the same molecular mechanisms directly to explain the 
differentiation processes of both trunk and tail muscle 
fibers could be challenging. Further investigations into 
the developmental origin of different types of muscle 
fibers in the tail region will help elucidate whether the 
first or second hypothesis is more tenable.

Considerations on novel morphology

Our observations also shed light on the relationship 
between the chordin gene mutation and the distribution 
pattern of slow muscle fibers in goldfish. Mediolaterally 
biased distribution patterns of slow muscle fibers 
were observed in the deep muscles of different types 
of goldfish (Figs. 2D1, 3B–C6, 6DG, 7B, 8, 10D2). 

Since these goldfish individuals are varied in the 
chordin gene genotype, it is reasonable to expect that 
the absence of the chdSwt allele does not significantly 
alter the topological relationship between slow and fast 
muscle fibers in most of examined goldfish individuals. 
It also indicates that caudal muscle developmental 
mechanisms can generate similar types of muscular 
tissues even under modified dorsal-ventral patterning. 
Thus, the appearance of similar distribution patterns 
of slow muscles results from developmental systems 
independent of the chdS gene. Consequently, the 
conserved distribution patterns of slow muscle fibers in 
different types of fishes (including wild-type gold- fish, 
zebrafish, Ryukin, Oranda, and the lab strain goldfish 
with the chdSE127X/E127X genotype) stem from partially 
integrated or parcellated developmental mechanisms 
that can produce novel morphologies with quasi-
identical histological characteristics.

Based on the results of this study, the existence 
of molecular mechanisms that generate characteristic 
muscle tissue features in twin-tail goldfish, independent 
of the chdS gene, is suggested. These features not 
only resemble external structures but also homologous 
histological structures at the tissue level between wild-
type and twin-tail goldfish at the caudal region. While 
our focus in this study centered on goldfish caudal fin 
histology, our findings provide insightful perspectives 
for contemplating the emergence of large-scale 
morphological evolution. For example, the appearance 
of paired fins and paired nostrils are quite similar to 
the appearance of the bifurcated caudal fin in the twin-
tail gold- fish (Abe et al. 2007; Abe and Ota 2016; 
Gai et al. 2022; Janvier and Arsenault 2007; Kuratani 
2012; Kuratani et al. 2016; Tzung et al. 2023). When 
these left-right bilaterally duplicated homologous 
morphologies emerge, they simultaneously give rise 
to novel medial morphology between the left and right 
caudal skeletons. In the process of their appearance, pre-
existed molecular developmental systems are employed 
with modifications for the formation of novel tissues 
in the medial morphologies. Our current goldfish study 
provides an experimental case aimed at understanding 
how tissues and cells behave in the newly emerged 
space that arises when novel morphological features 
evolve.

CONCLUSIONS

The present work shows that the deep muscles 
at the caudal level in wild-type goldfish and zebrafish 
exhibit the laterally biased distribution patterns of the 
slow muscle fibers, indicating that these distribution 
patterns might be derived from long-term conserved 
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molecular developmental mechanisms. Similar 
distribution patterns of the slow muscle fibers were 
observed at the medial caudal muscles in the bifurcated 
caudal fin of the twin-tail goldfish. Their similarity 
implies that the distribution patterns of the slow 
muscle fibers in these different muscles are organized 
by the same molecular developmental mechanisms. 
Our present study provides an empirical example to 
consider how histology-level phenotypes are influenced 
by selective pressure and conserved developmental 
mechanisms.

Acknowledgments: We are grateful to Wen-Hui Su 
(SHUEN-SHIN Breeding Farm) and You Syu Huang 
(ex-member of the Aquaculture Breeding Institute, 
Hualien), for technical advice on goldfish breeding 
in Taiwan. We also thank the following current and 
ex-members of the Yilan Marine Research Station, 
Institute of Cellular and Organismic Biology; the late 
Hung-Tsai Lee, Chia-Chun Lee, Chihi-Chiang Lee, 
and Tsai Han Chuan for maintenance of aquarium 
systems; Chi-Fu Hung, Jhih-Hao Wei, and Fei Chu 
Chen for administrative support; Teng Yu-Feng (Big 
Wind Technology Co. LTD) and Shi-Chieh Liu for 
designing aquarium systems. We also thank the Taiwan 
Zebrafish Core Facility at Academia Sinica. Funding: 
The funding was provided by National Science and 
Technology Council (Grant No. 112-2311-B-001-033 
and 113-2311-B-001-032-MY3), Academia Sinica 
through the Postdoctoral Scholar Program (Grant No. 
235 g), JSPS KAKENHI (Grant No. JP22K06232), and 
Takeda Science Foundation (Grant No. 2022036015).

Authors’ contributions: Conceptualization: Kinya G. 
Ota (KGO). Funding Acquisition: KGO. Investigation: 
KGO, Tzu-Chin Chi (TCC). Methodology: KGO, 
TCC, Chen-Yi Wang (CYW), Ing-Jia Li (IJL). Project 
Administration: KGO. Resources: CYW, IJL, KGO. 
Supervision: KGO. Image acquisition: KGO. Writing 
– Original Draft: KGO. Writing – Review & Editing: 
KGO, Gembu Abe (GA), Paul Gerald Layague Sanchez 
(PGLS), IJL, TCC.

Competing interests: All authors declare that they 
have no conflict of interest.

Availability of data and materials: The data 
or materials can be provided upon on request to the 
authors.

Consent for publication: Not applicable.

Ethics approval consent to participate: Not 
applicable. 

REFERENCES

Abe G, Ide H, Tamura K. 2007. Function of FGF signaling in the 
developmental process of the median fin fold in zebrafish. Dev 
Biol 304:355–366. doi:10.1016/j.ydbio.2006.12.040.

Abe G, Lee S-H, Chang M, Liu S-C, Tsai H-Y, Ota KG. 2014. The 
origin of the bifurcated axial skeletal system in the twin-tail 
goldfish. Nat Commun 5:3360. doi:10.1038/ncomms4360.

Abe G, Ota KG. 2016. Evolutionary developmental transition from 
median to paired morphology of vertebrate fins: Perspectives 
from twin-tail goldfish. Dev Biol 427:251–257. doi:10.1016/
j.ydbio.2016.11.022.

Agathon A, Thisse C, Thisse B. 2003. The molecular nature of the 
zebrafish tail organizer. Nature 424:448–452. doi:10.1038/
nature01822.

Bateson W. 1894. Materials for the study of variation treated with 
especial regard to discontinuity in the origin of species. 
Macmillan and Company.

Bernal D, Dickson KA, Shadwick RE, Graham JB. 2001. Analysis of 
the evolutionary convergence for high performance swimming 
in lamnid sharks and tunas. Comparative Biochemistry and 
Physiology Part A: Molecular & Integrative Physiology 
129:695–726. 

Blake RW, Li J, Chan KHS. 2009. Swimming in four goldfish 
Carassius auratus morphotypes: understanding functional design 
and performance employing artificially selected forms. J Fish 
Biol 75:591–617.

Chen HC, Wang C, Li I-J, Abe G, Ota KG. 2022. Pleiotropic functions 
of chordin gene causing drastic morphological changes in 
ornamental goldfish. Sci Rep 12:19961. doi:10.1038/s41598-
022-24444-7.

Chen SC. 1954. A history of the domestication and the factors of the 
varietal formation of the common goldfish, Carassius auratus. 
Acta Zool Sin 6:89–116.

Chen SC. 1956. A history of the domestication and the factors of the 
varietal formation of the common goldfish, Carassius auratus. 
Sci Sin 5:287–321.

Das D, Jülich D, Schwendinger-Schreck J, Guillon E, Lawton AK 
et al. 2019. Organization of Embryonic Morphogenesis via 
Mechanical Information. Dev Cell 49:829–839.e5. doi:10.1016/
j.devcel.2019.05.014.

Devoto SH, Melançon E, Eisen JS, Westerfield M. 1996. Identification 
of separate slow and fast muscle precursor cells in vivo, prior to 
somite formation. Development 122:3371–3380. doi:10.1242/
dev.122.11.3371.

Du SJ, Devoto SH, Westerfield M, Moon RT. 1997. Positive and 
negative regulation of muscle cell identity by members of the 
hedgehog and tgf-β gene families. J Cell Biol 139:145–156. 
doi:10.1083/jcb.139.1.145.

Elworthy S, Hargrave M, Knight R, Mebus K, Ingham PW. 2008. 
Expression of multiple slow myosin heavy chain genes reveals 
a diversity of zebrafish slow twitch muscle fibres with differing 
requirements for hedgehog and prdm1 activity. Development 
135:2115–2126. doi:10.1242/dev.015719.

Esterberg R, Delalande JM, Fritz A. 2008. Tailbud-derived bmp4 
drives proliferation and inhibits maturation of zebrafish 
chordamesoderm. Development 135:3891–3901. doi:10.1242/
dev.029264.

Fierstine HL, Walters V. 1968. Studies in locomotion and anatomy of 
scombroid fishes. Mem South Calif Acad Sci 6:1–31.

Flammang B. 2014. The fish tail as a derivation from axial 
musculoskeletal anatomy: an integrative analysis of functional 
morphology. Zool 117:86–92. doi:10.1016/j.zool.2013.10.001.

Flammang BE. 2010. Functional morphology of the radialis muscle in 

page 21 of 22Zoological Studies 64: 4 (2025)

https://doi.org/10.1016/j.ydbio.2006.12.040
https://doi.org/10.1038/ncomms4360
https://doi.org/10.1016/j.ydbio.2016.11.022
https://doi.org/10.1038/nature01822
https://doi.org/10.1038/s41598-022-24444-7
https://doi.org/10.1016/j.devcel.2019.05.014
https://doi.org/10.1242/dev.122.11.3371
https://doi.org/10.1083/jcb.139.1.145
https://doi.org/10.1242/dev.015719
https://doi.org/10.1242/dev.029264
https://doi.org/10.1016/j.zool.2013.10.001


© 2025 Academia Sinica, Taiwan

shark tails. J Morphol 271:340–352. doi:10.1002/jmor.10801.
Flammang BE, Lauder GV. 2008. Speed-dependent intrinsic caudal fin 

muscle recruitment during steady swimming in bluegill sunfish, 
Lepomis macrochirus. J Exp Biol 211:587–598. doi:10.1242/
jeb.012096.

Flammang BE, Lauder GV. 2009. Caudal fin shape modulation and 
control during acceleration, braking and backing maneuvers in 
bluegill sunfish, Lepomis macrochirus. J Exp Biol 212:277–286. 
doi:10.1242/jeb.021360.

Gai Z, Li Q, Ferrón HG, Keating JN, Wang J et al. 2022. Galeaspid 
anatomy and the origin of vertebrate paired appendages. Nature 
609:959–963. doi:10.1038/s41586-022-04897-6.

Hadzhiev Y, Lele Z, Schindler S, Wilson SW, Ahlberg P et al. 
2007. Hedgehog signaling patterns the outgrowth of unpaired 
skeletal appendages in zebrafish. BMC Dev Biol 7:1–12. 
doi:10.1186/1471-213X-7-75.

Henrique D, Abranches E, Verrier L, Storey KG. 2015. Neuromesodermal 
progenitors and the making of the spinal cord. Development 
142:2864–2875. doi:10.1242/dev.119768.

Hollway GE, Bryson-Richardson RJ, Berger S, Cole NJ, Hall TE et 
al. 2007. Whole-somite rotation generates muscle progenitor 
cell compartments in the developing zebrafish embryo. Dev Cell 
12:207–219. doi:10.1016/j.devcel.2007.01.001.

Janvier P, Arsenault M. 2007. The anatomy of Euphanerops longaevus 
Woodward, 1900, an anaspid-like jawless vertebrate from the 
Upper Devonian of Miguasha, Quebec, Canada. Geodiversitas 
29:143–216.

Kardong KV. 2006. Vertebrates: comparative anatomy, function, 
evolution. Number QL805 K35 2006. McGraw-Hill. New York.

Keenan SR, Currie PD. 2019. The developmental phases of zebrafish 
myogenesis. J Dev Biol 7:12. doi:10.3390/jdb7020012.

Kon T, Omori Y, Fukuta K, Wada H, Watanabe M et al. 2020. The 
genetic basis of morphological diversity in domesticated goldfish. 
Curr Biol 30:2260–2274.e6. doi:10.1016/j.cub.2020.04.034.

Korschelt E. 1907. Regeneration und transplantation. Nature 121:825. 
doi:10.1038/121825a0.

Kryvi H, Nordvik K, Fjelldal PG, Eilertsen M, Helvik JV et al. 2021. 
The notochord develops differently in the cranium and caudal 
fin of Atlantic Salmon (Salmo salar, L.). Anat Rec (Hoboken) 
304:1629–1649. doi:10.1002/ar.24562.

Kuratani S. 2012. Evolution of the vertebrate jaw from developmental 
perspectives: Evolution of the vertebrate jaw. Evol Dev 14:76–
92. doi:10.1111/j.1525-142X.2011.00523.x.

Kuratani S, Oisi Y, Ota K. 2016. Evolution of the vertebrate cranium: 
Viewed from hagfish developmental studies. Zool Sci 33:229–
238. doi:10.2108/zs150187.

Lauder GV. 2015. Caudal fin locomotion in ray-finned fishes: 
Historical and functional analyses1. Am Zool 29:85–102.

Lawton AK, Nandi A, Stulberg MJ, Dray N, Sneddon MW et al. 
2013. Regulated tissue fluidity steers zebrafish body elongation. 
Development 140:573–582. doi:10.1242/dev.090381.

Le Verger K, Küng LC, Fabre A-C, Schmelzle T, Wegmann A et al. 
2024. Goldfish phenomics reveals commonalities and a lack 
of universality in the domestication process for ornamentation. 
Evol Lett 8:774–786. doi:10.1093/evlett/qrae032.

Li IJ, Chang CJ, Liu SC, Abe G, Ota KG. 2015. Postembryonic 
staging of wild-type goldfish, with brief reference to skeletal 
systems. Dev Dyn 244:1485–1518. doi:10.1002/dvdy.24340. 

Li I-J, Lee SH, Abe G, Ota KG. 2019. Embryonic and post-embryonic 
development of the ornamental twin-tail goldfish. Dev Dyn 
23:1–33. doi:10.1002/dvdy.15.

Liem KF, Bemis WE, Walker WF, Grande L. 2001. Functional 

anatomy of the vertebrates: an evolutionary perspective. 
Harcourt College Publishers. New York.

Luiza Silveira T, Veloso E, Gonçalves I, Ferreira E. 2020. Use of 
giemsa staining for the immunohistochemical counterstaining in 
canine melanomas: an “old and forgotten” method. Braz J Vet 
Pathol 13:17–20. doi:10.24070/bjvp.1983-0246.v13i1p17-20.

Luna VM, Daikoku E, Ono F. 2015. “Slow” skeletal muscles across 
vertebrate species. Cell Biosci 5:62. doi:10.1186/s13578-015-
0054-6.

Nag AC. 1972. Ultrastructure and adenosine triphosphatase activity of 
red and white muscle fibers of the caudal region of a fish, Salmo 
gairdneri. J Cell Biol 55:42–57. doi:10.1083/jcb.55.1.42.

Nakae M, Sasaki K, Shinohara G, Okada T, Matsuura K. 2014. 
Muscular system in the pacific bluefin tuna Thunnus orientalis 
(Teleostei: Scombridae). J Morphol 275:217–229. doi:10.1002/
jmor.20210.

Ohta S, Suzuki K, Tachibana K, Tanaka H, Yamada G. 2007. 
Cessation of gastrulation is mediated by suppression of 
epithelial-mesenchymal transition at the ventral ectodermal 
ridge. Development 134:4315–4324. doi:10.1242/dev.008151.

Ota KG. 2021. Goldfish Development and Evolution. Springer 
Singapore.

Ota KG, Abe G. 2016. Goldfish morphology as a model for 
evolutionary developmental biology. Wiley Interdiscip Rev Dev 
Biol 5:272–295.

Row RH, Tsotras SR, Goto H, Martin BL. 2016. The zebrafish tailbud 
contains two independent populations of midline progenitor cells 
that maintain long-term germ layer plasticity and differentiate 
in response to local signaling cues. Development 143:244–254. 
doi:10.1242/dev.129015.

Shadwick RE, Rapoport H, Fenger JM. 2002. Structure and function 
of tuna tail tendons. Comp Biochem Physiol A Mol Integr 
Physiol 133:1109–1125. doi:10.1016/S1095-6433(02)00215-5.

Siomava N, Diogo R. 2018. Comparative anatomy of zebrafish paired 
and median fin muscles: basis for functional, developmental, and 
macroevolutionary studies. J Anat 232:186–199. doi:10.1111/
joa.12728.

Stickney HL, Barresi MJ, Devoto SH. 2000. Somite development 
in zebrafish. Dev Dyn 219:287–303. doi:10.1002/1097-
0177(2000)9999:9999<::AID-DVDY1065>3.0.CO;2-A.

Tanaka Y, Okayama S, Ansai S, Abe G, Tamura K. 2023. Fin 
elaboration via anterior-posterior regulation by hedgehog 
signaling in teleosts. bioRxiv. doi:10.1101/2023.10.10.557878.

Tsai HY, Chang M, Liu S-C, Abe G, Ota KG. 2013. Embryonic 
development of gold-fish (Carassius auratus): a model for the 
study of evolutionary change in developmental mechanisms 
by artificial selection. Dev Dyn 242:1262–83. doi:10.1002/
dvdy.24022.

Tyler JC. 1970. Abnormal fin and vertebral growth structures in 
plectognath fishes. Proc Acad Nat Sci Phila 122:249–271.

Tzung K-W, Lalonde RL, Prummel KD, Mahabaleshwar H, Moran 
HR et al. 2023. A median fin derived from the lateral plate 
mesoderm and the origin of paired fins. Nature 618:543–549. 
doi:10.1038/s41586-023-06100-w.

Watase S. 1887. On the caudal and anal fins of goldfishes. J Sci Coll 
Imp Univ Tokyo 1:247–267. 

Westneat MW, Wainwright SA. 2001. 7. Mechanical design for 
swimming: muscle, tendon, and bone. Fish Physiology 19:271–
311. doi:10.1016/S1546-5098(01)19008-4.

Winterbottom R. 1973. A descriptive synonymy of the striated 
muscles of the teleostei. Proc Acad Nat Sci Phila 125:225–317.

page 22 of 22Zoological Studies 64: 4 (2025)

https://doi.org/10.1002/jmor.10801
https://doi.org/10.1242/jeb.012096
https://doi.org/10.1242/jeb.021360
https://doi.org/10.1038/s41586-022-04897-6
https://doi.org/10.1186/1471-213X-7-75
https://doi.org/10.1242/dev.119768
https://doi.org/10.1016/j.devcel.2007.01.001
https://doi.org/10.3390/jdb7020012
https://doi.org/10.1016/j.cub.2020.04.034
https://doi.org/10.1038/121825a0
https://doi.org/10.1002/ar.24562
https://doi.org/10.1111/j.1525-142X.2011.00523.x
https://doi.org/10.2108/zs150187
https://doi.org/10.1242/dev.090381
https://doi.org/10.1093/evlett/qrae032
https://doi.org/10.1002/dvdy.24340
https://doi.org/10.1002/dvdy.15
https://bjvp.org.br/wp-content/uploads/2020/03/v13-n1-3.pdf
https://doi.org/10.1186/s13578-015-0054-6
https://doi.org/10.1083/jcb.55.1.42
https://doi.org/10.1002/jmor.20210
https://doi.org/10.1242/dev.008151
https://doi.org/10.1242/dev.129015
https://doi.org/10.1016/S1095-6433(02)00215-5
https://doi.org/10.1111/joa.12728
https://doi.org/10.1002/1097-0177(2000)9999:9999%3C::AID-DVDY1065%3E3.0.CO;2-A
https://doi.org/10.1101/2023.10.10.557878
https://doi.org/10.1002/dvdy.24022
https://doi.org/10.1038/s41586-023-06100-w
https://doi.org/10.1016/S1546-5098(01)19008-4

	BACKGROUND
	MATERIALS AND METHODS
	Goldfish and zebrafish
	Maintenance of larvae and juveniles
	Histological analyses

	RESULTS
	The wild-type goldfish
	Comparison with zebrafish
	Twin-tail ornamental goldfish
	chdS mutant lab strain progenies

	DISCUSSION
	Conserved slow muscle fiber distributions
	Selective pressures and developmental mechanisms
	Notochord and muscle fiber distribution
	Considerations on novel morphology

	CONCLUSIONS
	Acknowledgments
	Authors’ contributions
	Competing interests
	Availability of data and materials
	Consent for publication
	Ethics approval consent to participate
	REFERENCES

