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Body shape diversity in vertebrates reflects a complex interplay between functional demands, 
environmental constraints, and internal developmental mechanisms. Various environments have promoted 
diverse morphological adaptations not only under natural but also domesticated conditions. One of the 
most remarkable examples of artificially induced morphology is found in the domesticated ornamental 
goldfish (Carassius auratus), which has diversified into numerous strains with strikingly different body 
shapes through prolonged human selection. In this study, we compared the body shapes of representative 
goldfish strains: the single-tail common goldfish (wild-type), Ryukin, Oranda, Pearlscale, and Ranchu. 
Our analysis revealed that the Ryukin and Pearlscale strains exhibit significantly greater body circularity 
in dorsal view compared to the other strains. Further anatomical and histological analyses showed that 
Pearlscale goldfish possess a thicker lateral body wall along with increased adipose tissue accumulation 
and reduced muscle fiber density, unlike Ryukin goldfish. These findings suggest that similar globular body 
shapes in different goldfish strains have arisen through distinct developmental pathways, exemplifying 
morphological convergence accompanied by histological divergence. We further discuss adipose 
accumulation in Pearlscale goldfish in relation to natural examples, providing insight into how function, 
morphology, and tissue organization may be interlinked in the evolution of globular body shapes.
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BACKGROUND

The diversity of body shapes observed in aquatic 
vertebrates reflects adaptations to the physical constraints 
and ecological demands of their environments. For 
example, streamlined forms, such as those found in 
sharks, tunas, dolphins, and diving birds, have evolved 
independently across different vertebrate lineages, 
highlighting the advantage of this morphology for 
active swimming in open water (Kardong 2006; 
Liem et al. 2001). Similarly, many other body shapes 

have also arisen convergently, as can be seen from 
early vertebrates to more derived lineages (Lampart-
Kałuzniacka and Heese 2000; Li et al. 2020; Nelson et 
al. 2016; Van Wassenbergh et al. 2015; Wainwright and 
Turingan 1997). This repeated emergence of the different 
types of morphologies across diverse taxonomic groups 
suggests that body shape of vertebrates is evolvable, 
representing adaptation to distinct environments.

Whereas natural selection in the wild has shaped 
body forms suited for survival under natural ecological 
constraints, domestication has introduced a distinct set 
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of selective pressures. A particularly notable case is 
that of ornamental goldfish, which show a variety of 
body shapes evolved under aesthetic rather than wild 
ecological constraints (Le Verger et al. 2024; Ota 2021) 
(Figs. 1 and 2). Ornamental goldfish were derived 
from the wild crucian carp (Carassius auratus), which 
shows a typical streamlined body shape. Initially, color 
variations of the single-tail common goldfish were 
isolated (Figs. 1A and 2A–C), and over time, several 
distinctive morphotypes were selected by breeders and 
fanciers (Figs. 1B–E and 2D–G) (Chen 1954 1956; 
Hervey and Hems 1948; Ota 2021; Ota and Abe 2016; 
Smartt 2001). These include phenotypes such as popped 
eyes, bifurcated caudal fins, and the absence of dorsal 
fins (Chen et al. 2020b; Hervey and Hems 1948; Ota 
2021; Ota and Abe 2016; Smartt 2001). Notably, the 
globular body shape—a rounded and compact form—
often emerged concurrently with these mutations in eyes 
and fins (Asano and Kubo 1972; Kon et al. 2020; Matsui 
2006). Thus, this globular morphology is recognized as 
a defining characteristic of many ornamental goldfish 
strains (Smartt 2001).

For example, Ryukin, Oranda, Ranchu, and 
Pearlscale are ornamental goldfish strains known for 
their globular body shape (Asano and Kubo 1972; Ota 
2021; Smartt 2001) (Figs. 1B–E and 2D–G). Because 
ornamental goldfish have traditionally been appreciated 
from a dorsal view (i.e., from ponds and/or opaque fish 
bowls), their external morphology has been shaped 
by artificial selection favoring a rounded appearance 
from a dorsal view. As a result, globular body shapes 
have become genetically fixed in these populations. 
Furthermore, if we add an explanation about the nature 
of this selection, it can be described as follows: this 
selection appears to have been based primarily on 
external form, rather than internal phenotypic features. 
This raised the question whether the globular body 
shapes seen in different ornamental strains emerged 
from similar types of modifications, or from distinct 
internal changes, including developmental and tissue 
reorganization.

To address the question posed above,  we 
conducted comparative analyses of representative 
ornamental goldfish strains (Figs. 1 and 2). Recognizing 
that goldfish fanciers and breeders have traditionally 
viewed the fish from above and selected for rounder 
body shapes (Chen 1954; Smartt 2001), we first focused 
on dorsal morphology and performed shape analysis 
from this perspective. We then carried out detailed 
anatomical and histological examinations to identify 
internal features contributing to the globular body 
features. We further discuss how artificial selection 
has historically influenced goldfish morphology and 
consider whether similar external forms across strains 
have arisen through shared or distinct developmental 
mechanisms—potentially representing a case of 
convergent and parallel evolution at the different 
phenotypic levels.

MATERIALS AND METHODS

Goldfish strains

All goldfish strains used in this study were 
maintained at the Yilan Marine Research Station 
(Institute of Cellular and Organismic Biology, 
Academia Sinica, Taiwan) (Figs. 1 and 2). Among 
them, the wild-type strains were derived from single-
tail goldfish originating from Japanese and Taiwanese 
populations; see also (Ota 2021; Tsai et al. 2013) for a 
detailed definition of the wild-type goldfish. Progenies 
used in this study were obtained by artificial fertilization 
as described previously (Li et al. 2019; Ota 2021; Ota 
and Abe 2016; Ota et al. 2025). In addition, the Ryukin, 
Oranda, Ranchu, and Pearlscale strains were purchased 
from local ornamental fish distributors in Taiwan. Some 
of these individuals were directly used for experiments, 
whereas others were bred to obtain progenies from 
their parental stocks. For progenies obtained and 
reared in our laboratory, their origin is specified in the 
corresponding figure legends.

Fig. 1.  Lateral view of five ornamental goldfish. A, the single-tail common goldfish (wild-type). B, Ryukin. C, Oranda. D, Pearlscale. E, Ranchu. 
The photographs of Pearlscale and Ranchu are derived from our YouTube channel (https://www.youtube.com/@LAQZL; see Goldfish EvoDevo 
series; accessed 2025-06-30). The individuals shown in panels A and B were obtained by artificial fertilization and subsequently reared at the Yilan 
Marine Research Station. The size of the individuals is approximately 10 cm in the standard length. Source image available at ark:37281/k5f8z2s55, 
licensed under CC-BY-NC-SA 4.0, © Kinya G. Ota (2025).
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Measurement of circularity

Goldfish individuals were photographed from the 
dorsal side (Fig. 2). The body circularity of goldfish 
specimens was measured using images captured under 
controlled conditions. Specimens were recorded against 

a uniform background (either black or white) using 
a digital camera or video recording (Olympus; E-M1 
Mark III). Images captured from a dorsal view were 
analyzed to determine the body trunk area and perimeter 
using the image analysis software Fiji (Schindelin 
et al. 2012). Details on how the trunk region was 

Fig. 2.  Dorsal view of five ornamental goldfish. A–C, the single-tail common goldfish (wild-type). D, Ryukin. E, Oranda. F, Pearlscale. G, Ranchu. 
The individuals of single-tail, Ryukin, and Oranda are derived from our previous report (Li et al. 2019; Tsai et al. 2013). The photographs of 
Pearlscale and Ranchu are derived from our YouTube channel (https://www.youtube.com/@LAQZL; see Goldfish EvoDevo series; accessed 2025-
06-30). Panel labels ending in odd numbers show the original photographs. Panel labels ending in even numbers show the image with the color-
coded region of interest (ROI). The colored ROIs indicate the approximately identified trunk regions. These goldfish individuals range from 5 cm to 
15 cm in standard length. The individuals shown in panels A1–B2 were obtained by artificial fertilization and subsequently reared at the Yilan Marine 
Research Station. The individuals of panels A, B, and C are denoted as Wt-Jp-2019, Wt-Jp-2015, and Wt-Tw-2015, respectively, in fugure 3 and table 
1. The numbers on each individual correspond to the suffix of the Handle ID in table 1 (e.g., the “-01” in Wt-Jp-2019-01). Source image available at 
ark:37281/k5f8z2s55, licensed under CC-BY-NC-SA 4.0, © Kinya G. Ota (2025).
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defined, as well as the validity of the criteria used, are 
described in the Results section. These parameters were 
manually detected. Circularity was calculated based 
on the detected area and perimeter, using the following 
formula:

Circularity = 
4π × Area
Perimeter

Anatomical data analysis

After the data acquisition from live fish, the fish 
were anesthetized with MS-222 (E10521, Sigma). The 
anesthetized specimens were fixed overnight in 10% 
formalin. All experimental procedures were conducted 
in accordance with the animal care and use protocol 
approved by Academia Sinica (IACUC Protocol 23-10-
2072). The fixed specimens were transversely sectioned 
at the anterior end of the pelvic fin using a microtome 
blade. The transverse sections were then photographed 
with a digital camera (Olympus; E-M1 Mark III). 
From transverse section images, we identified (1) the 
maximum body width (mbw), defined as the longest 
distance between the left and right lateral surfaces of 
the body in the transverse section image, and (2) the 
internal cavity width (icw), defined as the distance 
between the left and right boundaries of the body cavity 
wall. The lateral body wall thickness (lbw)—defined 
as the combined thickness of the tissue from the skin 
surface to the body cavity wall on both sides—was 
calculated by subtracting icw from mbw. In addition, 
the circularity of the body surface contour and of 
the coelomic cavity contour was measured from the 
transverse section images.

Histological analysis

The 10% formalin fixed specimens from the 
anatomical data acquisition were dehydrated through 
ethanol series. 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 Diagnostics), 
gradually hydrated with ethanol series, and stained 
by alcian blue, hematoxylin, and eosin as described 
previously (Li et al. 2019; Ota et al. 2025). The slide 
was dehydrated with ethanol series, immersed in 
Lemosol A, and sealed by coverslip with Entellan new 
mounting media (107961, Sigma-Aldrich). Histological 
sections were observed under a microscope, and 

images were captured focusing on the lateral side of the 
body wall area. From the histological images, regions 
containing both muscle and adipose cells were selected, 
with a focus on areas where adipose cells were densely 
distributed. Muscle bundles or groups of muscle 
bundles that were surrounded or adjacent to adipose 
cells were visually identified and selected. Based on 
the distribution patterns of muscles and adipose cells, 
the histological images were scored (see the Results 
part). The analyses and visualization of the data were 
conducted by RStudio and SuperPlotsOfData (Goedhart 
2021), which is accessible at https://huygens.science.
uva.nl/SuperPlotsOfData/.

RESULTS

To examine the body shape variation among 
ornamental goldfish strains, we measured the circularity 
of their dorsal views. Given that the early breeders 
and fanciers selected their preferred goldfish primarily 
through visual inspection from dorsal view, we also 
outlined the body shape of the goldfish and measured 
the circularity of this outline based on our semi-
quantitative visual inspection (Fig. 2). We defined the 
perimeter of the measured area to include the trunk 
region, extending from the posterior end of the head 
to the approximated cloacal area (Fig. 2). Because the 
cloaca is located on the ventral side and is not directly 
visible from the dorsal view (Fig. 1), its position was 
approximated using the lateral body width and/or the 
position of the anal fin. The anal fin, although ventral 
and normally invisible from above, can be intermittently 
observed during handling of goldfish, which allowed 
us to infer the cloaca position. Based on these acquired 
values, we calculated the circularity of the selected area 
(Fig. 3 and Table 1). Our approach—though based on 
visually biased estimations—resembles the way early 
breeders perceived goldfish and can thus be considered a 
reasonable proxy for assessing overall body roundness.

From our calculation of the circularity in these 
strains, it is revealed that the globular body ornamental 
goldfish, including Ryukin, Oranda, Pearlscale, and 
Ranchu strains, showed higher circularities than their 
wild-type counterparts (Fig. 3). Of those, Pearlscale and 
Ryukin goldfish seem to be more circular than the other 
globular body ornamental goldfish (Fig. 3 and Table 
1). We also then compared how the internal anatomical 
features are different among these ornamental goldfish 
strains, by observing the section plane of the wild-
type, Ryukin, Oranda, Pearlscale, and Ranchu goldfish 
strains (Fig. 4A–E). This observation indicated that 
the lateral body wall thickness is significantly wider 
in Pearlscale goldfish in comparison with the other 

page 4 of 19Zoological Studies 65:29 (2026)



© 2026 Academia Sinica, Taiwan

goldfish strains (the green and blue bars in Fig. 4A–
E). Pearlscale goldfish also showed a higher ratio of 
the lateral body wall thickness of body width than the 
others (Fig. 4F). Crucially, while Ryukin and Pearlscale 
individuals showed quite similar circularity (Fig. 3), 
their anatomical and histological characteristics seem to 
be highly differentiated from each other. For instance, 
the transverse section of Pearlscale is clearly more 
circular than that of Ryukin (Fig. 4B, D). Moreover, 
although body size, age, and feeding conditions varied 
among individuals due to their maintenance in different 
aquarium tanks, the whitish appearance of the lateral 
body wall tissue—likely indicating lipid-rich tissue—
in the Pearlscale goldfish (indicated by black asterisks 
in Fig. 4D) suggests that this strain possesses distinct 
morphological and histological characteristics.

To further investigate the aforementioned 
possibility, we obtained a set of data consisting of the 
circularity of the body and anatomical features of the 
transverse section plane from seven individuals each 
from wild-type, Ryukin, and Pearlscale goldfish (Figs. 5 
to 8, and Table 2). The comparison demonstrated a clear 
trend: both Ryukin and Pearlscale goldfish have more 
circular body shapes, and this effect is most evident in 

the Pearlscale strain (Fig. 5). Exceptionally, one of the 
Pearlscale goldfish individuals has a lower circularity 
than three Ryukin individuals (Fig. 5B2, B3, B7, and 
C7; these panels are indicated by the black and white 
asterisks). The relatively low circularity observed in this 
Pearlscale individual is likely attributable to its laterally 
expanded body shape (Fig. 5). These results further 
confirmed that there are significant differences between 
the Pearlscale and Ryukin goldfish strains.

Next, our results of the transverse section 
provided consistent and solid results in the differences 
of the lateral body wall thickness of these examined 
goldfish individuals (Figs. 6 and 7). The transverse 
section views in these individuals also indicated that 
the Pearlscale goldfish individuals had a clearly more 
circular transverse section and showed the largest 
lateral body wall thickness in comparison with the other 
strain individuals (Fig. 6). The similar width of the 
lateral body wall thickness of the wild-type and Ryukin 
strain indicated that although the circularity of the 
Ryukin strain is higher than the wild-type goldfish, this 
difference stems from the increase of the width of the 
coelom area in the transverse section view (Figs. 6A, B 
and 7). On the other hand, Pearlscale goldfish, although 

Table 1.  Circularity of five representative goldfish

Handle ID Strain Area Perimeter Circularity

Wt-Jp-2019-01 wild-type 99357 1292.941 0.747
Wt-Jp-2019-02 wild-type 116019 1320.087 0.837
Wt-Jp-2019-03 wild-type 102129 1345.216 0.709
Wt-Jp-2019-04 wild-type 107958 1359.783 0.734
Wt-Jp-2015-01 wild-type 122932 1453.877 0.731
Wt-Jp-2015-02 wild-type 83594 1186.909 0.746
Wt-Jp-2015-03 wild-type 55259 933.59 0.797
Wt-Jp-2015-04 wild-type 52059 948.765 0.727
Wt-Jp-2015-05 wild-type 71527 1136.819 0.696
Wt-Tw-2015-01 wild-type 210301 1988.55 0.668
Wt-Tw-2015-02 wild-type 145679 1662.477 0.662
Wt-Tw-2015-03 wild-type 185946 1790.948 0.729
Wt-Tw-2015-04 wild-type 204436 1950.582 0.675
Wt-Tw-2015-05 wild-type 227211 1981.262 0.727
RY-2019-01 Ryukin 156483 1419.801 0.975
RY-2019-02 Ryukin 144149 1373.393 0.960
RY-2019-03 Ryukin 156362 1439.078 0.949
OR-2019-01 Oranda 142041 1399.848 0.911
OR-2019-02 Oranda 119059 1257.733 0.946
OR-2019-03 Oranda 122228 1303.913 0.903
PRL-YT-01 Pearlscale 108198 1181.011 0.975
PRL-YT-02 Pearlscale 157832 1430.106 0.970
PRL-YT-03 Pearlscale 123265 1261.756 0.973
RA-YT-01 Ranchu 86237 1070.774 0.945
RA-YT-02 Ranchu 113144 1275.322 0.874
RA-YT-03 Ranchu 83144 1095.311 0.871

Area and Perimeter are expressed in pixels as measured directly from digital images.

page 5 of 19Zoological Studies 65:29 (2026)



© 2026 Academia Sinica, Taiwan

with inter-individual variations, tend to increase the 
lateral body wall thickness to form the globular body 
shape (Fig. 7).

To clarify further how the body wall and coelom 
areas changed, the circularities of these structures were 
measured in transverse section views and compared 
among the three strains, including wild-type, Ryukin, 
and Pearlscale (Fig. 8A). The circularity values of the 
body surface and coelom in transverse section views 
indicated significant differences between the wild-
type and the two globular body shape goldfish strains. 
Ryukin and Pearlscale showed quite similar values, and 
an increase in the circularity of the coelom occurred 
in both Ryukin and Pearlscale, suggesting that the 
Pearlscale goldfish possess a Ryukin-like coelom shape 
while simultaneously exhibiting a thickened lateral body 
wall (Figs. 7 and 8B). This tendency is also observed 
in the relationship between body surface circularity 

in transverse sections and dorsal view circularity 
(Fig. 8C). These results revealed that the globular 
body goldfish strains are diverged from the wild-type 
goldfish in the anatomical features. Moreover, while 
Ryukin and Pearlscale exhibit comparable anatomical 
characteristics, their tissue properties appear to be 
distinct.

To further examine the similarities and differences 
at the tissue level between Ryukin and Pearlscale 
goldfish, we compared histological features using seven 
individuals per strain, as described above. We succeeded 
in observing the lateral area of the trunk region in the 
transverse section of those individuals at the level of 
the pelvic fin (Fig. 9). In this observation, we clearly 
recognized the differences in the ratio between the 
muscle fibers and adipose tissue in the mid trunk region, 
as we observed in the transverse hand section views 
(Figs. 4 and 6).

Fig. 3.  Circularity of five ornamental goldfish. The plot and distribution is based on the image of figure 2. The distributions are calculated by 
SuperPlotsOfData (https://huygens.science.uva.nl/SuperPlotsOfData/). The small dots indicate the circularity of each individual. The large dots 
indicate the means of circularity. Original data is in table 1. Source image available at https://n2t.net/ark:/37281/k5f8z2s55, licensed under CC-BY-
NC-SA 4.0, © Kinya G. Ota (2025).
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Fig. 4.  Comparison of the transverse sections in five ornamental goldfish. A–E, Transverse section of the wild-type (Wt), Ryukin (RY), Oranda (OR), 
Pearlscale (PRL), and Ranchu (RA) strain. The blue and green lines indicate the internal cavity width (icw) and the lateral body wall thickness (lbw), 
respectively. Asterisks in panel D indicate the lipid-rich tissue. F, Ratio between lbw and maximum body width (mbw). Abbreviations: df, dorsal fin; 
nt, neural tube; plv, pelvic fin. Scale bars = 1 cm. Source image available at https://n2t.net/ark:/37281/k5f8z2s55, licensed under CC-BY-NC-SA 4.0, 
© Kinya G. Ota (2025).
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Fig. 5.  Comparison of circularity between the wild-type, Ryukin, and Pearlscale. A, Dorsal view of the wild-type (Wt). B, Dorsal view of Ryukin 
(RY). C, Dorsal view of Pearlscale (PRL). The light blue, red, and magenta colored areas indicate the approximately identified trunk regions. Black 
asterisks indicate Ryukin individuals showing values approaching those of the Pearlscale. White asterisk indicates a Pearlscale individual exhibiting 
values close to those of the Ryukin. All individuals shown in this figure were obtained by artificial fertilization and reared in our laboratory. The 
corresponding data are summarized in table 2. Scale bars = 1 cm. High-resolution source image available at https://n2t.net/ark:/37281/k5f8z2s55, 
licensed under CC-BY-NC-SA 4.0, © Kinya G. Ota (2025).
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The trunk muscle region of the Ryukin goldfish 
showed the conventional muscle tissue (Fig. 9A), 
i.e., we did not detect adipose tissue surrounding the 
muscle fibers from our analyzed Ryukin individuals 
(0/7 individuals; Fig. 9A). In contrast, the histological 
section of the Pearlscale goldfish individuals 
consistently showed muscle fibers surrounded by 
adipose cells (7/7 individuals; Fig. 9B). Thus, unlike 
other goldfish that altered anatomical proportions 
without accompanying histological modifications, 
Pearlscale goldfish appears to have achieved a globular 
body through both anatomical changes and additional 
histological modifications involving reorganization of 
muscle fibers and adipose tissue.

DISCUSSION

Our comparative analyses revealed that orna-
mental goldfish can be categorized into three groups 
in their internal anatomical and histological features: 
wild-, Ryukin-, and Pearlscale type (Fig. 10). Although 
Ryukin progeny has a globular body shape, their body 
wall thickness is quite similar to wild-type, with almost 
equivalent histological features of the lateral body wall 
tissue (Fig. 10A and B). On the other hand, investigated 
Pearlscale goldfish individuals tend to show a wider 

lateral body wall (Figs. 7, 9 and 10). We also further 
revealed that the histological features of Pearlscale are 
highly differentiated from that of the Ryukin strain (Fig. 
9).

Pearlscale-type ornamental goldfish, along with 
other related strains, are documented to have been 
established as early as the Ming dynasty and maintained 
in ceramic containers traditionally used for fish keeping 
(Chen 1954). The use of such top-view-oriented 
containers suggests that morphological selection 
in ornamental goldfish has historically emphasized 
dorsal appearance (Fig. 2). From this evidence, it can 
be inferred that the phenotypic features which can be 
observed from the lateral side, for example, ratio of 
the epaxial and hypaxial region, lateral line position, 
and so on, have not been the initial subject of the 
selective pressure. Similarly, it is also easily assumed 
that the internal anatomy, for instance, the volume and 
circularity of the coelom as well as the lateral body wall 
thickness, have not been the subject of the attention by 
the breeders and fanciers (Figs. 4 and 7).

Thus, the currently observed phenotypes are 
naturally interpreted as a consequence of the selective 
pressure toward externally visible body shape from the 
dorsal view, without attention to the internal anatomy 
and histology. Moreover, it is reasonable to assume 
that none of the breeders or fanciers have applied 

Table 2.  Body shape measurements of the examined goldfish

Handle ID strain mbw icw lbw lbw / mbw d-circ s-circ c-circ

2025-0219-Wt-01 wild-type 43.511 32.374 11.137 0.256 0.728 0.785 0.866
2025-0219-Wt-02 wild-type 35.871 29.266 6.604 0.184 0.691 0.781 0.89
2025-0219-Wt-03 wild-type 39.108 27.453 11.655 0.298 0.72 0.771 0.868
2025-0219-Wt-04 wild-type 42.475 30.043 12.432 0.293 0.715 0.804 0.905
2025-0219-Wt-05 wild-type 37.425 27.086 10.338 0.276 0.804 0.771 0.806
2025-0219-Wt-06 wild-type 38.245 28.036 10.209 0.267 0.715 0.764 0.862
2025-0219-Wt-07 wild-type 33.669 25.878 7.791 0.231 0.698 0.735 0.841
2025-0225-RY01 Ryukin 47.309 33.799 13.511 0.286 0.891 0.838 0.909
2025-0225-RY02 Ryukin 53.029 41.698 11.331 0.214 0.961 0.887 0.97
2025-0225-RY03 Ryukin 54.583 38.849 15.734 0.288 0.954 0.912 0.953
2025-0225-RY04 Ryukin 40.597 32.504 8.094 0.199 0.938 0.824 0.951
2025-0225-RY05 Ryukin 41.957 35.029 6.928 0.165 0.891 0.853 0.959
2025-0225-RY06 Ryukin 36.216 25.014 11.201 0.309 0.913 0.839 0.917
2025-0225-RY07 Ryukin 38.158 28.122 10.036 0.263 0.961 0.837 0.925
2025-0225-PRL01 Pearlscale 105.237 64.058 41.18 0.391 0.974 0.972 0.952
2025-0225-PRL02 Pearlscale 82.446 54.173 28.273 0.343 0.969 0.92 0.956
2025-0225-PRL03 Pearlscale 84.777 45.54 39.237 0.463 0.97 0.917 0.973
2025-0225-PRL04 Pearlscale 74.417 47.612 26.806 0.36 0.967 0.911 0.931
2025-0225-PRL05 Pearlscale 71.532 49.345 22.187 0.31 0.974 0.892 0.937
2025-0225-PRL06 Pearlscale 66.755 49.662 17.094 0.256 0.982 0.881 0.936
2025-0225-PRL07 Pearlscale 64.036 40.338 23.698 0.37 0.952 0.915 0.949

The values of “mbw” and “icw” were obtained from image data and are expressed in pixels. The “d-circ”, “s-circ”, and “c-circ” refer to dorsal-, 
surface-, and coelom-circularity, respectively.
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Fig. 6.  Comparison of the transverse section between the wild-type, Ryukin, and Pearlscale. A–C. Transverse section of the wild-type (Wt), 
Ryukin (RY), Pearlscale (PRL) strains. The blue and green lines indicate the internal cavity width (icw) and the lateral body wall thickness (lbw), 
respectively. Panel labels correspond to the individual ID in fiugre 5. Numbers of left lower corner in each panel represent circularity and l/m, which 
is the ratio of the lbw and maximum body width (mbw). White asterisk indicates a Pearlscale individual exhibiting values close to those of the 
Ryukin. The corresponding data are summarized in table 2. Scale bars = 1 cm. High-resolution source image available at https://n2t.net/ark:/37281/
k5f8z2s55, licensed under CC-BY-NC-SA 4.0, © Kinya G. Ota (2025).
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any selective pressure specifically to Pearlscale 
goldfish to increase the lateral body wall tissue and 
its adipose cells. Taken together, Pearlscale and other 
globular body-shaped goldfish might have been under 
nearly equivalent selective pressures to establish 
attractive morphological features from the dorsal view. 
Coincidentally, two distinct histological phenotypic 
features emerged: an increase of adipose tissue in the 
lateral body wall of the Pearlscale strain, and no such 
histological modifications in the other globular goldfish 
like the Ryukin strain (Figs. 4 and 7).

To clarify the process underlying the emergence 
of the globular body shape, we need to further 
discuss how distinct internal phenotypes could arise, 
given that all examined goldfish belong to the same 
interbreeding species, Carassius auratus. Throughout 

breeding history, ornamental goldfish have been 
extensively interbred by breeders and fanciers with the 
aim of establishing new strains (Chen 1954; Smartt 
2001). The Ryukin-type globular body shape, or a 
tendency toward this morphology, is shared by several 
modern ornamental goldfish strains, suggesting that 
interbreeding has occurred among ancestral strains 
exhibiting the Ryukin-type body form. In contrast, 
the accumulation of adipose tissue appears to be a 
distinctive morphological feature of the Pearlscale 
(Figs. 4, 6 and 10), which warrants further discussion as 
a unique histological trait.

In fact, strains derived from hybridization with the 
Pearlscale goldfish are well known among breeders and 
fanciers, and are commonly documented in books and 
on websites; see Smartt (2001); Yamatokoriyama City 

Fig. 7.  Comparison of circularity and the l/m between the wild-type, Ryukin, and Pearlscale ornamental goldfish. Light blue, red, and magenta 
indicate the wild-type, Ryukin, and Pearlscale goldfish, respectively. The data were derived from figure 6 and table 2.
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Fig. 8.  Comparison of circularity of body surface and coelom in transverse section between the wild-type, Ryukin, and Pearlscale ornamental 
goldfish. A, Transverse section images from figure 6 with outlines of the body surface and coelom traced. B, Plots of body surface circularity and 
coelom circularity. Light blue, red, and magenta indicate the wild-type, Ryukin, and Pearlscale goldfish, respectively. The data were derived from 
figure 6 and table 2. High-resolution source image available at https://n2t.net/ark:/37281/k5f8z2s55, licensed under CC-BY-NC-SA 4.0, © Kinya G. 
Ota (2025).
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Fig. 9.  Histological comparison of Ryukin and Pearlscale goldfish. A–B, Eosin–hematoxylin–Alcian blue-stained sections of the lateral body wall in 
two globular-bodied ornamental goldfish. Panel numbers correspond to individual IDs shown in figure 3. Tissue samples were taken from the region 
approximately at the level of the pelvic fins, corresponding to the transverse section indicated by the green bars in figure 6. Black asterisks indicate 
muscle fibers surrounded by adipose tissue. The regions containing integumental tissue (epidermis, dermis, scale, and related connective tissues) 
are labeled in panels B2, B3, B5, and B6 by bracket-shaped bars. Scale bars = 0.1 mm. High-resolution source image available at https://n2t.net/
ark:/37281/k5f8z2s55, licensed under CC-BY-NC-SA 4.0, © Kinya G. Ota (2025).

Fig. 10.  Schematic representation of three different trunk histologies of ornamental goldfish. A, Wild-type. B, Ryukin-type, C, Pearlscale type. Red, 
yellow, green, and white areas indicate the relative trunk musculoskeletal area, coelom, neural tube, and adipose tissue. Source image available at 
https://n2t.net/ark:/37281/k5f8z2s55, licensed under CC-BY-NC-SA 4.0, © Kinya G. Ota (2025).
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Government (2024) Ye and Qu (2017). For example, 
according to Ye and Qu (2017), several compound 
variation strains are introduced, such as the Pearlscale 
body type with a cranial hood (as in the Oranda 
strain; see Fig. 2E). However, Ye and Qu (2017) also 
mentioned that these strains were established only 
recently, most likely being consolidated as distinct 
lineages during the 20th century. Taken together, this 
evidence suggests that, from the perspective of genetic 
and evolutionary processes, the globular body shape 
formed through adipose tissue accumulation in the 
Pearlscale may involve a different genetic background 
from that of the Ryukin-type globular body shape.

At present, due to the lack of intensive and 
extensive genetic or genomic analyses specifically 
targeting the globular body of ornamental goldfish, we 
have no convincing data that directly addresses this 
issue. Nevertheless, the results of genome sequencing 
analyses of the Pearlscale goldfish may provide useful 
insights (Kon et al. 2020). According to admixture 
analyses of multiple goldfish genomes, while the genome 
sequence of the Ryukin and Oranda goldfish (including 
its sub-groups) consists of various populations, that of 
the Pearlscale goldfish appears to consist of a single 
ancestral population (Kon et al. 2020), suggesting 
isolated genomic features of this goldfish strain. 
Moreover, the fact that two independent goldfish 
genome sequencing projects have not investigated any 
candidate loci for globular body shape suggests that 
the responsible genetic factors in such a phenotype 
may not be easily detected (Chen et al. 2020a; Kon et 
al. 2020). This, in turn, implies that the globular body 
shape might result from the accumulation of multiple 
mutated alleles rather than the action of a single 
major locus. Therefore, the accumulation of multiple 
variant alleles is considered to have been important in 
producing the globular body shape, but the manner of 
this accumulation likely differed between the Ryukin-
type and the Pearlscale-type. The former seems to have 
arisen through repeated crossbreeding among multiple 
lineages, whereas the latter appears to have established 
through a breeding process that emphasized intra-strain 
crosses to generate a pure line. Thus, it is reasonable to 
assume that globular body shape is formed in at least 
two ways in the ornamental goldfish.

To advance this discussion, it is necessary to 
specify which phenotypic features are clearly dissimilar 
between Ryukin and Pearlscale. However, before doing 
so, we must clarify the methodological limitations of our 
study. Our morphological comparisons had limitations 
that precluded accurate quantitative evaluation between 
Ryukin and Pearlscale, as the methods relied largely on 
subjective visual inspection. In addition, the transverse 
section analyzed was limited to a single level (at the 

level of the pelvic fin) (Figs. 4 and 6). Given these 
constraints, it is difficult to rigorously quantify how 
dorsal-view circularity relates to that of the coelom 
and body surface in transverse sections of Ryukin and 
Pearlscale, even though differences were observed in 
these values (Fig. 8).

Therefore, further analyses will be necessary to 
determine, in a purely geometric manner independent of 
subjective recognition, where the differences in overall 
globularity lie between Ryukin and Pearlscale. In other 
words, breeders, fanciers, and many observers including 
ourselves and early researchers may perceive that 
Pearlscale appears rounder than Ryukin (Smartt 2001), 
but it remains to be clarified whether this perceived 
roundness of Pearlscale is primarily attributable to the 
shape of the coelom or to the influence of adipose tissue. 
A purely geometric assessment of such differences will 
thus remain a task for future studies.

Beyond the geometric differences of these two 
strains, it is certain that, at the histological level, 
Pearlscale possesses accumulated adipose tissue not 
observed in Ryukin. Taking this fact into account, for 
convenience, we describe the evolutionary process 
as if each strain itself responded to the selective 
pressures imposed by breeders and fanciers. The 
Ryukin strain specialized in expanding the coelom 
area and thereby achieved a highly rounded body 
shape without modifying subcutaneous adipose tissue. 
Consistent with this interpretation, Asano and Kubo 
(1972) reported that the reduction of the vertebrae 
and the increase of the spinal curvature were observed 
in several globular ornamental goldfish (including 
Ryukin). These observations suggest that the axial 
skeletal structure of Ryukin has been reorganized during 
its evolutionary process through modifications of the 
developmental processes. By contrast, the Pearlscale 
strain accumulated adipose tissue within the muscle 
layer in addition to expanding the coelom.

Since Ryukin and Pearlscale exhibit visually 
similar coelom circularity at the transverse section 
plane (Figs. 8 and 10B and C), Pearlscale goldfish may 
share some anatomical features with non-Pearlscale 
strains. Nevertheless, these two globular body shape 
types appear to rely on distinct developmental systems 
for adipose tissue, implying that similar external 
morphologies can arise through different underlying 
developmental and histogenesis processes, resembling 
cases of convergent or parallel evolution in nature.

To avoid unnecessary confusion or debate, 
we emphasize that our observations are not readily 
comparable across taxa, unlike streamlined fish 
morphologies. While such similarities point to a 
resemblance with convergent or parallel evolution, 
placing our findings within broader theoretical debates 
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on convergence remains complex. For instance, several 
voluminous teleost species, including pufferfish, 
boxfish, and lumpfish, may superficially resemble 
globular goldfish strains. In reality, some of these 
voluminous teleosts exhibit modifications in axial 
skeletal morphology compared with conventional 
streamlined teleosts, making them superficially 
comparable to the relationship between globular body 
shape ornamental goldfish and wild-type forms (Asano 
and Kubo 1972; Brainerd and Patek 1998; Li et al. 
2015). However, their body forms have been shaped by 
markedly different selective pressures. Thus, although 
the comparison is not straightforward, our findings 
invite consideration of alternative approaches that may 
provide a more appropriate framework for interpreting 
these cases.

A more fruitful alternative approach, then, is 
to move beyond purely functional comparisons, and 
instead examine how morphological convergence can 
arise alongside divergence at the tissue level. When 
the focus shifts from viewing morphology in relation 
to function to considering it in relation to tissue 
organization, there appear to be cases where more direct 
relationship can be drawn. For example, our comparison 
of Ryukin and Pearlscale goldfish suggests that, within 
the same species Carassius auratus, the same external 
morphological outcome has been produced under 
similar selective pressures, but additional histological 
modifications in the Pearlscale goldfish lineage. This 
perspective may allow us to extend the discussion of 
convergent and parallel evolution. In particular, the sub-
cutaneous adipose tissue of the Pearlscale goldfish is 
comparable with several other taxa.

One striking example is the blubber of marine 
mammals. Although blubber represents an adaptation 
to aquatic life—functioning primarily as thermal 
insulation—and thus differs fundamentally in function 
from the adipose tissue observed in Pearlscale goldfish, 
the similarity in histological organization is noteworthy. 
Blubber is typically stratified into three layers: an outer 
layer containing epidermis, dermis, and adipose cells; a 
middle layer composed predominantly of adipose tissue; 
and an inner layer consisting of a mixture of adipose 
and muscle (Funasaka et al. 2024; Gómez-Campos et al. 
2015; Harper et al. 2008; Hashimoto et al. 2015; Montie 
et al. 2008; Parry 1949). Remarkably, the subcutaneous 
structure observed in Pearlscale goldfish closely 
resembles this three-layered architecture, although 
the extent of resemblance varies among individuals 
(Fig. 9B2, B3, B4, B5, B6). This resemblance implies 
that the adipose tissue layer may possess the greatest 
evolutionary plasticity among these three layers, and 
thus may be the most prone to modification under 
divergent selective pressures. Moreover, similar patterns 

of adipose-muscle composition are also observed in 
humans with obesity, in related laboratory animal 
models, and in meat-producing livestock such as beef 
cattle and pigs (Claussnitzer et al. 2015; Craig and 
Moon 2011; David et al. 2016; Den Broeder et al. 
2015; Faillaci et al. 2018; Gandarillas and Bas 2009; 
Green et al. 2018; Landgraf et al. 2017; Li et al. 2023; 
McMenamin et al. 2013; Park et al. 2018; Pond 1978 
1992; Smemo et al. 2014; Spurlock and Gabler 2008; 
Tan and Jiang 2024; Visscher et al. 2017; Zang et al. 
2018).

Further studies on the evolution of adipose 
tissue (Ottaviani et al. 2011; Pond 1992) are needed to 
enable comprehensive comparative analyses among 
the examples mentioned above. Despite the functional 
differences among these cases, remarkably similar 
histological features are observed. This is largely 
attributable to the simple and highly conserved layer 
structures of dermis, adipose tissue, and muscle fibers 
across vertebrates. Moreover, the recurrent emergence 
of similar traits in diverse lineages suggests the presence 
of deeply conserved developmental mechanisms, as also 
implied by research demonstrating shared molecular 
pathways of obesity between zebrafish and mammals 
(Oka et al. 2010). At the same time, difficulties in 
identifying the genetic basis of subcutaneous adipose 
accumulation are evident even in established model 
species (Claussnitzer et al. 2015; Smemo et al. 2014). 
Such difficulties may partly explain why no specific 
loci responsible for the globular body shape phenotype 
in goldfish have yet been reported, despite multiple 
Genome Wide Association Studies (GWAS) (Chen et al. 
2020b; Kon et al. 2020).

In this context, the present findings further 
provide an interpretative framework for understanding 
why GWAS of globular body shape have faced 
substantial difficulty. Even when individuals appear 
superficially similar, differences in internal anatomical 
and histological features can render such phenotypes 
unsuitable for simple genetic interpretation. This 
problem becomes particularly severe when the external 
phenotype is composed of multiple distinct internal 
traits, each potentially governed by different genetic 
architectures. The complex relationship between 
genotype and phenotype has been widely discussed in 
previous studies. For example, Wagner and Altenberg 
(1996) have emphasized that complex phenotypes 
are decomposable into multiple finer-scale traits 
with partially independent genetic bases. A similar 
perspective has emerged in studies of human obesity, 
where genome-wide analyses and polygenic risk scores 
indicate that even a seemingly simple metric such as 
elevated BMI reflects diverse underlying biological 
processes (e.g., Loos 2025). Comparable limitations 
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have also been recognized for many other complex 
physiological traits (Pereira et al. 2023). 

Furthermore, Cooper (2024) has also emphasized 
the complex historical pathways of phenotypic evolution 
and the limitations of simplistic genetic interpretations. 
These considerations do not imply that GWAS 
approaches are inherently inadequate, but rather that 
insufficient resolution in phenotypic characterization, 
particularly when developmental biological context is 
not adequately incorporated, can critically undermine 
their effectiveness. In this study, although both the 
Pearlscale and Ryukin varieties exhibit a globular 
external morphology, they are distinguished by decisive 
histological differences. Under such conditions, failure 
of GWAS analyses is not only possible but likely, 
largely due to insufficient resolution in phenotypic 
analyses. This difficulty becomes even more pronounced 
for tissues such as adipose tissue, in which histological 
variation is governed by particularly complex genetic 
and developmental architectures.

These histologically simple yet genetically 
complex characteristics of adipose tissue may reflect 
a key aspect of its evolutionary biology—namely, that 
traits such as adipose accumulation are highly plastic 
and shaped by environmental context (Pond 1992). This 
plasticity has been widely discussed in evolutionary 
studies of human obesity, where adipose deposition can 
be either advantageous or disadvantageous depending 
on ecological and selective conditions (e.g., Qasim et 
al. 2018; Speakman 2013; Wells 2012). The case of the 
Pearlscale goldfish exemplifies this principle: a globular 
body shape unlikely to confer fitness advantages in the 
natural habitat of Carassius auratus became highly 
favored under ornamental selection. Our observations 
further suggest that this morphology was achieved 
through at least two developmental modifications—
enlargement of the body cavity and extensive 
subcutaneous adipose accumulation—providing an 
empirical example of how a highly plastic tissue and 
its developmental trajectory can evolve under artificial 
selective pressure.

In the present study, our analyses focused only 
on body-shape-related phenotypes in a limited number 
of well-established ornamental goldfish strains at the 
adult stage. Future research should therefore address 
how globular body formation and adipose tissue 
accumulation arise during early development. For the 
Pearlscale strain in particular, it will be important to 
determine whether the massive deposition of adipose 
cells originates from embryonic modifications or instead 
emerges later during somatic growth.

In addition, developmental coupling between 
muscle and dermal tissues suggests that the characteristic 
domed scales of this strain may share a developmental 

basis with globular body formation, and this possibility 
warrants further investigation (Hollway et al. 2007; Le 
Guellec et al. 2004; Smartt 2001; Stellabotte and Devoto 
2007). Taken together, these perspectives emphasize 
the need to link developmental and evolutionary 
processes that have shaped ornamental phenotypes. We 
hope that developmental genetic studies of globular-
bodied strains, especially the Pearlscale goldfish, will 
deepen our understanding of how selective pressures 
acting on visually conspicuous morphologies influence 
histogenesis in highly plastic traits.

CONCLUSIONS

Our study reveals that similar globular body 
shapes in ornamental goldfish have appeared through 
distinct developmental pathways. Ryukin goldfish 
achieve body roundness mainly by enlarging the 
coelomic cavity, whereas Pearlscale goldfish exhibit 
a thickened lateral body wall with abundant adipose 
tissue. These findings demonstrate that morphological 
convergence can be accompanied by histological 
divergence within a single species. The accumulation 
of subcutaneous adipose tissue in Pearlscale goldfish 
highlights the evolutionary plasticity of this tissue type 
and provides insight into how artificial selection for 
external aesthetics can drive internal modifications in 
vertebrate morphology.

Acknowledgments: We are grateful to Wen-Hui 
Su (SHUEN-SHIN Breeding Farm) and You Syu 
Huang (formerly of the Aquaculture Breeding Institute, 
Hualian) for their valuable technical advice on goldfish 
breeding in Taiwan. We also wish to thank the current 
and former 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 their assistance with 
the maintenance of aquarium systems; Shu-Hua Lee 
and Sky Wu for occasionally providing brine shrimp 
when our own supply was lacking; Shi-Chieh Liu for 
designing aquarium systems; and Chi-Fu Hung, Jhih-
Hao Wei, and Fei Chu Chen for administrative support. 
We are further indebted to Konstantin Khalturin for 
suggesting comparative approaches with pufferfish. 
We also wish to thank Qichang Ye for generously 
donating books relevant to this study. In addition, we 
thank Kentarou Hirashima and Hiroshi Sugino for 
valuable feedback on the preprint and for independently 
confirming several of our observations. We extend 
our sincere appreciation to Teng Yu-Feng (Big Wind 
Technology Co., Ltd.), F. L. Lu (YuanLi Instrument 
Co., Ltd.), and Huang He Nan (YuShing Ltd.) for 

page 16 of 19Zoological Studies 65:29 (2026)



© 2026 Academia Sinica, Taiwan

their assistance in arranging various detailed and often 
demanding equipment logistics. We also acknowledge 
the support of the Taiwan Zebrafish Core Facility 
at Academia Sinica. 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. 235g), JSPS KAKENHI (Grant No. 
JP22K06232), and Takeda Science Foundation (Grant 
No.2022036015).

Authors’ contributions: Kinya G. Ota (KGO) 
conceived and designed the study, administered 
the project, supervised the work, performed the 
investigation and image acquisition, led data curation 
and formal analysis, and drafted the manuscript. Paul 
Gerald Layague Sanchez (PGLS) contributed to data 
curation and formal analysis, assisted with methodology, 
and participated in funding acquisition and supervision. 
Chen-Yi Wang (CYW) and Ing-Jia Li (IJL) contributed 
to methodology and provided resources. Gembu Abe 
(GA) contributed to manuscript review and editing. 
KGO, GA, PGLS, CYW, and IJL wrote, reviewed, and 
approved the final version of the manuscript.

Competing interests: The authors declare no 
competing interests.

Availability of data and materials: Data underlying 
the figures and results presented in this manuscript are 
available in Depositor at https://n2t.net/ark:/37281/
k5f8z2s55.

Consent for publication: Not applicable.

Ethics approval consent to participate: All 
experimental procedures involving fish were conducted 
in accordance with the animal care and use protocol 
approved by Academia Sinica (IACUC Protocol 23-10-
2072).

REFERENCES

Asano H, Kubo Y. 1972. Variations of spinal curvature and vertebral 
number in goldfish. Jpn J Ichthyol 19:223–231. Publisher: The 
Ichthyological Society of Japan.

Brainerd EL, Patek SN. 1998. Vertebral Column Morphology, 
C-Star t  Curvature,  and the Evolut ion of  Mechanical 
Defenses in Tetraodontiform Fishes. Copeia 4:971–984. 
doi:10.2307/1447344.

Chen D, Zhang Q, Tang W, Huang, Z Wang et al. 2020a. The 
evolutionary origin and domestication history of goldfish 
(Carassius auratus). Proc Natl Acad Sci USA 117:29775–29785. 
Publisher: National Acad Sciences.

Chen D, Zhang Q, Tang W, Huang Z, Wang G et al. 2020b. The 

evolutionary origin and domestication history of goldfish 
(Carassius auratus). Proc Natl Acad Sci USA 117:29775–29785. 
doi:10.1073/pnas.2005545117.

Chen SC. 1954. A historty 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.

Claussnitzer M, Dankel SN, Kim K-H, Quon G, Meuleman W 
et al. 2015. FTO Obesity Variant Circuitry and Adipocyte 
Browning in Humans. N Engl J Med 373:895–907. doi:10.1056/
NEJMoa1502214.

Cooper KL. 2024. The case against simplistic genetic explanations 
of evolution. Development 151:dev203077. doi:10.1242/
dev.203077.

Craig PM, Moon TW. 2011. Fasted zebrafish mimic genetic and 
physiological responses in mammals: a model for obesity and 
diabetes? Zebrafish 8:109–117. doi:10.1089/zeb.2011.0702.

David CJ, Veena R, Kumaresan G. 2016. High cholesterol 
diet induces obesity in zebrafish. PLoS ONE 8:e66970. 
doi:10.1101/2023.11.01.565134.

Den Broeder MJ, Kopylova VA, Kamminga LM, Legler J. 
2015. Zebrafish as a model to study the role of Peroxisome 
Proliferating-Activated Receptors in adipogenesis and obesity. 
PPAR Research 2015:1–11. doi:10.1155/2015/358029.

Faillaci F, Milosa F, Critelli RM, Turola E, Schepis F et al. 2018. 
Obese zebrafish: A small fish for a major human health condition. 
Anim Model Exp Med 1:255–265. doi:10.1002/ame2.12042.

Funasaka N, Suzuki M, Hosono M, Shindo H, Kawamura K et al. 
2024. Blubber biopsy in common bottlenose dolphins using 
a novel biopsy puncher: Evaluation of the impact on living 
individuals and possibility of applications in cetacean research. 
J Exp Zool A Ecol Integr Physiol 341:499–508. doi:10.1002/
jez.2797.

Gandarillas M, Bas F. 2009. The domestic pig (Sus scrofa domestica) 
as a model for evaluating nutritional and metabolic consequences 
of bariatric surgery practiced on morbid obese humans. Ciencia 
e investigaciÃ3n agraria 36:163–176. doi:10.4067/S0718-
16202009000200002.

Goedhart J. 2021. Superplotsofdata—a web app for the transparent 
display and quantitative comparison of continuous data from 
different conditions. Mol Biol Cell 32:470–474. doi:10.1091/
mbc.E20-09-0583.

Green AJ, Hoyo C, Mattingly CJ, Luo Y, Tzeng J-Y et al. 2018. 
Cadmium exposure increases the risk of juvenile obesity: a 
human and zebrafish comparative study. Int J Obes 42:1285–
1295. doi:10.1038/s41366-018-0036-y.

Gómez-Campos E, Borrell A, Correas J,  Aguilar A. 2015. 
Topographical variation in lipid content and morphological 
structure of the blubber in the striped dolphin. Sci Mar 79:189–
197. doi:10.3989/scimar.04093.25A.

Harper C, McLellan W, Rommel S, Gay D, Dillaman R et al. 2008. 
Morphology of the melon and its tendinous connections to the 
facial muscles in bottlenose dolphins (Tursiops truncatus). J 
Morphol 269:820–839. doi:10.1002/jmor.10628.

Hashimoto O, Ohtsuki H, Kakizaki T, Amou K, Sato R et al. 2015. 
Brown Adipose Tissue in Cetacean Blubber. PLoS ONE 10:1–
14. doi:10.1371/journal.pone.0116734.

Hervey GF, Hems J. 1948. The goldfish. Batchworth Press.
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. Publisher: Elsevier.

page 17 of 19Zoological Studies 65:29 (2026)

https://doi.org/10.2307/1447344
https://doi.org/10.1073/pnas.2005545117
https://www.nejm.org/doi/10.1056/NEJMoa1502214
https://doi.org/10.1242/dev.203077
https://doi.org/10.1089/zeb.2011.0702
https://doi.org/10.1155/2015/358029
https://doi.org/10.1155/2015/358029
https://doi.org/10.1002/ame2.12042
https://doi.org/10.1002/jez.2797
http://dx.doi.org/10.4067/S0718-16202009000200002
https://doi.org/10.1091/mbc.E20-09-0583
https://doi.org/10.1038/s41366-018-0036-y
https://doi.org/10.3989/scimar.04093.25A
https://doi.org/10.1002/jmor.10628
https://doi.org/10.1371/journal.pone.0116734


© 2026 Academia Sinica, Taiwan

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

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.

Lampart-Kałuzniacka M, Heese T. 2000. Morphological characteristics 
of South Baltic lumpfish, Cyclopterus lumpus L, 1758. Acta 
Ichthyol Piscat 30:99–110. doi:10.3750/AIP2000.30.2.10.

Landgraf K, Schuster S, Meusel A, Garten A, Riemer T et al. 2017. 
Short-term overfeeding of zebrafish with normal or high-fat diet 
as a model for the development of metabolically healthy versus 
unhealthy obesity. BMC Physiol 17:4. doi:10.1186/s12899-017-
0031-x.

Le Guellec D, Morvan-Dubois G, Sire Jzs-Y. 2004. Skin development 
in bony fish with particular emphasis on collagen deposition in 
the dermis of the zebrafish (Danio rerio). The Int J Dev Biol 
48:217–231. doi:10.1387/ijdb.15272388.

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 S-H, 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.

Li R, Xiao Q, Liu Y, Li L, Liu H. 2020. Computational investigation 
on a self-propelled pufferfish driven by multiple fins. Ocean Eng 
197:106908. doi:10.1016/j.oceaneng.2019.106908.

Li X, Ge G, Song G, Li Q, Cui Z. 2023. Effects of nutritionally 
induced obesity on metabolic pathways of zebrafish. Int J Mol 
Sci 24:1850. doi:10.3390/ijms24031850.

Liem KF, Bemis WE, Walker WF, Grande L. 2001. Functional 
anatomy of the vertebrates: an evolutionary perspective. 
Harcourt College Publishers. New York. Publisher: Harcourt 
College Publishers New York.

Loos RJF. 2025. Genetic causes of obesity: mapping a path forward. 
Trends Mol Med 31:319–325. doi:10.1016/j.molmed.2025.02. 
002.

Matsui Y. 2006. Research on Goldfish: From Science and Hobby. 
Seizando Shoten. (reprint edition) edition. (in Japanese)

McMenamin SK, Minchin JE, Gordon TN, Rawls JF, Parichy DM. 
2013. Dwarfism and Increased Adiposity in the gh1 Mutant 
Zebrafish vizzini. Endocrinol 154:1476–1487. doi:10.1210/
en.2012-1734.

McPherron AC, Lee SJ. 1997. Double muscling in cattle due to 
mutations in the myostatin gene. Proc Natl Acad Sci USA 
94:12457–12461. doi:10.1073/pnas.94.23.12457.

Montie EW, Garvin SR, Fair PA, Bossart GD, Mitchum GB et al. 
2008. Blubber morphology in wild bottlenose dolphins (Tursiops 
truncatus) from the Southeastern United States: Influence of 
geographic location, age class, and reproductive state. J Morphol 
269:496–511. doi:10.1002/jmor.10602.

Nelson JS, Grande TC, Wilson MV. 2016. Fishes of the World. John 
Wiley & Sons. Hoboken, New Jersey.

Oka T, Nishimura Y, Zang L, Hirano M, Shimada Y et al. 2010. Diet-
induced obesity in zebrafish shares common pathophysiological 
pathways with mammalian obesity. BMC Physiol 10:21. 
doi:10.1186/1472-6793-10-21.

Ota KG. 2021. Goldfish Development and Evolution. Springer. 
Singapore. 1 edition. doi:10.1007/978-981-16-0850-6.

Ota KG, Abe G. 2016. Goldfish morphology as a model for 
evolutionary developmental biology. Wiley Interdiscip Rev Dev 

Biol 5:272–295. doi:10.1002/wdev.224.
Ota KG, Abe G, Wang C-Y, Li I-J, Sanchez PGL et al. 2025. 

Evolutionary insights into muscle fiber distribution in the twin 
tails of ornamental goldfish. Zool Stud 64:4. doi:10.6620/
ZS.2025.64-04.

Ottaviani E, Malagoli D, Franceschi C. 2011. The evolution of the 
adipose tissue: A neglected enigma. Gen Comp Endocrinol 
174:1–4. doi:10.1016/j.ygcen.2011.06.018.

Park S, Beak S, Jung D et al. 2018. Genetic, management, and 
nutritional factors affecting intramuscular fat deposition in beef 
cattle. Anim Biosci 31:1043–1061. doi:10.5713/ajas.18.0310.

Parry DA. 1949. The structure of whale blubber, and a discussion of 
its thermal properties. J. Cell Sci s3-90:13–25. doi:10.1242/jcs.
s3-90.9.13.

Pereira Ciochetti N, Lugli-Moraes B, Santos da Silva B, Rovaris 
DL. 2023. Genome-wide association studies: utility and 
limitations for research in physiology. J Physiol 601:2771–2799. 
doi:10.1113/JP284241.

Pond CM. 1978. Morphological aspects and the ecological and 
mechanical consequences of fat deposition in wild vertebrates. 
Annu Rev Ecol Syst 9:519–570.

Pond CM. 1992. An evolutionary and functional view of mammalian 
adipose tissue. Proc Nutr Soc 51:367–377. doi:10.1079/
PNS19920050.

Qasim A, Turcotte M, de Souza RJ, Samaan MC, Champredon D et 
al. 2018. On the origin of obesity: identifying the biological, 
environmental and cultural drivers of genetic risk among human 
populations. Obes Rev 19:121–149. doi:10.1111/obr.12625.

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M et 
al. 2012. Fiji: an open-source platform for biological-image 
analysis. Nat Methods 9:676–682.

Smartt J. 2001. Goldfish Varieties and Genetics: Handbook for 
Breeders. John Wiley & Sons.

Smemo S, Tena JJ, Kim K-H, Gamazon ER, Sakabe NJ et al. 
2014. Obesity-associated variants within FTO form long-
range functional connections with IRX3. Nature 507:371–375. 
doi:10.1038/nature13138.

Speakman JR. 2013. Evolutionary perspectives on the obesity 
epidemic: Adaptive, maladaptive, and neutral viewpoints. Annu 
Rev Nutr 33:289–317. doi:10.1146/annurev-nutr-071811-150711.

Spurlock ME, Gabler NK. 2008. The Development of Porcine Models 
of Obesity and the Metabolic Syndrome. J Nutr 138:397–402. 
doi:10.1093/jn/138.2.397.

Stellabotte F, Devoto SH. 2007. The teleost dermomyotome. Dev Dyn 
236:2432–2443. doi:10.1002/dvdy.21253.

Tan Z, Jiang H. 2024. Molecular and Cellular Mechanisms of 
Intramuscular Fat Development and Growth in Cattle. Int J Mol 
Sci 25:2520. doi:10.3390/ijms25052520.

Tsai H-Y, Chang M, Liu S-C, Abe G, Ota KG. 2013. Embryonic 
development of goldfish (Carassius auratus): a model for the 
study of evolutionary change in developmental mechanisms 
by artificial selection. Dev Dyn 242:1262–1283. doi:10.1002/
dvdy.24022.

Van Wassenbergh S, van Manen K, Marcroft TA, Alfaro ME, 
Stamhuis EJ. 2015. Boxfish swimming paradox resolved: forces 
by the flow of water around the body promote manoeuvrability. J 
R Soc Interface 12:20141146. doi:10.1098/rsif.2014.1146.

Visscher PM, Wray NR, Zhang Q, Sklar P, McCarthy MI et al. 
2017. 10 Years of GWAS Discovery: Biology, Function, 
and Translation. Am J Hum Genet 101:5–22. doi:10.1016/
j.ajhg.2017.06.005.

Wagner GP, Altenberg L. 1996. Complex adaptations and the 
evolution of evolvability. Evolution 50:967–977. doi:10.1111/
j.1558-5646.1996.tb02339.x.

Wainwright PC, Turingan RG. 1997. Evolution of pufferfish inflation 

page 18 of 19Zoological Studies 65:29 (2026)

https://doi.org/10.1016/j.cub.2020.04.034
https://doi.org/10.3750/AIP2000.30.2.10
https://doi.org/10.1186/s12899-017-0031-x
https://doi.org/10.1387/ijdb.15272388
https://doi.org/10.1093/evlett/qrae032
https://doi.org/10.1002/dvdy.24340
https://doi.org/10.1002/dvdy.15
https://doi.org/10.1016/j.oceaneng.2019.106908
https://doi.org/10.3390/ijms24031850
https://doi.org/10.1016/j.molmed.2025.02.002
https://doi.org/10.1210/en.2012-1734
https://doi.org/10.1073/pnas.94.23.12457
https://doi.org/10.1002/jmor.10602
https://doi.org/10.1186/1472-6793-10-21
https://link.springer.com/book/10.1007/978-981-16-0850-6
https://doi.org/10.1002/wdev.224
https://zoolstud.sinica.edu.tw/Journals/64/64-04.html
https://doi.org/10.1016/j.ygcen.2011.06.018
https://www.animbiosci.org/journal/view.php?doi=10.5713/ajas.18.0310
https://doi.org/10.1242/jcs.s3-90.9.13
https://doi.org/10.1113/JP284241
https://doi.org/10.1079/PNS19920050
https://doi.org/10.1111/obr.12625
https://doi.org/10.1038/nature13138
https://doi.org/10.1146/annurev-nutr-071811-150711
https://doi.org/10.1093/jn/138.2.397
https://doi.org/10.1002/dvdy.21253
https://doi.org/10.3390/ijms25052520
https://doi.org/10.1002/dvdy.24022
https://doi.org/10.1098/rsif.2014.1146
https://doi.org/10.1016/j.ajhg.2017.06.005
https://doi.org/10.1111/j.1558-5646.1996.tb02339.x


© 2026 Academia Sinica, Taiwan

behavior. Evolution 51:506–518. doi:10.1111/j.1558-5646.1997.
tb02438.x.

Wells JCK. 2012. The evolution of human adiposity and obesity: 
where did it all go wrong? Dis Models Mech 5:595–607. 
doi:10.1242/dmm.009613. 

Yamatokoriyama City Government. 2024. Goldfish breeding and 
strains in yamatokoriyama. Available at: https://www.city.
yamatokoriyama.lg.jp/soshiki/nogyosuisanka/kingyo/2/index.

html. Accessed 20 Oct. 2025.
Ye Q, Qu L. 2017. Goldfish of China: Descriptions and Illustrations 

of Diversed Goldfish in China. The Straits Publishing & 
Distribution Group. Fujian, China.

Zang L, Maddison LA, Chen W. 2018. Zebrafish as a model for 
obesity and diabetes. Front Cell Dev Biol 6:91. doi:10.3389/
fcell.2018.00091.

page 19 of 19Zoological Studies 65:29 (2026)

https://doi.org/10.1111/j.1558-5646.1997.tb02438.x
https://doi.org/10.1242/dmm.009613
https://doi.org/10.3389/fcell.2018.00091

	BACKGROUND
	MATERIALS AND METHODS
	Goldfish strains
	Measurement of circularity
	Anatomical data analysis
	Histological analysis

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

