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A B S T R A C T   

This study investigated the impact of water temperature on survival, skeletal development and the molecular 
mechanism of temperature-induced spinal deformity in golden pompano Trachinotus ovatus. Fish larvae were 
subjected to three temperatures (26, 29 and 32 ◦C) from 0 to 32 days post-hatch (DPH). On 32 DPH, significant 
higher growth rate was observed in fish cultured at 32 ◦C, but the survival rate and RNA/DNA ratio were 
significantly lower than fish culture at 26 and 29 ◦C. At the end of this study, the highest spinal deformity rate 
was observed in fish cultured at 32 ◦C. The ambient temperature should be kept at or below 29 ◦C for the best 
growth performance. The levels of BMP2, BMP4, BMP5, Sox9, twist and vimentin were significantly regulated by 
ambient temperature. High temperature may up-regulate the expression of a series of signaling factors during 
bone formation and down-regulate the expression of sox9, affecting the production of ECM components, thereby 
affecting the development of bone and cartilage and leading to spinal deformities. The results from the present 
study provide new evidence to understand the molecular mechanism of spinal deformities and bone development 
golden pompano.   

1. Introduction 

The early skeletal development of fish affects fish morphology, sur-
vival, growth and feeding. The development of the skeletal system 
provides the basis for the transition from endogenous to exogenous 
nutrition in fish larvae (Fragkoulis et al., 2019), but this process is 
affected by internal and external factors (Lein et al., 1997; Georgako-
poulou et al., 2007; Lall and Lewis-McCrea, 2007; Boglione et al. 2009; 
Izquierdo et al., 2010, 2013). Many skeletal abnormalities have already 
begun in the process of chondrogenic and osteogenic differentiation at 
early larval stages. 

Among farmed fish, spinal abnormalities are a common issue 
(Trangerud et al., 2020), in the form of lordosis, kyphosis, and scoliosis, 
as well as vertebrae fusion, compression and modified shape (Andrades 
et al., 1996; Ma et al., 2014). In New Zealand, spinal abnormalities are 

found in about 40 % of farmed Chinook salmon (Perrott et al., 2018). 
The incidence of spinal abnormalities in farmed Atlantic salmon (Salmo 
salar) is as high as 70 % (Fjelldal et al., 2012). Abnormal spinal devel-
opment may affect the movement and predation of larvae and juvenile, 
resulting in slower growth rate and high susceptibility to disease, and 
severe deformities may also lead to fish death (Munday et al., 2018). 
Moreover, malformed fish has low economic value, and it needs to be 
removed from production with an extra cost (Lall and Lewis-McCrea, 
2007; Noble et al., 2012). Study on skeletal development and defor-
mity in fish may improve these conditions. However, changes in the 
internal structure of the bone occur long before the external deformities 
are visible (Witten et al., 2006). Under the same or different farming 
conditions, the occurrence of spinal abnormalities in different species of 
fish may show the same or different rules (Boglione et al., 2013). These 
make it difficult to understand the occurrence mechanism of spinal 
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abnormalities. 
Improper water temperature has been linked to spinal abnormalities 

in fish. The current researches show that high water temperature may 
lead to an increase in the incidence of spinal deformity at the egg 
hatching stage, after hatching or in the juvenile stage (Polo et al., 1991; 
Dionisio et al., 2012; Georgakopoulou et al., 2010; Sfakianakis et al., 
2006; Grini et al., 2011; Arnason et al., 2019). Nevertheless, with the 
continuous occurrence of global warming, the rise of water temperature 
seems inevitable (Balbuena-Pecino et al., 2019). Meanwhile, to obtain a 
faster development rate, higher rearing temperature is usually used in 
the fish farming process (Ytteborg et al., 2012). Under such circum-
stances, it is necessary to strengthen the study on the molecular mech-
anism of water temperature regulating the bone development of fish, 
which may improve our understanding on the causes of such 
malformations. 

The growth and function of cartilage and bone cells are regulated by 
related gene expression programs. Compared with mammals, fish skel-
etal tissues include many types of bone and cartilage, as well as some 
types of tissue between connective tissue and bone, and between bone 
and cartilage (Boglione et al., 2013). On the other hand, the key regu-
lator of bone formation between mammals and teleosts is considered 
highly conservative (Spoorendonk et al., 2010). Similar to mammals, 
bone formation of fish is a complex process involving the highly regu-
lated levels of extracellular matrix components (ECM), signaling mole-
cules, and transcription factors (Karsenty, 2000). The hedgehogs family 
and bone morphogenetic proteins (BMPs) are signaling molecules that 
play a role in bone development. The hedgehogs (Hh) signaling is an 
important regulator for bone differentiation (Hu et al., 2019) and BMPs 
can regulate the growth and differentiation of osteoblasts and chon-
drocytes (Marques et al., 2016; Wu et al., 2016). The Sox gene family 
and twist are important transcription factors. Some Sox genes are the 
main gene to regulate chondrogenic differentiation, and the twist gene 
can affect skeletogenic mesenchyme (Akiyama, 2008; Germanguz and 
Gitelman, 2012). These genes affect the expression of ECM genes. 
However, little is known about these complex molecular processes of 
bone formation in fish, especially during the stage of rapid development 
after hatching. Several studies have been carried out to investigate the 
regulatory mechanism of abnormalities of fish spine caused by high 
temperature, but these studies mainly focus on Atlantic salmon (Salmo 
salar) (Ytteborg et al., 2010a, b). The underlayer mechanism behind 
temperature-induced vertebral deformities may need to be further 
investigated in commercial farmed species. 

In addition, as a responsive bioindicator, the RNA/DNA ratio has 
been used to assess the growth performance and nutritional status of fish 
(Wang et al., 2017; Zehra and Khan, 2013; Yang et al., 2016). The level 
of the RNA/DNA ratio can be related to the age and size of larvae and 
consistently varied with the changes in environmental conditions 
(Esteves et al., 2000; Zhou et al., 2001; Teodosio et al., 2017). Although 
increasing the water temperature within a certain range may accelerate 
the growth of fish, the rapid muscle growth exerts high mechanical 
pressure on the developing bones. (Balbuena-Pecino et al., 2019). This is 
considered to be one of the causes of high temperature causing spinal 
deformity. The RNA/DNA ratio can be used to examine the growth 
performance of fish and its relationship with bone abnormalities. 

Golden pompano (Trachinotus ovatus), widely distributed in Asia- 
Pacific regions, is a popular and commercially valuable fish (Lin et al., 
2012; Tan et al., 2016), and the deformity rate is more than 30 % under 
culture conditions. Although preliminary studies have been conducted 
on the effects of temperature on the skeletal development of larvae of 
golden pompano, as well as the expression of genes related to the skel-
etal development of the larvae (Yang, Zheng et al., 2015, 2016; Ma et al., 
2016c, 2016d, 2016e, 2017a, 2017b, 2017c, 2018), the molecular 
mechanism by which temperature regulates the development of verte-
brae of golden pompano is still unclear. The purpose of this work was to 
investigate the impact of water temperature on survival and skeletal 
development of golden pompano larvae and to understand the 

molecular mechanism of temperature-induced spinal deformity. Results 
from the present study will provide support for enhancing fish quality in 
farming golden pompano and further explore the molecular regulation 
mechanism of fish bone development. 

2. Material and methods 

2.1. Experimental design and conditions 

Fertilized eggs of golden pompano were obtained from Lingshui, 
Hainan Province, and transported to the Tropical Fisheries Research and 
Development Center, South China Sea Fisheries Research Institute, 
Chinese Academy of Fishery Science, Xincun Town and hatched in 500-L 
fiberglass incubators at 26 ◦C, 29 ◦C and 32 ◦C. On 2-day-post-hatch 
(DPH), yolk sac larvae were stocked in 500-L fiberglass tanks at a den-
sity of 60 fish/L at the three temperatures designed above in three 
replicates each. A total of 10 fish larvae per tank were randomly selected 
to measure the initial body length on a stereo microscope (Phenix Op-
tical Instrument Group Co., LTD, China). Rotifers (Brachionus rotundi-
formis) at a density of 10–20 rotifers mL− 1 were used to feed the larvae 
from 3 DPH to 8 DPH and Artemia nauplii were used to feed from 7 DPH 
to 32 DPH. Fish larvae rearing management followed the method 
described in the previous study of Ma (Ma et al., 2016a). On 32 DPH, fish 
larvae in each rearing tank were harvested and counted to estimate 
survival rate of the larvae. Then, 10 fish per tank were randomly 
collected to measure the final body length. Afterward, three larvae were 
randomly collected from each tank to obtain the muscle tissue and then 
preserved in liquid nitrogen for RNA and DNA estimation. A total of 30 
larvae from each tank were sampled for the incidence of spine malfor-
mations after anaesthetization with 0.03 % MS-222 and fixed with 10 % 
natural buffered formalin. For genes expression analysis, three larvae 
were sampled from each tank (nine fish per treatment) and the samples 
were snap-frozen in liquid nitrogen, then preserved in − 80 ◦C until use. 
The experiments were in compliance with the guidelines established by 
the Ethics Committee of South China Sea Fisheries Research Institute, 
Chinese Academy of Fishery Sciences and approved by this committee. 

2.2. RNA and DNA estimation 

After drying, each tissue sample was weighed and homogenized in 5 
% trichloroacetic acid (TCA) at 90 ◦C and centrifuged at 5000×g for 20 
min to get the supernatant. Then the RNA/DNA ratio was estimated 
according to the method described by Zehra (Zehra and Khan, 2013) 
using a nano drop. Standard curves for RNA and DNA were developed 
using different concentrations of yeast RNA (Sigma-Aldrich, USA) and 
calf thymus DNA (SigmaAldrich, USA), respectively (Ma et al., 2016b). 

2.3. Spine malformation estimation 

Spine malformation was examined under a stereo microscope 
(Olympus SZ, Tokyo, Japan) using the criteria described by Ma et al. 
(2014). The sign of vertebral malposition, kyphosis and lordosis in fish 
were considered as the vertebral deformity in this study. Spine malfor-
mation (%) was calculated as spine malformation = (malformed lar-
vae/total larvae) × 100 %. 

2.4. Analysis of osteogenic marker gene expression 

The total RNA was isolated using TRIzol Reagent (Invitrogen, USA) 
according to the manufacturer’s instructions, quantitated by spectro-
photometry at absorbance of 260 nm, and checked for integrity by 1.2 % 
agarose gel electrophoresis. Then the extracted RNA was reverse- 
transcribed into cDNA and used for qPCR. 

The osteogenic-related genes chosen for analysis by qPCR were 
selected from the unpublished golden pompano transcriptome se-
quences (Illumina HiSeq2000, annotated by NR, KOG, KEGG, and 
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Swissprot). Primers used for q-PCR for signaling molecules, transcrip-
tion factors and extracellular matrix genes expression in pompano 
referred to the design of Ma et al. (Table 1) (Ma et al., 2016c, a, b; Ma 
et al., 2018) or designed by the Primer Premier 5 program. 

The qPCR was conducted with the Real-time qPCR analysis (Hang-
zhou Longgene Scientific Instrument Co., Ltd., China) using SYBR Green 
(Tiangen Biotech Co., Ltd., China). The reaction conditions were as 
follows: initial denaturation at 95 ◦C for 15 min, 40 cycles of denaturing 
at 95 ◦C for 10 s, annealing at 58 ◦C for 20 s, and extension at 72 ◦C for 
30 s. There were three repetitions of each test. At the end of PCR pro-
gram, dissociation curves were analyzed to ensure that only specific 
products were obtained in each reaction. The analysis of the gene 
expression data was performed utilizing the ΔΔCt method and were 
normalized based on the level of housekeeping gene (EF1α). It has been 
verified that the amplification efficiency is 95–105 %. 

2.5. Statistical analysis 

Data were all expressed as mean ± SD, and compared with one-way 
ANOVA (PASW Statistics 18.0, Chicago, SPSS Inc.). Comparisons be-
tween different groups were conducted by one-way ANOVA and LSD 
test, and significant difference was set at P < 0.05. All percentage data 
were transformed using square root to satisfy the assumptions of 
ANOVA. 

3. Results 

3.1. Hatching, growth and survival rate of golden pompano 

In this study, there was significant difference in hatching rate of 
golden pompano eggs at different temperatures (P < 0.05) and the 
hatching rate was lowest at 32 ◦C. At different temperatures, the 
hatching rate of the eggs was 97.2 ± 0.4 % (26 ◦C), 97.8 ± 0.7 % (29 ◦C) 
and 96.4 ± 0.9 % (32 ◦C), respectively. After the 32-days experiment, 
there was no significant difference on final body length gain and survival 
rate of fish larvae between at 26 ◦C and 29 ◦C (P > 0.05, Figs. 1 and 2). 
The final body length under 32 ◦C treatment was significantly higher 
than in other treatments (P < 0.05). In contrast, the survival rate of 
larvae at 32 ◦C was significantly lower than at 26 ◦C and 29 ◦C (P <
0.05). 

Table 1 
Primers used for q-PCR for signaling molecules, transcription factors and 
extracellular matrix genes expression in pompano.  

　Gene abbreviation Sequence (5′-3′) Amplicon size (bp) 

BMP2-qF CAGGCAGCCACTCCGCAAAC 146 
BMP2-qR TCCCCGTGGCAGTAAAAGG 
BMP4-qF GTGAACAACAACATTCCCAAGG 

126 BMP4-qR GCAGCCCTCCACTACCATTT 
BMP5-qF GTGGAGACTGTAGACGGACGAA 

100 
BMP5-qR TGAAGAAAGCAACCAGGAAGG 
Ihh-qF TACGAGTCCAAAGCCCACATT 87 
Ihh-qR AGCATCGCCAGGGAAACA 
Sox8-qF AGTCCATCAGGCACAAACAGC 203 
Sox8-qR GGCACCAAGGACCAGTCGTAT 
Sox9-qF GGACACCGAGAACACCCG 

143 Sox9-qR GCACCAGCGTCCAGTCGT 
Twist-qF GTGGGAGGAAGAGGAGACCG 

215 
Twist-qR CGAGGGCAAAGTGGGGAT 
Col1a1-qF GGCAACAGCCGCTTCACA 169 
Col1a1-qR CTTCGACGCCAAATTCCT 
Decorin-qF TGAGGAACCTGGCTAAACT 

195 Decorin-qR TTCCCACAGCAGCAATCT 
Vimentin-qF CCTTGTCCGACGCCATAA 

139 Vimentin-qR GCCAGCAGGATCTTGTTCT 
EF1α-qF CCCCTTGGTCGTTTTGCC 

101 
EF1α-qR GCCTTGGTTGTCTTTCCGCTA  

Fig. 1. Initial length and final length of golden pompano at different treatment 
temperatures on 32 DPH. Data with different letters were significantly different 
(P < 0.05). 

Fig. 2. Survival rate of golden pompano at different treatment temperatures on 
32 DPH. 

Fig. 3. RNA/DNA ratio of golden pompano larvae at different treatment tem-
peratures on 32 DPH. 
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3.2. Spine malformation and RNA/DNA ratio of golden pompano 

The temperature significantly affected the RNA/DNA ratio of the 
fish. The lowest RNA/DNA ratio was observed at 32 ◦C (P < 0.05, Fig. 3). 
But the ratio showed no significant difference between 26 ◦C and 29 ◦C 
(P > 0.05). The spine malformation rate was significantly affected by 
rearing temperatures (P < 0.05, Fig. 4). As the temperature increased 
from 26 to 32 ◦C, the rate of malformation also increased significantly (P 
< 0.05) and the highest spinal deformity rate occurred at 32 ◦C. 

3.3. Genes expression levels at different temperatures 

The expression levels of signal molecule genes were different at 
different temperatures. The expression of BMP2 was significantly 
upregulated with the increase of water temperature and reached the 
highest level at 32 ◦C (P < 0.05, Fig. 5a). The differences of BMP4, BMP5 
and Ihh levels between 29 ◦C and 32 ◦C were not significant (P > 0.05, 
Fig. 5A). At 26 ◦C, the expression levels of all signal molecules were 
significantly lower than at other temperature treatments (P < 0.05). 

As for the transcription factors, no significant differentiation was 
attributable to differences of Sox8 (P > 0.05, Fig. 5B). Sox9 at 26 ◦C was 
significantly higher than that at 29 ◦C or 32 ◦C (P < 0.05). The 
expression of twist was significantly regulated by water temperature (P 
< 0.05, Fig. 5B), with the lowest expression at 29 ◦C and the highest 
expression at 32 ◦C. 

In addition, as far as the ECM components, the expression of 
vimentin was significantly different at different temperatures (P < 0.05, 
Fig. 5C). When the temperature rose, the vimentin level was also 
significantly upregulated. However, the expression of col1a1 and 
decorin showed no significant difference between different tempera-
tures (P > 0.05, Fig. 5C). 

4. Discussion 

Temperature is one of the most critical factors in fish growth and 
survival (Katersky and Carter, 2005; Somero, 2010; Arnason et al., 
2019). Previous studies have shown that growth performance of golden 
pompano larvae is affected by water temperatures (Yang et al., 2016; 
Zhou et al., 2020, 2019; Li et al., 2019). Improper temperatures can lead 
to an increase in malformation in golden pompano (Ma et al., 2014; 
Zheng et al., 2016). In this study, the growth of golden pompano was 
accelerated, but the survival rate decreased. The skeletal deformity rate 
increased with the increasing of rearing temperature, and the highest 
deformity rate was observed in fish cultured at 32 ◦C, which is consistent 
with the findings reported by Yang et al. (2016). 

With a corresponding rise in temperature, the RNA/DNA ratio also 
increases (Canino, 1994). The interaction of temperature and salinity 
has a negative impact on the ratio in Nile tilapia juveniles (Oreochromis 
nicloticus) (Wang et al., 2017). This study found that the RNA/DNA ratio 
of golden pompano significantly decreased at 32 ◦C, while the relative 
body length increased. This result is consistent with the research results 
of Bornman and Yang (Yang et al., 2016; Bornman et al., 2018). The 
reduced RNA/DNA ratio revealed the poor growth status of larvae at at 
32 ◦C and the increased relative body length may be due to cannibalism 
on smaller fish (Yang et al., 2016), but further research is needed. 
Another possible reason is that protein synthesis is more efficient at 
higher temperatures so that the juveniles at 32 ◦C are able to grow faster 
with less RNA (Buckley et al., 2008). Better growth status may be ach-
ieved by increasing activity rather than RNA concentration (Buckley 
et al., 2008). In addition, the decline in the ratio may also be related to 
the availability of prey or the higher nutritional requirements of juve-
niles at high temperatures (Cahu et al., 2003; Foley et al., 2016). 

The development of the spine is related to transcription factors, 
signaling molecules and ECM components, and is strongly regulated by 
temperature (Ytteborg et al., 2010b). More than 20 members of the BMP 
have been recognized. Among them, BMP2 along with BMP4 can play an 
important role in inducing chondrogenic differentiation, and BMP5 is 

Fig. 4. The spine malformation rate of golden pompano larvae at different 
treatment temperatures on 32 DPH. 

Fig. 5. The expression levels of signaling molecules (A), transcription factors 
(B) and ECM components (C) of golden pompano larvae at different treatment 
temperatures. 

M. Han et al.                                                                                                                                                                                                                                    



Aquaculture Reports 18 (2020) 100556

5

involved in limb development, connecting soft tissues, bone and carti-
lage morphogenesis (Xu, Di, 2005; Mei, Xu 2005; Bragdon et al., 2011). 
Indian hedgehog (Ihh), belongs to the hedgehog gene family, has an 
essential function in skeleton morphogenesis in vertebrates, endochon-
dral ossification and induces osteoblast differentiation in the perichon-
drium (Karp et al., 2000; Yang, Andre et al., 2015). BMP4 and Ihh are 
also associated with the hypertrophic maturation process of chon-
drocytes (Shum et al., 2003; Colnot et al., 2005). Previous studies show 
that the expressions of BMP2, BMP4 and Ihh in Atlantic salmon juveniles 
(Weight of 15 g) under high rearing water temperature are up-regulated 
and showed a higher rate of spinal deformity (Ytteborg et al., 2010b). 
The expressions of BMP4 and Ihh in golden pompano larvae are 
up-regulated with increasing temperature (Ma et al., 2016c, a). The 
present study suggested that all selected signaling molecules were 
significantly up-regulated at high temperatures, which was similar to 
the previous research. These may also indicate that the process of 
chondrocyte proliferation and hypertrophy may be strengthened. The 
variation trend of these genes was consistent with the abnormal changes 
of spines at high temperature. The abnormality of the spine may be 
related to the timing change of cartilage and osteogenesis caused by high 
temperature. 

Sox8 is a negative regulator of osteoblast differentiation and asso-
ciated with bone density, while Sox9 is the main gene that regulates 
chondrogenic differentiation and could inhibit hypertrophy in bone 
formation (Akiyama et al., 2002; Schmidt et al., 2005). Sox9 may delay 
osteoblast differentiation of osteochondroprogenitors, and Sox9-null 
prehypertrophic chondrocytes die or prematurely convert into osteo-
blasts (Lefebvre, 2019). The expression profiles of Sox have been re-
ported in fish such as Mudloach (Misgurnus anguillicaudatus) and large 
yellow croaker (Larimichthys crocea) (Xia et al., 2011; Wan et al., 2019), 
but there are few studies on the expression regulation of Sox genes in 
larval or juvenile fish and how environmental conditions affect the 
expression of Sox. In the present study, the expression of Sox8 was not 
affected by water temperature. But the Sox9 level decreased signifi-
cantly as the water temperature increased, which was similar to the 
results reported by Ytteborg et al. (2010b). At high rearing water tem-
perature, the expression of Sox9 in Atlantic salmon juveniles is also 
down-regulated. These indicate that the process of chondrocyte prolif-
eration and hypertrophy may be strengthened at high rearing temper-
atures. However, this conclusion needs to be verified by further 
histopathological analysis of the spines of fish. These results were at 
odds with the result of Ma et al. (2017b). On 18 DPH, the expression of 
sox9 was down-regulated when the temperature rose from 26 to 29 ◦C. 

As an osteoblast inhibitor, the expression of twist gene was down- 
regulated when the temperature rose from 26 to 29 ◦C, while its level 
was highest at 32 ◦C. The increase of twist expression at 32℃ may 
indicate the inhibition of osteogenesis. However, changes in twist gene 
levels were not consistent with changes in spinal deformity rates as 
temperatures rose. 

Vimentin filaments can enhance cartilage resistance to mechanical 
forces (Durrant et al., 1999). The up-regulation of the Vimentin gene 
may be an adaptation to rapid growth induced by high temperature in 
response to the mechanical forces that may occur in the spine during 
rapid growth. Notably, the expressions of col1a1 and decorin reduce in 
Atlantic salmon at high temperatures, but in golden pompano, there 
were not significantly different at different rearing temperatures. This 
indicates that there are differences in the response of genes related to 
bone development to ambient temperature in different fish species. 

5. Conclusions 

In conclusion, the present study indicates that the hatching rate, 
survival rate and the RNA/DNA ratio decreased significantly, while 
spinal deformity rate increased significantly of golden pompano when 
the water temperature increased to 32 ◦C. High temperature may up- 
regulate the expression of a series of signaling factors during bone 

formation and down-regulate the expression of sox9, affecting the pro-
duction of ECM components, thereby affecting the development of bone 
and cartilage and leading to spinal deformities. These results could 
provide a favorable support for understanding the molecular mechanism 
of spinal deformities in fish and enhancing the larval quality of golden 
pompano for better farming production. 

Data availability statement 

The data that support the findings of this study are available from the 
corresponding author upon reasonable request. 

CRediT authorship contribution statement 

Mingyang Han: Writing - original draft, Investigation, Formal 
analysis, Visualization. Ming Luo: Formal analysis, Writing - original 
draft. Rui Yang: Resources, Investigation. Jian G. Qin: Conceptuali-
zation, Methodology, Writing - review & editing. Zhenhua Ma: 
Conceptualization, Methodology, Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This study was supported by Hainan Provincial Natural Science 
Foundation of China (319QN339, 319MS102, 2019CXTD418). 

References 

Akiyama, H., 2008. Control of chondrogenesis by the transcription factor Sox9. Mod. 
Rheumatol. 18, 213–219. https://doi.org/10.1007/s10165-008-0048-x. 

Akiyama, H., Chaboissier, M.C., Martin, J.F., Schedl, A., de Crombrugghe, B., 2002. The 
transcrintion factor Sox9 has essential roles in successive steps of the chondrocyte 
differentiation pathway and is required for expression of Sox5 and Sox6. Genes Dev. 
16, 2813–2828. https://doi.org/10.1101/gad.1017802. 

Andrades, J.A., Becerra, J., FernandezLlebrez, P., 1996. Skeletal deformities in larval, 
juvenile and adult stages of cultured gilthead sea bream (Sparus aurata L). 
Aquaculture 141, 1–11. https://doi.org/10.1016/0044-8486(95)01226-5. 

Arnason, T., Gunnarsson, A., Steinarsson, A., Danielsdottir, A.K., Bjornsson, B.T., 2019. 
Impact of temperature and growth hormone on growth physiology of juvenile 
Atlantic wolffish (Anarhichas lupus). Aquaculture 504, 404–413. https://doi.org/ 
10.1016/j.aquaculture.2019.02.025. 

Balbuena-Pecino, S., Riera-Heredia, N., Velez, E.J., Gutierrez, J., Navarro, I., Riera- 
Codina, M., Capilla, E., 2019. Temperature affects musculoskeletal development and 
muscle lipid metabolism of Gilthead Sea Bream (Sparus aurata). Front. Endocrinol. 
10, 15. https://doi.org/10.3389/fendo.2019.00173. 

Boglione, C., Marino, G., Giganti, M., Longobardi, A., De Marzi, P., Cataudella, S., 2009. 
Skeletal anomalies in dusky grouper Epinephelus marginatus (Lowe 1834) juveniles 
reared with different methodologies and larval densities. Aquaculture 291, 48–60. 
https://doi.org/10.1016/j.aquaculture.2009.02.041. 

Boglione, C., Gavaia, P., Koumoundouros, G., Gisbert, E., Moren, M., Fontagne, S., 
Witten, P.E., 2013. Skeletal anomalies in reared European fish larvae and juveniles. 
Part 1: normal and anomalous skeletogenic processes. Rev. Aquac. 5, S99–S120. 
https://doi.org/10.1111/raq.12015. 

Bornman, E., Strydom, N., Clemmesen, C., 2018. Appraisal of warm-temperate south 
African mangrove estuaries as habitats to enhance larval nutritional condition and 
growth of Gilchristella aestuaria (Family Clupeidae) using RNA:DNA ratios. 
Estuaries Coasts 41, 1463–1474. https://doi.org/10.1007/s12237-018-0375-x. 

Bragdon, B., Moseychuk, O., Saldanha, S., King, D., Julian, J., Nohe, A., 2011. Bone 
morphogenetic proteins: a critical review. Cell. Signal. 23. 

Buckley, L.J., Caldarone, E.M., Clemmesen, C., 2008. Multi-species larval fish growth 
model based on temperature and fluorometrically derived RNA/DNA ratios: results 
from a meta-analysis. Mar. Ecol. Prog. 371, 221–232. 

Canino, M.F., 1994. Effects of temperature and food availability on growth and RNA/ 
DNA ratios of walleye pollock Theragra chalcogramma (Pallas) eggs and larvae. 
J. Exp. Mar. Biol. Ecol. 175, 1–16. 

Colnot, C., de la Fuente, L., Huang, S., Hu, D., Lu, C.Y., St-Jacques, B., Helms, J.A., 2005. 
Indian hedgehog synchronizes skeletal angiogenesis and perichondrial maturation 
with cartilage development. Development 132, 1057–1067. https://doi.org/ 
10.1242/dev.01649. 

Dionisio, G., Campos, C., Valente, L.M.P., Conceicao, L.E.C., Cancela, M.L., Gavaia, P.J., 
2012. Effect of egg incubation temperature on the occurrence of skeletal deformities 

M. Han et al.                                                                                                                                                                                                                                    

https://doi.org/10.1007/s10165-008-0048-x
https://doi.org/10.1101/gad.1017802
https://doi.org/10.1016/0044-8486(95)01226-5
https://doi.org/10.1016/j.aquaculture.2019.02.025
https://doi.org/10.1016/j.aquaculture.2019.02.025
https://doi.org/10.3389/fendo.2019.00173
https://doi.org/10.1016/j.aquaculture.2009.02.041
https://doi.org/10.1111/raq.12015
https://doi.org/10.1007/s12237-018-0375-x
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0045
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0045
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0050
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0050
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0050
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0055
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0055
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0055
https://doi.org/10.1242/dev.01649
https://doi.org/10.1242/dev.01649


Aquaculture Reports 18 (2020) 100556

6

in Solea senegalensis. J. Appl. Ichthyol. 28, 471–476. https://doi.org/10.1111/ 
j.1439-0426.2012.01996.x. 

Durrant, L.A., Archer, C.W., Benjamin, M., Ralphs, J.R., 1999. Organisation of the 
chondrocyte cytoskeleton and its response to changing mechanical conditions in 
organ culture. J. Anat. 194, 343–353. https://doi.org/10.1046/j.1469- 
7580.1999.19430343.x. 

Esteves, E., Pina, T., Chicharo, M.A., Andrade, J.P., 2000. The distribution of estuarine 
fish larvae: nutritional condition and co-occurrence with predators and prey. Acta 
Oecologica 21, 161–173. https://doi.org/10.1016/s1146-609x(00)01078-x. 

Fjelldal, P.G., Hansen, T., Breck, O., Ornsrud, R., Lock, E.J., Waagbo, R., Wargelius, A., 
Witten, P.E., 2012. Vertebral deformities in farmed Atlantic salmon (Salmo salar L.) - 
etiology and pathology. J. Appl. Ichthyol. 28, 433–440. https://doi.org/10.1111/ 
j.1439-0426.2012.01980.x. 

Foley, C.J., Bradley, D.L., Hook, T.O., 2016. A review and assessment of the potential use 
of RNA:DNA ratios to assess the condition of entrained fish larvae. Ecol. Indic. 60, 
346–357. https://doi.org/10.1016/j.ecolind.2015.07.005. 

Fragkoulis, S., Printzi, A., Geladakis, G., Katribouzas, N., Koumoundouros, G., 2019. 
Recovery of haemal lordosis in Gilthead seabream (Sparus aurata L.). Sci. Rep. 9, 11. 
https://doi.org/10.1038/s41598-019-46334-1. 

Georgakopoulou, E., Angelopoulou, A., Kaspiris, P., Divanach, P., Koumoundouros, G., 
2007. Temperature effects on cranial deformities in European sea bass, 
Dicentrarchus labrax (L.). J. Appl. Ichthyol. 23, 99–103. https://doi.org/10.1111/ 
j.1439-0426.2006.00810.x. 

Georgakopoulou, E., Katharios, P., Divanach, P., Koumoundouros, G., 2010. Effect of 
temperature on the development of skeletal deformities in Gilthead seabream 
(Sparus aurata Linnaeus, 1758). Aquaculture 308, 13–19. https://doi.org/10.1016/j. 
aquaculture.2010.08.006. 

Germanguz, I., Gitelman, I., 2012. All four twist genes of zebrafish have partially 
redundant, but essential, roles in patterning the craniofacial skeleton. J. Appl. 
Ichthyol. 28, 364–371. https://doi.org/10.1111/j.1439-0426.2012.02016.x. 

Grini, A., Hansen, T., Berg, A., Wargelius, A., Fjelldal, P.G., 2011. The effect of water 
temperature on vertebral deformities and vaccine-induced abdominal lesions in 
Atlantic salmon, Salmo salar L. J. Fish Dis. 34, 531–546. https://doi.org/10.1111/ 
j.1365-2761.2011.01265.x. 

Hu, Z.Y., Chen, B., Zhao, Q., 2019. Hedgehog signaling regulates osteoblast 
differentiation in zebrafish larvae through modulation of autophagy. Biol. Open 8, 
11. https://doi.org/10.1242/bio.040840. 

Izquierdo, M.S., Socorro, J., Roo, J., 2010. Studies on the appearance of skeletal 
anomalies in red porgy: effect of culture intensiveness, feeding habits and nutritional 
quality of live preys. J. Appl. Ichthyol. 26, 320–326. https://doi.org/10.1111/ 
j.1439-0426.2010.01429.x. 

Izquierdo, M.S., Scolamacchia, M., Betancor, M., Roo, J., Caballero, M.J., Terova, G., 
Witten, P.E., 2013. Effects of dietary DHA and alpha-tocopherol on bone 
development, early mineralisation and oxidative stress in Sparus aurata (Linnaeus, 
1758) larvae. Br. J. Nutr. 109, 1796–1805. https://doi.org/10.1017/ 
s0007114512003935. 

Karp, S.J., Schipani, E., St-Jacques, B., Hunzelman, J., Kronenberg, H., McMahon, A.P., 
2000. Indian hedgehog coordinates endochondral bone growth and morphogenesis 
via Parathyroid Hormone related-protein-dependent and -independent pathways. 
Development 127, 543–548. 

Karsenty, G., 2000. Bone formation and factors affecting this process. Matrix Biol. 19, 
85–89. https://doi.org/10.1016/s0945-053x(00)00053-6. 

Katersky, R.S., Carter, C.G., 2005. Growth efficiency of juvenile barramundi, Lates 
calcarifer, at high temperatures. Aquaculture 250, 775–780. https://doi.org/ 
10.1016/j.aquaculture.2005.05.008. 

Lall, S.P., Lewis-McCrea, L.M., 2007. Role of nutrients in skeletal metabolism and 
pathology in fish - an overview. Aquaculture 267, 3–19. https://doi.org/10.1016/j. 
aquaculture.2007.02.053. 

Lefebvre, V., 2019. Roles and regulation of SOX transcription factors in skeletogenesis. 
In: Olsen, B.R. (Ed.), Vertebrate Skeletal Development. Elsevier Academic Press Inc, 
San Diego.  

Lein, I., Holmefjord, I., Rye, M., 1997. Effects of temperature on yolk sac larvae of 
Atlantic halibut (Hippoglossus hippoglossus L.). Aquaculture 157, 123–135. https:// 
doi.org/10.1016/s0044-8486(97)00149-x. 

Li, R.X., Liu, H.Y., Li, S.Y., Tan, B.P., Dong, X.H., Chi, S.Y., Yang, Q.H., Zhang, S., Chen, L. 
Q., 2019. Nutritional regulation of gene expression and enzyme activity of 
phosphoenolpyruvate carboxykinase in the hepatic gluconeogenesis pathway in 
golden pompano (Trachinotus ovatus). Aquac. Res. 50, 634–643. https://doi.org/ 
10.1111/are.13941. 

Lin, H.Z., Chen, X., Chen, S.S., Li, Z.J., Huang, Z., Niu, J., Wu, K.C., Lu, X., 2012. 
Replacement of fish meal with fermented soybean meal in practical diets for 
pompano Trachinotus ovatus. Aquac. Res. 44, 151–156. https://doi.org/10.1111/ 
j.1365-2109.2011.03000.x. 

Ma, Z., Guo, H., Zheng, P., Wang, L., Jiang, S., Qin, J.G., Zhang, D., 2014. Ontogenetic 
development of digestive functionality in golden pompano Trachinotus ovatus 
(Linnaeus 1758). Fish Physiol. Biochem. 40, 1157–1167. https://doi.org/10.1007/ 
s10695-014-9912-0. 

Ma, Z.H., Hu, J., Liu, Y.J., Yang, R., Qin, J.G., Sun, D.R., 2016a. Molecular cloning and 
response to water temperature and nutrient manipulation of insulin-like growth 
factor (IGF) genes in Golden Pompano Trachinotus ovatus (Linnaeus 1758) larvae. 
Israeli J. Aquacult. 68, 14. 

Ma, Z.H., Zheng, P.L., He, D., Jiang, S.G., Qin, J.G., 2016b. Effect of feeding Artemia 
nauplii enriched with different enhancement products on larval performance of 
golden pompano Trachinotus ovatus (Linnaeus, 1758). Indian J. Fish. 63, 62–69. 
https://doi.org/10.21077/ijf.2016.63.2.50560-09. 

Ma, Z.H., Zhang, N., Qin, J.G., Fu, M., Jiang, S., 2016c. Water temperature induces jaw 
deformity and bone morphogenetic proteins (BMPs) gene expression in golden 
pompano Trachinotus ovatus larvae. Springerplus 5, 1475. https://doi.org/10.1186/ 
s40064-016-3142-0. 

Ma, Z.H., Yang, Q.B., Wen, W.G., Jiang, S.G., Qin, J.G., 2016d. The ontogenic expressions 
of BMP and IGF genes in goldenpompano Trachinotus ovatus (Linnaeus 1758) 
larvae. Indian J. Anim. Res. https://doi.org/10.18805/ijar.v0i0f.3811. 

Ma, Z.H., Zheng, P.L., Guo, H.Y., Zhang, N., Jiang, S.G., Zhang, D.C., Qin, J.G., 2016e. 
Jaw malformation of hatchery reared golden pompano Trachinotus ovatus(Linnaeus 
1758) larvae. Aquac. Res. 47, 1141–1149. https://doi.org/10.1111/are.12569. 

Ma, Z.H., Fu, M.J., Hu, J., Yang, R., Wei, C.Y., Qin, J.G., Yu, G., 2017a. Molecular cloning 
of Indian hedgehog gene and its expression in golden pompano Trachinotus ovatus 
(Linnaeus 1758) larvae at different water temperatures. Israeli J. Aquacult. 69, 13. 

Ma, Z.H., Fu, M.J., Peng, X.Y., Qin, J.G., 2017b. Expression of Sox5, Sox8 and Sox9 genes 
in Golden Pompano Trachinotus ovatus (Linnaeus 1758) larvae during ontogeny and 
in response to water temperature. Israeli J. Aquacult. 69, 9. 

Ma, Z.H., Hu, J., Yu, G., Qin, J.G., 2017c. Gene expression of bone morphogenetic 
proteins and jaw malformation in golden pompano Trachinotus ovatus larvae in 
different feeding regimes. J. Appl. Anim. Res. 46, 164–177. https://doi.org/ 
10.1080/09712119.2017.1282371. 

Ma, Z.H., Fu, M.J., Qin, J.G., Hu, J., Zhou, S.J., Yang, R., 2018. Molecular cloning of twist 
gene and its expression in Golden Pompano Trachinotus ovatus (Linnaeus 1758) 
larvae at different water temperatures. Israeli J. Aquacult. 70, 11. 

Marques, C.L., Fernandez, I., Viegas, M.N., Cox, C.J., Martel, P., Rosa, J., Cancela, M.L., 
Laize, V., 2016. Comparative analysis of zebrafish bone morphogenetic proteins 2, 4 
and 16: molecular and evolutionary perspectives. Cell. Mol. Life Sci. 73, 841–857. 
https://doi.org/10.1007/s00018-015-2024-x. 

Mei, Wan, Xu, Cao, 2005. BMP signaling in skeletal development. Biochem. Biophys. Res. 
Commun. 328, 651–657. https://doi.org/10.1016/j.bbrc.2004.11.067. 

Munday, J.S., Perrott, M.R., Symonds, J.E., Walker, S.P., Preece, M.A., Davie, P.S., 2018. 
Prevalence of spinal abnormalities in Chinook salmon smolt and influence of early 
rearing temperature and growth rates. J. Fish Dis. 41, 1111–1116. https://doi.org/ 
10.1111/jfd.12804. 

Noble, C., Jones, H.A.C., Damsgard, B., Flood, M.J., Midling, K.O., Roque, A., Saether, B. 
S., Cottee, S.Y., 2012. Injuries and deformities in fish: their potential impacts upon 
aquacultural production and welfare. Fish Physiol. Biochem. 38, 61–83. https://doi. 
org/10.1007/s10695-011-9557-1. 

Perrott, M.R., Symonds, J.E., Walker, S.P., Hely, F.S., Wybourne, B., Preece, M.A., 
Davie, P.S., 2018. Spinal curvatures and onset of vertebral deformities in farmed 
Chinook salmon, Oncorhynchus tshawytscha (Walbaum, 1792) in New Zealand. 
J. Appl. Ichthyol. 34, 501–511. https://doi.org/10.1111/jai.13663. 

Polo, A., Yúfera, M., Pascual, E., 1991. Effects of temperature on egg and larval 
development of Sparus aurata L. Aquaculture 92, 367–375. 

Schmidt, K., Schinke, T., Haberland, M., Priemel, M., Schilling, A.F., Mueldner, C., 
Rueger, J.M., Sock, E., Wegner, M., Amling, M., 2005. The high mobility group 
transcription factor Sox8 is a negative regulator of osteoblast differentiation. J. Cell 
Biol. 168, 899–910. https://doi.org/10.1083/jcb.200408013. 

Sfakianakis, D.G., Georgakopoulou, E., Papadakis, I.E., Divanach, P., Kentouri, A., 
Koumoundouros, G., 2006. Environmental determinants of haemal lordosis in 
European sea bass, Dicentrarchus labrax (Linnaeus, 1758). Aquaculture 254, 54–64. 
https://doi.org/10.1016/j.aquaculture.2005.10.028. 

Shum, L., Wang, X.B., Kane, A.A., Nuckolls, G.H., 2003. BMP4 promotes chondrocyte 
proliferation and hypertrophy in the endochondral cranial base. Int. J. Dev. Biol. 47, 
423–431. 

Somero, G.N., 2010. The physiology of climate change: how potentials for 
acclimatization and genetic adaptation will determine’ winners’ and’ losers’. J. Exp. 
Biol. 213, 912–920. https://doi.org/10.1242/jeb.037473. 

Spoorendonk, K.M., Hammond, C.L., Huitema, L.F.A., Vanoevelen, J., Schulte-Merker, S., 
2010. Zebrafish as a unique model system in bone research: the power of genetics 
and in vivo imaging. J. Appl. Ichthyol. 26, 219–224. https://doi.org/10.1111/ 
j.1439-0426.2010.01409.x. 

Tan, X.H., Lin, H.Z., Huang, Z., Zhou, C.P., Wang, A.L., Qi, C.L., Zhao, S.Y., 2016. Effects 
of dietary leucine on growth performance, feed utilization, non-specific immune 
responses and gut morphology of juvenile golden pompano Trachinotus ovatus. 
Aquaculture 465, 100–107. https://doi.org/10.1016/j.aquaculture.2016.08.034. 

Teodosio, M.A., Garrido, S., Peters, J., Leitao, F., Re, P., Peliz, A., Santos, A.M.P., 2017. 
Assessing the impact of environmental forcing on the condition of anchovy larvae in 
the Cadiz Gulf using nucleic acid and fatty acid-derived indices. Estuar. Coast. Shelf 
Sci. 185, 94–106. https://doi.org/10.1016/j.ecss.2016.10.023. 

Trangerud, C., Bjorgen, H., Koppang, E.O., Grontvedt, R.N., Skogmo, H.K., Ottesen, N., 
Kvellestad, A., 2020. Vertebral column deformity with curved cross-stitch vertebrae 
in Norwegian seawater-farmed Atlantic salmon, Salmo salar L. J. Fish Dis. 43, 11. 
https://doi.org/10.1111/jfd.13136. 

Wan, H.F., Han, K.H., Jiang, Y.H., Zou, P.F., Zhang, Z.P., Wang, Y.L., 2019. Genome-wide 
identification and expression profile of the sox gene family during embryo 
development in large yellow croaker, Larimichthys crocea. DNA Cell Biol. 38, 
1100–1111. https://doi.org/10.1089/dna.2018.4586. 

Wang, H., Chang, G.L., Qiang, J., Xu, P., 2017. Relationship of RNA/DNA ratio to somatic 
growth of Nile tilapia juveniles (Oreochromis niloticus) under joint effects of 
temperature and salinity. Aquac. Res. 48, 2663–2671. https://doi.org/10.1111/ 
are.13098. 

Witten, P.E., Obach, A., Huysseune, A., Baeverfjord, G., 2006. Vertebrae fusion in 
Atlantic salmon (Salmo salar): development, aggravation and pathways of 
containment. Aquaculture 258, 164–172. https://doi.org/10.1016/j. 
aquaculture.2006.05.005. 

M. Han et al.                                                                                                                                                                                                                                    

https://doi.org/10.1111/j.1439-0426.2012.01996.x
https://doi.org/10.1111/j.1439-0426.2012.01996.x
https://doi.org/10.1046/j.1469-7580.1999.19430343.x
https://doi.org/10.1046/j.1469-7580.1999.19430343.x
https://doi.org/10.1016/s1146-609x(00)01078-x
https://doi.org/10.1111/j.1439-0426.2012.01980.x
https://doi.org/10.1111/j.1439-0426.2012.01980.x
https://doi.org/10.1016/j.ecolind.2015.07.005
https://doi.org/10.1038/s41598-019-46334-1
https://doi.org/10.1111/j.1439-0426.2006.00810.x
https://doi.org/10.1111/j.1439-0426.2006.00810.x
https://doi.org/10.1016/j.aquaculture.2010.08.006
https://doi.org/10.1016/j.aquaculture.2010.08.006
https://doi.org/10.1111/j.1439-0426.2012.02016.x
https://doi.org/10.1111/j.1365-2761.2011.01265.x
https://doi.org/10.1111/j.1365-2761.2011.01265.x
https://doi.org/10.1242/bio.040840
https://doi.org/10.1111/j.1439-0426.2010.01429.x
https://doi.org/10.1111/j.1439-0426.2010.01429.x
https://doi.org/10.1017/s0007114512003935
https://doi.org/10.1017/s0007114512003935
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0130
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0130
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0130
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0130
https://doi.org/10.1016/s0945-053x(00)00053-6
https://doi.org/10.1016/j.aquaculture.2005.05.008
https://doi.org/10.1016/j.aquaculture.2005.05.008
https://doi.org/10.1016/j.aquaculture.2007.02.053
https://doi.org/10.1016/j.aquaculture.2007.02.053
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0150
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0150
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0150
https://doi.org/10.1016/s0044-8486(97)00149-x
https://doi.org/10.1016/s0044-8486(97)00149-x
https://doi.org/10.1111/are.13941
https://doi.org/10.1111/are.13941
https://doi.org/10.1111/j.1365-2109.2011.03000.x
https://doi.org/10.1111/j.1365-2109.2011.03000.x
https://doi.org/10.1007/s10695-014-9912-0
https://doi.org/10.1007/s10695-014-9912-0
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0175
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0175
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0175
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0175
https://doi.org/10.21077/ijf.2016.63.2.50560-09
https://doi.org/10.1186/s40064-016-3142-0
https://doi.org/10.1186/s40064-016-3142-0
https://doi.org/10.18805/ijar.v0i0f.3811
https://doi.org/10.1111/are.12569
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0200
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0200
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0200
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0205
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0205
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0205
https://doi.org/10.1080/09712119.2017.1282371
https://doi.org/10.1080/09712119.2017.1282371
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0215
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0215
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0215
https://doi.org/10.1007/s00018-015-2024-x
https://doi.org/10.1016/j.bbrc.2004.11.067
https://doi.org/10.1111/jfd.12804
https://doi.org/10.1111/jfd.12804
https://doi.org/10.1007/s10695-011-9557-1
https://doi.org/10.1007/s10695-011-9557-1
https://doi.org/10.1111/jai.13663
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0245
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0245
https://doi.org/10.1083/jcb.200408013
https://doi.org/10.1016/j.aquaculture.2005.10.028
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0260
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0260
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0260
https://doi.org/10.1242/jeb.037473
https://doi.org/10.1111/j.1439-0426.2010.01409.x
https://doi.org/10.1111/j.1439-0426.2010.01409.x
https://doi.org/10.1016/j.aquaculture.2016.08.034
https://doi.org/10.1016/j.ecss.2016.10.023
https://doi.org/10.1111/jfd.13136
https://doi.org/10.1089/dna.2018.4586
https://doi.org/10.1111/are.13098
https://doi.org/10.1111/are.13098
https://doi.org/10.1016/j.aquaculture.2006.05.005
https://doi.org/10.1016/j.aquaculture.2006.05.005


Aquaculture Reports 18 (2020) 100556

7

Wu, M., Chen, G., Li, Y.P., 2016. TGF-beta and BMP signaling in osteoblast, skeletal 
development, and bone formation, homeostasis and disease. Bone Res. 4, 16009. 
https://doi.org/10.1038/boneres.2016.9. 

Xia, X.H., Zhao, J., Du, Q.Y., Chang, Z.J., 2011. Isolation and expression of two distinct 
Sox8 genes in Mudloach (Misgurnus anguillicaudatus). Biochem. Genet. 49, 
161–176. https://doi.org/10.1007/s10528-010-9396-2. 

Xu, C., Di, C., 2005. The BMP signaling and in vivo bone formation. Gene 357, 1–8. 
https://doi.org/10.1016/j.gene.2005.06.017. 

Yang, Q.B., Ma, Z.H., Zheng, P.L., Jiang, S.G., Qin, J.G., Zhang, Q., 2016. Effect of 
temperature on growth, survival and occurrence of skeletal deformity in the golden 
pompano Trachinotus ovatus larvae. Indian J. Fish. 63, 74–82. 

Yang, J., Andre, P., Ye, L., Yang, Y.Z., 2015. The Hedgehog signalling pathway in bone 
formation. Int. J. Oral Sci. 7, 73–79. https://doi.org/10.1038/ijos.2015.14. 

Yang, Q.B., Zheng, P.L., Ma, Z.H., Li, T., Jiang, S., Qin, J.G., 2015. Molecular cloning and 
expression analysis of the retinoid X receptor (RXR) gene in golden pompano 
Trachinotus ovatus fed Artemia nauplii with different enrichments. Fish Physiol. 
Biochem. 41, 1449–1461. https://doi.org/10.1007/s10695-015-0098-x. 

Ytteborg, E., Torgersen, J., Baeverfjord, G., Takle, H., 2010a. Morphological and 
molecular characterization of developing vertebral fusions using a teleost model. 
BMC Physiol. 10, 13. https://doi.org/10.1186/1472-6793-10-13. 

Ytteborg, E., Baeverfjord, G., Torgersen, J., Hjelde, K., Takle, H., 2010b. Molecular 
pathology of vertebral deformities in hyperthermic Atlantic salmon (Salmo salar). 
BMC Physiol. 10, 12. https://doi.org/10.1186/1472-6793-10-12. 

Ytteborg, Elisabeth, Torgersen, Jacob, Baeverfjord, Grete, Takle, Harald, 2012. The 
Atlantic Salmon (Salmo salar) Vertebra and Cellular Pathways to Vertebral 
Deformities. InTech. 

Zehra, S., Khan, M.A., 2013. Dietary lysine requirement of fingerling Catla catla 
(Hamilton) based on growth, protein deposition, lysine retention efficiency, RNA/ 
DNA ratio and carcass composition. Fish Physiol. Biochem. 39, 503–512. https://doi. 
org/10.1007/s10695-012-9715-0. 

Zheng, P.L., Ma, Z.H., Guo, H.Y., Zhang, D.C., Fu, M.J., Zhang, N., Jiang, S.G., 2016. 
Osteological ontogeny and malformations in larval and juvenile golden pompano 
Trachinotus ovatus (Linnaeus 1758). Aquac. Res. 47, 1421–1431. https://doi.org/ 
10.1111/are.12600. 

Zhou, B.S., Wu, R.S.S., Randall, D.J., Lam, P.K.S., 2001. Bioenergetics and RNA/DNA 
ratios in the common carp (Cyprinus carpio) under hypoxia. J. Comp. Physiol. B- 
Biochem. Syst. Environ. Physiol. 171, 49–57. https://doi.org/10.1007/ 
s003600000149. 

Zhou, S.J., Wang, P.F., Zhao, C., Fu, M.J., Qin, J.G., Qiu, L.H., Ma, Z.H., Lin, M.S., 2019. 
Response of liver-type fatty acid-binding protein (L-FABP) gene in Golden Pompano 
Trachinotus ovatus (Linnaeus 1758) to temperature and nutrient manipulations. 
Pak. J. Zool. 51, 1465–1473. https://doi.org/10.17582/journal.pjz/ 
2019.51.4.1465.1473. 

Zhou, Z., Li, Y.Q., Zhang, G.Q., Ye, H.Z., Luo, J., 2020. Effects of temperature on the 
transcriptomes of pituitary and liver in Golden Pompano Trachinotus blochii. Fish 
Physiol. Biochem. 46, 63–73. https://doi.org/10.1007/s10695-019-00695-6. 

M. Han et al.                                                                                                                                                                                                                                    

https://doi.org/10.1038/boneres.2016.9
https://doi.org/10.1007/s10528-010-9396-2
https://doi.org/10.1016/j.gene.2005.06.017
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0320
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0320
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0320
https://doi.org/10.1038/ijos.2015.14
https://doi.org/10.1007/s10695-015-0098-x
https://doi.org/10.1186/1472-6793-10-13
https://doi.org/10.1186/1472-6793-10-12
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0345
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0345
http://refhub.elsevier.com/S2352-5134(20)30649-9/sbref0345
https://doi.org/10.1007/s10695-012-9715-0
https://doi.org/10.1007/s10695-012-9715-0
https://doi.org/10.1111/are.12600
https://doi.org/10.1111/are.12600
https://doi.org/10.1007/s003600000149
https://doi.org/10.1007/s003600000149
https://doi.org/10.17582/journal.pjz/2019.51.4.1465.1473
https://doi.org/10.17582/journal.pjz/2019.51.4.1465.1473
https://doi.org/10.1007/s10695-019-00695-6

	Impact of temperature on survival and spinal development of golden pompano Trachinotus ovatus (Linnaeus 1758)
	1 Introduction
	2 Material and methods
	2.1 Experimental design and conditions
	2.2 RNA and DNA estimation
	2.3 Spine malformation estimation
	2.4 Analysis of osteogenic marker gene expression
	2.5 Statistical analysis

	3 Results
	3.1 Hatching, growth and survival rate of golden pompano
	3.2 Spine malformation and RNA/DNA ratio of golden pompano
	3.3 Genes expression levels at different temperatures

	4 Discussion
	5 Conclusions
	Data availability statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


