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Temperature Significantly Regulates Gene Expressions of Vertebrae Chondrocytes and Osteoblasts in Juvenile Golden Pompano (Trachinotus ovatus)
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To elucidate the possible molecular reaction of vertebral fusion in juvenile golden pompano at high temperature, we examined the changes in growth, vertebral fusion incidence, histological differences and transcription levels of genes related to bone development in juvenile golden pompano at 27 and 33°C for 30 days, respectively. The growth rate of juvenile fish was faster when the water temperature was 33°C, but the incidence of vertebral fusion was higher. Prolonged high water temperature reduced the osteogenic layer in the growth zone of the vertebral endplate and the elastic externa. The endplate growth areas of the fused vertebrae were transformed into cartilage tissue, which was then remodeled into bone. The intervertebral notochord tissue was transformed into bone and the intervertebral space disappeared. In normal phenotypes of vertebrae, short-term high temperature could promote the expression of genes related to cartilage differentiation and maturation, as well as genes related to osteoblastic differentiation. With the increase of culture time, the expression of genes related to cartilage and osteogenesis development was inhibited. In fused vertebrae, cartilage proliferation was enhanced, osteogenic differentiation was inhibited, and matrix mineralization may be enhanced. Genes associated with the development of chondrocytes and osteoblasts in the vertebrae of juvenile Trachinotus ovatus were significantly regulated by temperature and time. The results may contribute to further understanding of the occurrence of vertebral fusion at high temperature.
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INTRODUCTION

The vertebral column, composed of vertebrae and joint tissues, is an important fundamental infrastructure unique to vertebrates (Fleming et al., 2015; Galbusera and Bassani, 2019) and could provide structural support and protection for the organism (Scaal, 2016). The abnormality of the vertebral column may bring serious consequences to the organism, and much attention has been focused on studying the structure, function, development and mechanism of the abnormality of the vertebral column. The abnormalities of the vertebral column are frequently observed in farmed fish, which is one of the important factors restricting the development of the aquaculture industry (Pedersen et al., 2011). Vertebral fusion is a common type of spinal abnormality. In farmed Atlantic salmon (Salmo salar), for example, fusion is the most common type of spinal deformity (Witten et al., 2009; Fjelldal et al., 2012). Fish with fusion phenotype will weigh less than fish with a normal phenotype (Davie et al., 2019). In addition, fusion involving more than six vertebrae may increase fish mortality (Hansen et al., 2010). The occurrence of vertebrae fusion in cultured fish may cause economic loss and lead to the welfare problems of fish. Existing research suggests that transformation, remodeling, and replacement of intervertebral tissue eventually lead to vertebral fusion, which involves alterations in extracellular matrix (ECM) components, metaplastic chondrogenesis and mineralization (Witten et al., 2006; Pedersen et al., 2011; Davie et al., 2019). Meanwhile, the occurrence of vertebral fusion is externally regulated by rearing temperature and nutritional factors (Ytteborg et al., 2010a; Wu et al., 2016; Munday et al., 2018).

With the development of science and technology, more and more methods, such as bony double staining, histology, X-ray and molecular tools, have been applied to the study of spinal development and deformity in bony fish (Sullivan et al., 2007; Ytteborg et al., 2010a,b; Pedersen et al., 2011; Cardeira et al., 2012; Perrott et al., 2018; Lovett et al., 2020). However, histological analysis of skeletal abnormalities caused by specific factors is rare (but see Nordvik et al., 2005; Ytteborg et al., 2010a; Fernandez et al., 2012; Wu et al., 2016), and the use of molecular tools in the study of skeletal development and abnormalities in bony fish is concentrated in zebrafish, medaka, and Atlantic salmon (Ytteborg et al., 2010a; Bensimon-Brito et al., 2012; Renn et al., 2013). It is noteworthy that, compared with tetrapods, the vertebral body of fish is formed through membranous ossification rather than endochondral ossification, and the process of membranous ossification varies among fish (Fleming et al., 2004). In contrast to mammals, there are more types of combinations of bone tissue in fish, including 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., 2013b). Moreover, different fish species may react differently to the same factors that induce malformations (Boglione et al., 2013a). These mean that the spinal abnormalities of bony fish may be different from those of mammals, and different species of bony fish may also show different histological and molecular responses under the influence of the same teratogenic factors. Therefore, the existing studies may not be enough to elucidate the determining mechanism and variation of the occurrence of vertebral fusion in bony fish.

Golden pompano (Trachinotus ovatus), a warm-water marine fish species belongs to the family Carangidae, is geographically distributed throughout tropical and temperate parts of the Indian Ocean, the Pacific Ocean and Atlantic Ocean (Ma et al., 2016b; Zhou et al., 2019). However, the skeletal deformity rate in T. ovatus can exceed 30%, and the incidence of vertebral fusion can reach 37.4%, which is the most frequent type of bone abnormality (Zheng et al., 2016; Sun et al., 2020). Abnormality of bone results in a bottleneck in the culture of T. ovatus. The effects of temperature and nutrition factors on the skeletal deformities of T. ovatus, and the expression of some genes related to skeletal development in T. ovatus has also been studied (Ma et al., 2016a, 2017a, 2017b, 2017c, 2018; Yang et al., 2016), but the regulatory mechanism of temperature on the occurrence of vertebral fusion in juvenile T. ovatus is still not clear, while histopathological studies on the skeleton of T. ovatus are lacking. The objective of the present study was to elucidate the possible molecular reaction of vertebral fusion in juvenile T. ovatus under high water temperature combined with the histopathology. Results from the present study could provide a further understanding of the occurrence of vertebral fusion and optimization of T. ovatus farming.



MATERIALS AND METHODS


Experimental Fish

Trachinotus ovatus Juveniles from the same batch were produced by Tropical Fisheries Research and Development Center, South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Xincun Town, Lingshui, Hainan Province. This research was approved by the Animal Care and Use Committee of South China Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences (No. 2019CXTD418).



Experimental Design and Sample Collection

The experimental water temperature was set at two temperatures, 27°C as the low temperature (LT) group and 33°C as the high temperature (HT) group, with three replicates each. Before the experiment started, a total of 1,200 healthy fish were selected with similar weight (8.91 ± 0.36 g) and were randomly distributed in six 3,000-L fiberglass tanks (200 fish per tank, three tanks for LT group, other three tanks for HT group) for a week acclimation. All individuals were observed by X-Ray before being selected to ensure that there were no deformities. During this process, water temperature maintained at 27.0 ± 0.5°C. After acclimation, the water temperature of the LT group was kept constant, while that of the HT group was gradually increased to 33 ± 0.5°C (2°C per day). Then the experiment was performed and lasted 30 days. The juveniles were fed twice a day (at 08:00 and 16:00) with a commercial diet at a rate of 2% of total fish body weight. The feces were removed from the experimental tank daily by siphoning. During all period, the rearing water maintained at a salinity of dissolved oxygen >7.0 mg L–1, ammonia nitrogen <0.1 mg L–1, nitrite nitrogen <0.02 mg L–1, 32.0 ± 0.5‰ and pH 7.7 ± 0.3. The photoperiod was controlled at 14 h light and 10 h dark.

Fish were sampled on 10, 20, and 30 days. Fish were deprived of feed for 12 h before the sampling was conducted. After humanely euthanized by overdose with MS-222, 50 fish were randomly selected from each tank to count the incidence of vertebral fusion through X-ray. Afterward, 10 fish with normal phenotype were randomly selected from each tank for gene expression analysis. Meanwhile, fish with vertebral fusion in HT groups were also sampled for gene expression analysis. The sampling location was the spine 1–2 cm long below the dorsal fin. On the 30th day, all fish were weighed from each tank to determine specific growth rate (SGR = 100 × (ln (final body weight)− ln (initial body weight))/(ln (final body weight) − ln (initial body weight)) days. days). At the same time, 10 fish with normal phenotype under low and high water temperature and with fusion phenotype under high water temperature were, respectively, selected for histological analysis. Figure 1 shows radiographic images of normal and fused vertebral bodies.
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FIGURE 1. Radiographic images of normal (A) and fused (B) vertebral bodies. The red square area represents the vertebrae where fusion occurred.




Histology

Fish spine fixation and dehydration, paraffin embedding and hematoxylin-eosin staining was performed following standard protocols (Ofer et al., 2019). Each slide with spine sections was mounted permanently using neutral balsam. The sections were observed using a Nikon Eclipse Ni-U Upright Microscope (Nikon Instruments Inc., Japan), and ProgRes CapturePro (Jenoptik AG, Germany) was used for image collection and analysis.



Analysis of Bone Development Related Genes

The total RNA was isolated using TRIzol Reagent (Invitrogen, United States) according to the manufacturer’s instructions. The quantity of isolated RNA was later determined by measuring their absorbance at 260 and 280 nm using a Nano-300 Micro Spectrophotometer (Hangzhou Allsheng Instruments Co., Ltd., China), and the quality of total RNA was detected by electrophoresis on 1.0% agarose gel. Then the extracted RNA was reverse-transcribed into cDNA and removed gDNA using a EasyScript All-in-One First-Strand cDNA Synthesis SuperMix (TransGen Biotech Co., Ltd., China) and used for qPCR. The development related genes sequences were selected from the unpublished golden pompano transcriptome sequences (Illumina HiSeq2000, annotated by NR, KOG, KEGG, and Swissprot). Primers used for q-PCR for signaling molecules, transcription factors and ECM genes expression in pompano referred to the design of Han et al., 2020, Table 1) or designed by the Primer Premier 5 program.


TABLE 1. Primers used for q-PCR for signaling molecules, transcription factors and extracellular matrix genes expression in juvenile Trachinotus ovatus.

[image: Table 1]
The qPCR was conducted with the Real-time qPCR analysis (Analytik Jena GmbH, Germany) 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 60°C for 20 s, and extension at 72°C for 30 s. There were three repetitions of each test. At the end of PCR program, dissociation curves were analyzed to ensure that only specific products were obtained in each reaction. The relative mRNA expression levels of the target genes were determined by the 2–ΔΔCt method and were normalized based on the level of the housekeeping gene (EF1α). It has been verified that the reaction efficiency (E) was 90–110% and Pearson’s coefficients of determination (R2) > 0.97.



Statistical Analysis

The data were presented as the mean ± standard deviation (SD). Comparisons of SGR and the incidence of spinal abnormality between different groups were conducted by independent T-test (PASW Statistics 18.0, Chicago, SPSS Inc.), and the comparisons of mRNA transcription level were conducted by one-way ANOVA and LSD test. The significant difference was set at P < 0.05. All percentage data were transformed using square root to satisfy the assumptions of ANOVA.




RESULTS


Growth and the Incidence of Spinal Abnormality of Golden Pompano

In the present study, the SGR of the juveniles in the HT group was significantly higher than that in the LT group (Figure 2, P < 0.05). On the 10th, 20th, and 30th day, the incidence of vertebral fusion in the HT group was significantly higher than that in the LT group (Figure 3, P < 0.05). With the change of time, the incidence of vertebral fusion in treatment groups all showed an increasing trend. On the 30th day, more than 40% of juveniles in the HT group showed a spinal abnormality.


[image: image]

FIGURE 2. The SGR of juvenile Trachinotus ovatus (LT, low temperature group; HT, high temperature group).
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FIGURE 3. Incidence of vertebral fusion of juvenile T. ovatus (LT, low temperature group; HT, high temperature group).




Histopathology of the Vertebral Tissues

After 30 days of rearing, the vertebrae of the juvenile fish with normal phenotype in the LT group (Figures 4A,B) and the HT group (Figures 4C,D) were compared. We found that the osteogenic layer in the vertebral endplate growth zone in the HT group was thinner than that in the low temperature group (Figures 4B,D). Further, the thinner elastic externa of the vertebral body was observed in part of the samples of the HT group (Figure 4D).
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FIGURE 4. Histology of vertebral column of juvenile T. ovatus from LT group (A,B), HT group [(C–H) while (E–H) were samples of vertebrae with fusion]. The white arrow points to the osteogenic layer in the growth area of the vertebral endplate. The black arrow points to the elastic externa. White asterisk is located in the growth area of the vertebral endplate. ac, arch centra; no, notochord; ns, notochord sheath, ed, endbone. [(A,C,E,G) 50× magnification; (H) 200× magnification; (B,D,F) 400× magnification].


In the fused vertebral bodies, the intervertebral spaces between adjacent vertebral bodies gradually narrowed and then disappeared (Figures 4E–H). The notochordal sheath of the notochord basically disappeared. The basophilic staining of the ECM of the notochord was deepened (Figures 4E,F). Meanwhile, the area between the endplates of adjacent vertebral bodies was filled with a large number of chondrocytes. The proliferation of chondrocytes was observed in the center of the arch of some vertebral bodies (Figure 4G).



Genes Expression Levels in the Vertebral Tissues

The genes examined fall into three categories: signaling molecules, transcription factors and ECM components. The changes of transcriptional level of genes in the fish spine with normal phenotype in different temperature were compared. Among the ECM components gene, compared to the LT group, the level of Col1a1 in the HT group was significantly up-regulated on the 10th day, down-regulated on the 20th day, but no difference on the 30th day (Figure 5A). Col2a1 was significantly up-regulated on the 10th and 30th day, and down-regulated on the 20th day (Figure 5B). Decorin was significantly up-regulated at all three-time points (Figure 5C). Vimentin was up-regulated on 10th day and down-regulated on the 20th and 30th day (Figure 5D). MMP9 was significantly down-regulated at all three-time points (Figure 5E). MMP13 was significantly up-regulated on the 10th day, and down-regulated on the 20th and 30th day (Figure 5F). Ocn was significantly up-regulated on the 10th and 20th day, but there was no significant difference on the 30th day (Figure 5G). Among the signal molecules, BMP2 was significantly up-regulated on the 10th day, but there was no significant difference on the 20th and 30th days (Figure 6A). Both BMP4 and BMP5 were significantly up-regulated on the 10th and 20th day, and significantly down-regulated on the 30th day (Figures 6B,C). Shh was significantly up-regulated at three time points (Figure 6D). Ihh was significantly decreased on the 10th and 20th day, and there was no significant difference on the 30th day (Figure 6E). Among the transcription factors, Sox8 and Sox9 were significantly up-regulated at three time points, with the largest up-regulated extent on the 10th day (Figures 7A,B). Twist was significantly up-regulated on the 10th and 20th day, but there was no significant difference on the 30th day (Figure 7C). Runx2 was significantly up-regulated on the 10th and 20th day, and significantly down-regulated on the 30th day (Figure 7D).
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FIGURE 5. The expression levels of ECM components (A: Col1a1, B: Col2a1, C: Decorin, D: Vimentin, E: MMP9, F: MMP13, G: Ocn) in the spine of juvenile T. ovatus (LT, low temperature group; HT, high temperature group; HTD, high temperature deformity group).
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FIGURE 6. The expression levels of signaling molecules (A: BMP2, B: BMP4, C: BMP5, D: Shh, E: Ihh) in the spine of juvenile T. ovatus (LT, low temperature group; HT, high temperature group; HTD, high temperature deformity group).
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FIGURE 7. The expression levels of transcription factors (A: Sox8, B: Sox9, C: Twist, D: Runx2) in the spine of juvenile T. ovatus (LT, low temperature group; HT, high temperature group; HTD, high temperature deformity group).


The transcriptional levels of related genes in the spines of juvenile fish with the normal phenotypes and with vertebral fusion were compared in the HT group. The levels of Col1A1, decorin, BMP2, BMP4, BMP5, Shh, Sox8, Sox9, Twist, and Runx2 were significantly down-regulated at all three-time points in fish with vertebral fusion compared to fish with normal phenotypes. Col2a1 was significantly up-regulated on the 10th and 20th day, and significantly down-regulated on the 30th day (Figure 5B). Vimentin was significantly up-regulated on day 10 but significantly down-regulated on the 30th day (Figure 5D). MMP9 was significantly up-regulated on the 10th,20th and 30th day (Figure 5E). MMP13 was significantly up-regulated on the 10th day and down-regulated on day 20 and 30 (Figure 5F). Ocn was significantly up-regulated at all three time points (Figure 5G). Ihh was significantly up-regulated on the 10th, 20th, and 30th day (Figure 6E).




DISCUSSION

Vertebral fusion is a type of spinal deformity with the highest incidence in T. ovatus rearing, and the relationship between the phenomenon and the water temperature is worthy of attention. Excessive water temperature has been proved to be an important cause of the occurrence of spinal deformity in T. ovatus larvae (Han et al., 2020). The results of this study showed that high water temperature could accelerate the growth of juvenile golden pompano, but it also led to the increase of vertebral fusion over time. However, the incidence of vertebral fusion showed an upward trend. However, Hainan Province is in the tropics, with a relatively high annual mean temperature. Sustained HT seems to be unavoidable, especially in summer. The aim of this study was to describe the effects of high rearing temperature on the occurrence of vertebrae fusion, as well as the histopathological and molecular pathological changes in the vertebrae of T. ovatus juveniles in the nursery phase.


Histopathological Analysis of a Vertebral Body of Juvenile T. ovatus

Histopathological analysis at the end of the experiment showed a thin osteogenic layer in the growth zone of the vertebral endplate in the normal vertebrae of the juvenile fish in the HT group. Some scholars believe that the narrow osteogenic layer in the vertebral endplate growth zone and the thickening of the fibrous layer may be a precursor of vertebral fusion (Fernandez et al., 2012). HT may have inhibited the osteogenic ability in the growth zone of vertebral endplate of juvenile T. ovatus. In addition, the elastic appearance of some normal vertebral bodies in the HT group has shown a tendency of becoming thinner in the present study. The intervertebral tissue of fish is mainly composed of a notochord, which provides flexibility for the vertebral body (Urban and Roberts, 2003). Notochord plays a role in regulating spinal development throughout the life of fish (Kaneko et al., 2016), and the integrity of the notochord is crucial for the development of the spine. In a study of Atlantic salmon, the elastic appearance became thinner during the fusion of the vertebral bodies (Ytteborg et al., 2010b). In mammals, the notochordal sheath is associated with nutrient transport (Corallo et al., 2015). Changes in the elastic appearance and notochord sheath may contribute to the development of vertebral fusion by leading to reduced notochord flexibility and possible nutrient transport (Ytteborg et al., 2010c). This also indicates that the change of the elastic membrane may be the precursor of fusion. HT may change the homeostasis of the intervertebral tissue, and the endplate growth zone and notochord tissue need to change to adapt to the rapid growth induced by HT.

The process of vertebral fusion has been described in Atlantic salmon. The osteoblasts in the growth area of the vertebral body are transformed into chondrocytes by trans-differentiation and then remolded into bone by chondrometaplasia. The chordal tissue becomes densified and eventually mineralized and remolded into bone (Witten et al., 2006; Ytteborg et al., 2012). In this study, the occurrence of vertebral fusion in juvenile golden pompano is consistent with the tissue changes in Atlantic salmon. This suggests that the pattern of vertebral fusion occurring in bony fish may be consistent. However, the disorder and proliferation of osteoblasts and choroidoblasts were not observed in this experiment, which may be related to the degree of fusion, so it is necessary to increase the number of samples for observation.



Effects of High Water Temperature on Genes Related to Chondrocyte Development

Our results showed that HT significantly altered the expression pattern of genes related to chondrogenesis. In the skeletal system, the ECMs provides rigidity, hardness and elasticity for bone or cartilage tissue, and the dynamic balance of ECMs affects the process of new bone formation and bone resorption (Bonnans et al., 2014; Alford et al., 2015; Lin et al., 2020). Col2a1 is one of the main components of the ECM of chondrocytes, mainly secreted by proliferating chondrocytes, so it is considered a marker of early chondrocyte differentiation (Castagnola et al., 1988; Ricard-Blum, 2011). Proper warming can stimulate the up-regulation of Col2a1 transcription level in cultured dedifferentiated chondrocytes in vitro and promote the redifferentiation of cartilage tissue (Ito et al., 2015). Studies in Atlantic salmon have shown that thermal stimulation during embryogenesis affects the expression of important developmental genes such as Col2a1, and this effect continues into subsequent development in fish (Clarkson et al., 2020). Ytteborg et al. (2010a) showed that Col2a1 transcription decreased in Atlantic salmon reared at HT. In this study, Col2a1 transcription in normal phenotypic vertebra of the HT group was significantly up-regulated on 10 days, indicating that chondrocyte proliferation is enhanced after a relatively short time of HT treatment. Vimentin plays an important role in the compression loading of chondrocytes and the regulation of cytoskeletal tension, which can maintain the homeostasis and hardness of chondrocytes (Blain et al., 2006; Haudenschild et al., 2011; Chen et al., 2016). HTs have been shown to enhance the upregulation of vitamin transcription in T. ovatus larvae (Han et al., 2020). In this experiment, the initial increase in vimentin indicates on 10 days that the vertebral body may face higher mechanical stress. The down-regulation of vimentin in the later period may indicate that long-term HT cultivation may lead to a decrease in the ability of the vertebral body to tolerate pressure, which may be a precursor to induce fusion. The levels of Shh, and Sox9 were significantly up-regulated in the normal phenotypic vertebra, while Ihh was significantly down-regulated. Sox9 can promote the early differentiation of chondrocytes and regulate the expression of Col2a1 in chondrocytes (Lefebvre, 2019). Shh and Ihh are upstream regulators of cartilage development (Kaneko et al., 2016). Shh induces early chondrogenic differentiation of spinal mesenchymal cells, which can stimulate the expression of col2a1 and sox9 (Warzecha et al., 2006). The up-regulation of these transcription factors and signaling molecule genes also enhanced proliferation and differentiation of cartilage. Ihh can inhibit the hypertrophy differentiation of chondrocytes (Ohba, 2020). On the 10th and 20th day, the down-regulation of Ihh of normal vertebral bodies in the HT group indicates that the hypertrophy and maturation of chondrocytes are also enhanced. The development and maturation of chondrocytes provide the condition for endochondral ossification. BMP2, BMP4, and BMP5 can induce the formation of ectopic bone and cartilage (Zhang et al., 2016; Kanjilal and Cottrell, 2019). Deficiency of BMP2 and BMP4 results in delayed endochondral ossification in mice (Bandyopadhyay et al., 2006). On 10 day, the expression of BMP2, BMP4, and BMP5 genes were all upregulated, also indicating that HT induced the development of vertebral cartilage. The studies of Ma et al. (2016a) also show that the increase of water temperature increased the expression of BMPs and resulted in an increase in the rate of jaw deformity in T. ovatus larvae. At the later stage of the experiment (30 days), the expressions of BMPs were relatively down-regulated in the HT group, which may be related to the adaptability of fish to water temperature. The development of cartilage may be affected not only by the water temperature of culture, but also by the time. Compared with the normal phenotypic vertebrae in the HT group, significantly up-regulation in col2a1 of fusion vertebrae was observed on the 10th and 20th day. Ihh was also significantly up-regulated in the fused vertebrae, which has been shown to promote chondrocyte proliferation (Ohba, 2020). As reported in Atlantic salmon, gradual replacement of the osteogenic layer in the growth zone of the notochord and vertebral endplate by chondrocytes is a key marker of fusion (Witten et al., 2006). In this study, the changes in the expression patterns of genes related to chondrogenesis in both the normal vertebral body and the previously fused vertebral body indicated the promoting effect of HT on the development of vertebral chondrogenesis.

The expression of MMP9 and MMP13 was inhibited in the HT group. Matrix metalloproteinases (MMPs) are the most important proteinases involved in ECM degradation and are essential for bone remodeling and endochondral ossification (Rajaram et al., 2016). MMP9 is the most abundant matrix metalloproteinase in osteoclasts, which can degrade denatured collagen and promote the apoptosis of hypertrophic chondrocytes (Vu et al., 1998; Zhang et al., 2017). MMP13 plays an important role in the remodeling of hypertrophic cartilage matrix (Kennedy et al., 2005). Studies in mice have shown that lack of MMP9 and MMP13 leads to inhibition of endochondral ossification (Stickens et al., 2004). The down-regulation of MMP9 and MMP13 indicates that the process of vertebral growth through endochondral ossification is inhibited under HT. The level of MMP9 in the fused vertebrae was significantly up-regulated. The relative expression level of MMP13 in the fused vertebrae on 10th day was also significantly higher than that in the normal vertebrae. Wargelius et al. (2010) showed that the up-regulation of MMP13 expression might be a signal of Atlantic salmon vertebral compression and increased remodeling of ECMs. Ytteborg et al. (2010a, b) demonstrated that MMP9 and MMP13 are significantly up-regulated in Atlantic salmon vertebrae under HT culture. This suggests that cartilage may also be remodeled into bone by means of endochondral ossification. Col2a1 and MMP13 in the fused vertebra were significantly down-regulated at the end of the experiment.



Effects of High Water Temperature on Genes Related to the Osteoblasts Development

At the early stage (10 days) of culture in the HT group, we also found that the transcriptional signals of normal vertebral osteoblasts were enhanced in the HT group. Col1a1 protein, mainly secreted by osteoblasts, is the most abundant organic component in bone matrix and plays an important role in bone strength and toughness (Mansour et al., 2017; Lin et al., 2020). The increased risk of fracture was associated with abnormalities of Col1a1 (Ammann and Rizzoli, 2003). As the most abundant non-collagenous protein in bone, Ocn is a marker of advanced osteoblasts and is associated with matrix mineralization (Ytteborg et al., 2010a; Tavakol and Vaughan, 2020). Runx2 is a major regulatory factor in osteoblastic development and is essential for osteoprogenitor cell proliferation and osteoblastic differentiation (Komori, 2020). The up-regulation of these genes indicates an accelerated differentiation and maturation of osteoblasts. Decorin is also secreted by osteoblasts, which can promote the formation of collagen fibers and act as an inhibitor of matrix mineralization (Mochida et al., 2009; Coulson-Thomas et al., 2015; Randilini et al., 2020). Sox8 is a negative regulator of osteoblast differentiation (Schmidt et al., 2005). As an osteogenic inhibitor, Twist can inhibit osteoblast differentiation by inhibiting Runx2 activity (Kronenberg, 2004). The vertebral body may attempt to maintain normal osteoblastic development through the up-regulation of Decorin and Sox8. However, the expression of Col1a1 in HT group was lower than that in LT group over time. On 30th day, Col1a1 and Ocn showed no significant difference between the two treatment groups. Compared with the normal phenotypic vertebrae in the HT group, the genes levels of early osteoblast development in the fusion vertebrae were also significantly down-regulated. The down-regulation of Twist did not lead to the up-regulation of Runx2. This is consistent with the transformation of osteoblasts into chondrocytes during fusion. However, the down-regulation of Decorin and the up-regulation of Ocn indicate the enhanced mineralization of the matrix. The changes of these genes confirmed the occurrence of transformation from the transcription level. Compared with the LT group, BMPs showed a downward trend in the HT group. These changes indicate that the differentiation and maturation of osteoblasts are also inhibited under high water temperature for a long time. This is consistent with histological observations.

It is worth noting that vertebral fusion can be performed by two pathways (the aggravation or the contained pathway), which have been demonstrated in Atlantic salmon and Chinook salmon (Witten et al., 2006; Perrott et al., 2018). Differences in the transcription patterns of osteogenic and cartilaginous genes in fused vertebrae at different times may also determine the progression of fusion and how much vertebrae are involved, but this needs to be further verified.




CONCLUSION

In summary, high rearing water temperature could promote the growth of juvenile T. ovatus but lead to an increase in the incidence of vertebral fusion. The homeostasis of the intervertebral tissue was altered by long-term HT cultivation. HT stress can up-regulate the transcription of genes related to bone and chondrocyte differentiation in the vertebrae of juvenile T. ovatus in a relatively short period of time. With the increase of stress time, transcription showed a downward trend. Genes associated with the development of chondrocytes and osteoblasts in the vertebrae were significantly regulated by rearing temperature and correlated with time. The results of this study improve our understanding of the effect of water temperature on bone development and the molecular reaction of vertebral fusion induced by high water temperature in bony fish.
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