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TÓM TẮT 
Cá ngựa vằn Danio rerio là loài cá được bán phổ biến trong các cửa hàng cá cảnh và được nhiều 

người chơi cá cảnh trên toàn thế giới biết đến. Trong nuôi thủy sản hiện đại, dị tật trên xương sống 
làm giảm giá trị của sản phẩm. Người nuôi cá cảnh luôn quan tâm đến điều chỉnh ngoại hình của cá. 
Nghiên cứu này thực hiện nhằm tìm hiểu sâu hơn ảnh hưởng của nhiệt độ đến quá trình kết nối các 
đốt sống và tạo dị tật xương sống trên cá ngựa vằn nuôi. Tổng số 94 mẫu cá được nghiên cứu. Các 
mẫu cá được nhuộm bằng kỹ thuật nhuộm màu cho sụn và cho xương để xác định dị tật. Kết quả của 
nghiên cứu cho thấy cá nuôi ở 320C có dị tật ở các đốt sống phần trước và đầu xương cột sống trong 
khi cá nuôi ở các nhiệt độ khác không có dị tật này. Tất cả các mẫu cá nghiên cứu đều có sự kết nối 
giữa các đốt sống đuôi PU1, U1 và U2. Ngoài ra cá nuôi ở 200C có sự kết nối giữa các đốt sống PU2 
với PU3, PU3 với đốt sống đuôi cuối cùng. Nhiệt độ có thể là nguyên nhân ảnh hưởng đến quá trình 
nối các đốt sống và tạo dị tật trên cá ngựa vằn. Hiểu biết về ảnh hưởng của nhiệt độ đến quá trình 
hình thành dị tật trên cá ngựa vằn nhằm điều chỉnh điều kiện nuôi thích hợp để kiểm soát dị tật và tạo 
ra cá cảnh có hình dáng đẹp.  

Từ khóa: Cá ngựa vằn, Danio rerio,  dị tật, nhiệt độ, xương sống.  

SUMMARY 
The zebrafish, Danio rerio is an ornamental fish which can be purchased from pet stores and is 

very popular amongst hobbyists throughout the world. In commercial aquaculture, the osteological 
abnormalities are undesirable because they reduce the value of the product. Ornamental fish 
producers are  interested in  controlling the beauty form of their fish. The present study was 
conducted to  understand in depth  the influence of temperature on vertebrae development in reared 
zebrafish. A total of 94 specimens were observed. Juvenile and adult fish were stained with a whole 
mount cartilage and bone staining technique to determine vertebral fusion. We present data showing 
that larvae reared at 32°C show malformations in precaudal and caudal region while this feature was 
not present at other temperatures. The results show that in all fish studied, fusion of caudal vertebrae 
occurred between PU1 (preural 1), U1 (ural 1) and U2 (ural 2). Furthermore, fusion of PU2 (preural 2) 
with PU3 (preural 3) and PU3 with the last caudal vertebra was seen in fish reared at 20.0°C. 
Temperature may affect the fusion process of zebrafish. The understanding about the temperature 
effect on fusion process of zebrafish could help to optimize rearing conditions in order to control 
malformations and the figure of ornamental fish.  

Key words: Danio rerio, fusion, vertebrae, zebrafish.  

1. INTRODUCTION  

Alterations the rearing temperatures outside the 
range of thermal preference of the fish may have an 
impact and potentially compromise research in a 
number of ways (Westerfield, 2000). The influences 

of environment on vertebral body occur during 
embryonic development or shortly after hatching 
(McDowall, 2003a). Furthermore, the frequency of 
abnormal phenotypes can provide a measure of 
developmental stability within a population. Skeletal 
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abnormalities are not rare in wild populations and 
also occur in laboratory fish. However, problems 
because of abnormalities such as vertebral fusions 
have often been over looked. Skeletal anomalies in 
farmed fish can be caused by genetic and epigenetic 
factors such as different sub-optimal environmental 
conditions (Lewis et al., 2004). Variations in 
temperature and dissolved oxygen can change 
morphological characteristics in individuals at 
different levels (Leary et al., 1992). The assessment 
of malformations could be used as a tool to estimate 
the larval quality of reared fish (Ferreri et al., 2000). 
This assessment  was based on the hypothesis that a 
high number of malformations indicate anomalous 
developmental conditions (Favaloro and Mazzola, 
2003). Therefore, it is necessary to have a better 
understanding of the influence of hatchery 
conditions on larval development, and in particular, 
to characterize the influence of temperature on 
vertebral fusion. 

In commercial aquaculture, osteological 
abnormalities are undesirable because they reduce 
the value of the product (Lewisa et al., 2004; 
Ørnsrud et al., 2004) and they raise concerns about 
animal welfare (Witten et al., 2009). A severe and 
recurrent skeletal malformation in farmed fish is 
the fusion of two or several vertebral bodies. 
Fusion of vertebrae is not always pathological as it 
is required for the development of the caudal fin 
endoskeleton (Witten et al., 2006). The caudal fin is 
supported by a complex of bones which originate 
from modified and fused caudal vertebrae. It is well 
established that elevated temperatures affect the 
number of vertebral bodies in fish. Furthermore, the 
elevated temperatures are assumed to cause 
pathological vertebral fusion. Under farming 
conditions the exact relationship between 
temperature and vertebral fusion is difficult to 
establish (Witten et al., 2006). This is because often 
multiple factors such as imbalance of vitamins, 
minerals, bacterial infections, genetic disorders, and 
chemical pollution can cause the development of 
this pathology (Ørnsrud et al., 2004; Witten et al., 
2005). It is beneficial to study the normal and 
abnormal developmental process of the skeletal 
system. Thus, we  studied the effect of temperature 
on the fusion of vertebral bodies, in order to obtain 
insights into the basic alterations that cause these 
pathological processes.  

The zebrafish Danio rerio is one of the most 
important vertebrate model organisms for studying 
fish biology and human disease (Lamason et al., 
2005). The optimal temperature for rearing zebrafish 
is 28.5°C. Different to other farmed fish species such 

as salmon or cod, the zebrafish usually shows no 
fusion of vertebral bodies under husbandry 
conditions. Zebrafish  provides the opportunity to 
study the effect of temperature on vertebral fusions 
that are part of normal development. The effect of 
temperature on vertebral fusion in parts of the spine 
that usually display well separated vertebral bodies  
was studied as well. The present study aims to 
investigate how temperature influences the 
occurrence of anomalies in the spine and how it 
affects the fusion of vertebral bodies. The study will 
provide a better understanding of skeletal 
abnormalities at different temperatures. 

2. MATERIALS AND METHODS 
The experiments were carried out at the 

laboratory of Vertebrate Morphology & 
Developmental Biology, Biology Department, 
Faculty of Science of Ghent University, Belgium. 
The experiment was carried out at different 
temperatures including 20.0, 22.0, 26.0, 28.5 and 
32.0°C to determine the role of temperature in a 
very common type of malformation and to 
investigate how temperature influences early and 
late fusion of vertebral bodies. 

2.1. Zebrafish maintenance 
Adult zebrafish (Danio rerio) were maintained 

at standard temperature (28.5°C) in aquaria with a 
14 hour light regime. The aquaria were covered 
with black plastic sheets  to minimize exposure to 
outside light. The fish were fed daily with a variety 
of foods including brine shrimp larvae, TetraMin 
and granular commercial feed containing 52-60% 
protein in order to fulfil the requirement of n-6 
polyunsaturated fatty acids for growth and 
fertilization (Siccardi et al., 2009). A layer of 
plastic marbles on the bottom of the aquaria was 
used to protect eggs from being eaten by the adults 
(Ferreri et al., 2000). Fish were allowed to natural 
spawning and embryos were then pipetted in a 
plastic container containing a solution of 1‰ 
Methylene Blue in embryo medium to prevent 
fungal infection.  

Depending on the purpose of the experiments, 
embryos were placed in plastic containers. These 
containers were incubated at different temperatures 
in covered mini glass aquarium with a 12 hours 
light/darkness cycle. Water baths were cleaned 
every day and the temperature was regulated within 
the aquaria themselves. Larvae from 5 dpf onward 
were fed  with commercial feed (52-60% protein 
with the size of 30-500 µ). Feeds with increasing 
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particle size were used starting from ZM-000, ZM 
100, ZM 200, ZM 300 and Artemia nauplii.  

2.3.2. A two-color acid-free cartilage and bone stain 
A two color acid-free cartilage and bone stain 

method for zebrafish larvae (Walker and Kimmel, 
2007) was used to stain cartilage and bones. The 
staining procedure includes five steps: Tissue 
fixation, staining in acid-free double stain solution, 
bleaching, clearing, and storage. After staining, the 
number of vertebrates was counted and 
photographs were taken with a digital camera 
attached to the binocular microscope. 

2.2. Sample collection 
Kimmel et al. (1995) suggested that when 

comparing the development of embryos, the 
developmental stage of a particular rearing 
temperature should be converted  to the "standard 
developmental time" in order to bring embryos from 
different stages at different temperatures to an 
equivalent developmental time. Therefore, the larval 
developmental stages at different temperatures were 
converted to standard hours (h) post-fertilization at 
28.5°C by using the following equation: 

2.4. Visualizing, counting vertebrae and measurement 
Vertebrae were counted based on the number 

of vertebral bodies. Vertebrae were counted as two 
if partially fused and counted as one when 
completely fused (Morin-Kensicki et al., 2002). 
Vertebral counts exclude the compound of the 
hypural centrum (McDowall, 2003a). The 
malformation of vertebrates was photographed with 
a digital camera attached to the binocular 
microscope. Standard length (SL) of specimens 
with flexed notochords was measured from the 
anterior end of the upper jaw to the posterior end of 
the hypurals (Bird and Mabee, 2003) and the total 
length (TL) of the fish was also measured.  

Sampling time = (developmental time at 
28.5°C ×  incubation temperature) / 28.5°C 

A total of 94 specimens were s collected. Fish 
were anaesthetized by MS 222 and fixed in 4% 
buffered paraformaldehyde (PFA) (Table 1). 
2.3. Staining procedures 
2.3.1. Alizarin red staining 

Whole mounts of adult zebrafish were stained 
with Alizarin Red to visualize vertebrae. Fish were 
anesthetized by an overdose of MS 222, fixed in 
PFA for 48 hours and transferred to an ethanol 
series (70%, 50%, 20% ethanol in phosphate 
buffered saline (PBS)) and to PBS. Specimens were 
stained by 0.1% Alizarin red solution in 1% 
potassium hydroxide (KOH) overnight at room 
temperature until bones were distinctly red. Fish 
were then bleached by 1% hydrogen peroxide 
(H2O2) in 1% KOH for 4 hours. After removing the 
scales with forceps, the fish were washed two times 
in PBS before being transferred to 20% glycerol in 
2% KOH in a rocker overnight at room temperature 
to clear the muscle. Finally, the fish were 
transferred to 50% glycerol in 1% KOH for 
visualizing and storage. At the end of this 
procedure, the vertebrae were clearly visible 
(adapted from Wassersug, 1976). 

2.5. Data analysis 
Frequencies (%) of abnormal individuals were 

evaluated as the number of zebrafish showing a 
particular type of anomaly out of the total number 
of individuals per group of fish.  

Microsoft Excel was used to calculate mean 
values and standard deviation (SD). Statistical 
software of Statistical Package for the Social 
Sciences (SPSS) 16.0 was used. Because 
assumptions of normality and equal variances were 
not fulfilled, all data were subjected to non-
parametric Kruskal-Wallis-test to test the 
significance between somite number and number of 
vertebrates at different temperatures. Then, a 
Mann-Whitney test was used to compare the means 
of two independent samples. Differences were 
considered to be significant if P-value ≤ 0.05.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Sampling summary 

Temperature Sampling time Number of specimens Staining method Analytical procedure 

Juvenile (42 days) 18 Double staining Vertebrae number (VN) 
and fusion 32.0°C 

Adult ( > 90 days) 2 Alizarin Red VN and fusion 
Juvenile (65 days) 22 Double staining VN and fusion 

28.5°C 
Adults ( > 90 days) 2 Alizarin red VN and fusion 
Juvenile (60 days) 20 Double staining VN and fusion 

26.0 °C 
Adult ( > 90 days) 6 Alizarin red VN and fusion 

22.0 °C Adult ( > 90 days) 4 Alizarin red VN and fusion 
20.0 °C Juvenile (45 days) 20 Double staining VN and fusion 
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3. RESULTS 
3.1. Temperature and fusion process  

The vertebrae were examined to assess 
malformations and fusion processes. The rate at 
which the zebrafish larvae developed was quite 
variable, so the time at which vertebral 
development was completed also varied 
considerably. The observations of fusions were 

subdivided anatomically into different features 
(Figure 1). One fish may show more than one 
fusion.  

3.2. Malformations in the precaudal vertebrae 
Experimental results showed that 16.6% of the 

larvae reared at 32.0°C bear malformations in 
precaudal vertebrae (Figure 3). Fish reared at other 
temperatures did not show this feature...................
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Figure 1. Fusion in caudal vertebrae 
(Anterior to the left, Posterior to the right, Dorsal is to the top) 

(A) Arrows indicate double Neural Spine (NS) and Haemal Spine (HS) in PU2: 5.5% of fish reared at  
       32.0°C showed this feature. In addition, 5.5% of fish reared at 32.0 °C and 5% of fish reared at 20.0°C 
       showed double NS but single HS in PU2;  
(B) Arrows indicate fusion of two NS in PU2: 5.5% of fish reared at 32.0°C and 10% of fish reared at  
      20.0°C showed this feature;  
(C) Arrow indicates a fusion of PU2 with [PU1+U1] - 5.5% of the fish reared at 32.0°C and 10% of fish 
       reared at 20.0°C showed this feature;  
(D) No fusion between PU1, U1, U2 - 11.2% of fish reared at 32.0°C showed this feature. 
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Error! 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Fusion in caudal and caudal fin vertebrae 
(Anterior to the right, Posterior to the left, Dorsal is to the top, PH: Parhypural, H1-3: Hypural 1 to 3) 

(E) Arrow indicates a fusion of PU1 and U1: 72.2% of the fish reared at 32.0°C and 35% of the fish 
       reared at 20.0°C showed this feature;  
(F) Arrow indicates incomplete fusion of U2 with [PU1 + U1]: 16.7% of the fish reared at 32.0°C showed 
      this feature;  
(G) Arrows indicate fusion of urostyle with PU2 (10% of the fish reared at 20.0°C), PU2 with PU3 (15% 
      of the fish reared at 20.0°C) and 20% of the fish reared at 20.0°C showed the fusion of PU3 with last  
      caudal vertebrate;  
(H) Caudal fin vertebrae end with urostyle (ust) (fusion of U2, U1 and PU1): 16.6% of the fish reared at 
       32.0°C, 65% of the fish reared at 20.0°C and 100% of the fish reared at 26.0 and 28.5°C showed this  
       feature. 
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Figure 3. Malformations in precaudal vertebrae 
(Anterior to the left, Posterior to the right, Dorsal is to the top) 

4. DISCUSSION 
4.1. Temperature and fusion process  

Incubation at a different temperature may 
produce abnormalities (Kimmel et al., 1995). 
However, no data indicates how temperature 
influences the fusion of vertebral bodies in 
zebrafish. . As mentioned in by Witten et al. (2006, 
2009), fusion in the caudal region is required for 
the development of the caudal fin in fish. The study 
found different kinds of fusion in the caudal part of 
zebrafish reared at different temperatures. All 
temperatures in this experiment showed the fusion 
between PU1 and U1 and fusion of U2 with [PU1 + 
U1]. The feature of double Neural Spine (NS) and 
Haemal Spine (HS) in PU2, the fusion of two NS in 
PU2 and the fusion between PU2 and [PU1+U1] 
(U2 still separated) were shown at 20.0 and 32.0°C. 
Only fish reared at 20.0°C showed the fusion 
between urostyle and PU2, PU2 and PU3 and PU3 
and the last caudal vertebra. One fish showed more 
than one fusion. 

This finding seems to be consistent with 
Bensimon-Brito et al. (2009) and Bird and Mabee 
(2003) who suggested that the fusion between 
[PU1-U1] and U2 happens in all fish. In addition, 
extra NS or HS are also indicative for the early 
fusion of PU. This deformity/fusion starts to 
develop late in life and after the period of healthy 
vertebral column growth, which suggests that the 
early developmental conditions of these animals 
may not negatively influence the regular spine 
growth (Witten et al., 2006). In this case, fusion 
may be assumed as a requirement for caudal 
development and temperature may not have an 
effect on this fusion. However, the fusions between 

urostyle and PU2, PU2 and PU3 and PU3 and the 
last caudal vertebra that were shown at 20.0°C, 
have not been previously described. These 
differences can be partly explained by the influence 
of rearing temperature on the fusion process as 
mentioned by Ferreri et al (2000). It seems possible 
that this fusion may be one kind of adaptation 
(McDowall, 2003b) and it will lead to lower VN. 
This finding can be compared to our earlier 
observations, which showed that fish achieved 
higher VN at higher temperature (32.0°C) and 
fusion did not occur at 26.0 and 28.5°C. Lower 
temperature (20.0°C) might cause a developmental 
response, controlled by a genetic mechanism, 
triggering fusion in fish. Temperature may affect 
the gene expression that causes the fusion process 
in zebrafish, however, the influence of temperature 
on gene expression is still unknown (Johnston and 
Wilson, 2002) and is not the focus of this study. 

Because the higher incidence of fusion was 
shown in groups of fish with lower VN, another 
possible explanation for our result is the 
pathological vertebral fusion (Witten et al., 2006, 
2009). Fusion could be a kind of anomaly in the 
development of zebrafish. There is a hypothesis 
that the high number of fusion/malformation 
indicates anomalous developmental conditions and 
an anomalous early rearing phase (Favaloro and 
Mazzola, 2003). The assessment of malformations 
could be used as a tool to estimate the larval quality 
of reared fish (Ferreri et al., 2000). If 
fusion/anomalousness was considered as the 
symptom of pathological development, the 
temperature of 20.0°C seems to be critical for 
zebrafish rearing condition. However, with a small 
sample size and considerably variable development 
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of the juvenile stage (9 - 17 mm TL), one must be 
cautious, as this finding might not be transferred to 
all stages in zebrafish development. Further 
research, taking these variables into account, will 
need to be undertaken. 

4.2. Malformations in the precaudal vertebrae 
The variation in temperature can change the 

morphological characters of fish at different levels 
(Leary et al., 1992). The present study was 
designed to determine the effect of temperature on 
the malformation of D. rerio.  Results of our study 
showed that only larvae reared at 32.0°C exhibited 
malformations in the trunk region (16.6%) while 
fish reared at other temperatures did not show this 
feature. The results seem to be consistent with 
Ferreri et al. (2000) who reported the vertebral 
body deformity in both reared and wild zebrafish. It 
is difficult to explain this result although there is a 
possibility that these results can be attributed to the 
influence of the temperature as mentioned by 
Fitzsimmons and Perutz (2006), Sfakianakis et al 
(2004) and Ørnsrud et al. (2004). Temperature is 
one of the most important physical parameters that 
effect biological and chemical processes in living 
systems (Boyd, 1979). Incubation of eggs at 
different temperature may produce abnormalities in 
later life stage (Kimmel et al., 1995; Witten et al., 
2006). Higher incidence of vertebral abnormalities 
suggests that fish, marked with a vertebral 
abnormality, are individuals whose tolerance limits 
have been exceeded (Mitton and Koehn, 1976). 
Only fish reared at 32.0°C indicated this feature. 
Therefore, 32.0°C may be severe enough to 
produce vertebral abnormalities.  

How different temperature affects sensitive 
developmental stages is complex and the aspects of 
this variation are complicated (Swain, 1992). 
Nevertheless, the assessment of malformations 
could be used as tools to estimate the larval quality 
of reared fish (Ferreri et al., 2000). Furthermore, 
frequency of abnormal phenotypes can provide a 
measure of developmental stability within a 
population (Leary et al., 1992). It would be 
interesting to investigate the ontogeny of some 
observed trunk anomalies to identify which gene is 
probably involved in the malformation.  

5. CONCLUSIONS 
This research studied the occurrences of 

malformations and fusions in the spine of zebrafish. 
It might conclude that fish reared at different 

temperatures showed the same kind of fusion in the 
caudal part. One fish showed more than one type of 
fusion. Fish reared at 20.0°C indicated more types 
of fusion. The fusion in the spine of zebrafish could 
be considered as adaptation or pathological 
vertebral fusion under the influence of temperature. 
At 32.0°C fish exhibited malformations in 
precaudal vertebrae. The fusion process and 
malformation in vertebrae response to temperature 
might be complicated; therefore, knowledge of the 
processes underlying the determination of them is 
not sufficient to allow us to predict the vertebrae 
deformities for a given temperature.  
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TÓM TẮT


Cá ngựa vằn Danio rerio là loài cá được bán phổ biến trong các cửa hàng cá cảnh và được nhiều người chơi cá cảnh trên toàn thế giới biết đến. Trong nuôi thủy sản hiện đại, dị tật trên xương sống làm giảm giá trị của sản phẩm. Người nuôi cá cảnh luôn quan tâm đến điều chỉnh ngoại hình của cá. Nghiên cứu này thực hiện nhằm tìm hiểu sâu hơn ảnh hưởng của nhiệt độ đến quá trình kết nối các đốt sống và tạo dị tật xương sống trên cá ngựa vằn nuôi. Tổng số 94 mẫu cá được nghiên cứu. Các mẫu cá được nhuộm bằng kỹ thuật nhuộm màu cho sụn và cho xương để xác định dị tật. Kết quả của nghiên cứu cho thấy cá nuôi ở 320C có dị tật ở các đốt sống phần trước và đầu xương cột sống trong khi cá nuôi ở các nhiệt độ khác không có dị tật này. Tất cả các mẫu cá nghiên cứu đều có sự kết nối giữa các đốt sống đuôi PU1, U1 và U2. Ngoài ra cá nuôi ở 200C có sự kết nối giữa các đốt sống PU2 với PU3, PU3 với đốt sống đuôi cuối cùng. Nhiệt độ có thể là nguyên nhân ảnh hưởng đến quá trình nối các đốt sống và tạo dị tật trên cá ngựa vằn. Hiểu biết về ảnh hưởng của nhiệt độ đến quá trình hình thành dị tật trên cá ngựa vằn nhằm điều chỉnh điều kiện nuôi thích hợp để kiểm soát dị tật và tạo ra cá cảnh có hình dáng đẹp. 


Từ khóa: Cá ngựa vằn, Danio rerio,  dị tật, nhiệt độ, xương sống. 


SUMMARY


The zebrafish, Danio rerio is an ornamental fish which can be purchased from pet stores and is very popular amongst hobbyists throughout the world. In commercial aquaculture, the osteological abnormalities are undesirable because they reduce the value of the product. Ornamental fish producers are  interested in  controlling the beauty form of their fish. The present study was conducted to  understand in depth  the influence of temperature on vertebrae development in reared zebrafish. A total of 94 specimens were observed. Juvenile and adult fish were stained with a whole mount cartilage and bone staining technique to determine vertebral fusion. We present data showing that larvae reared at 32°C show malformations in precaudal and caudal region while this feature was not present at other temperatures. The results show that in all fish studied, fusion of caudal vertebrae occurred between PU1 (preural 1), U1 (ural 1) and U2 (ural 2). Furthermore, fusion of PU2 (preural 2) with PU3 (preural 3) and PU3 with the last caudal vertebra was seen in fish reared at 20.0°C. Temperature may affect the fusion process of zebrafish. The understanding about the temperature effect on fusion process of zebrafish could help to optimize rearing conditions in order to control malformations and the figure of ornamental fish. 


Key words: Danio rerio, fusion, vertebrae, zebrafish. 

1. INTRODUCTION 


Alterations the rearing temperatures outside the range of thermal preference of the fish may have an impact and potentially compromise research in a number of ways (Westerfield, 2000). The influences of environment on vertebral body occur during embryonic development or shortly after hatching (McDowall, 2003a). Furthermore, the frequency of abnormal phenotypes can provide a measure of developmental stability within a population. Skeletal abnormalities are not rare in wild populations and also occur in laboratory fish. However, problems because of abnormalities such as vertebral fusions have often been over looked. Skeletal anomalies in farmed fish can be caused by genetic and epigenetic factors such as different sub-optimal environmental conditions (Lewis et al., 2004). Variations in temperature and dissolved oxygen can change morphological characteristics in individuals at different levels (Leary et al., 1992). The assessment of malformations could be used as a tool to estimate the larval quality of reared fish (Ferreri et al., 2000). This assessment  was based on the hypothesis that a high number of malformations indicate anomalous developmental conditions (Favaloro and Mazzola, 2003). Therefore, it is necessary to have a better understanding of the influence of hatchery conditions on larval development, and in particular, to characterize the influence of temperature on vertebral fusion.

In commercial aquaculture, osteological abnormalities are undesirable because they reduce the value of the product (Lewisa et al., 2004; Ørnsrud et al., 2004) and they raise concerns about animal welfare (Witten et al., 2009). A severe and recurrent skeletal malformation in farmed fish is the fusion of two or several vertebral bodies. Fusion of vertebrae is not always pathological as it is required for the development of the caudal fin endoskeleton (Witten et al., 2006). The caudal fin is supported by a complex of bones which originate from modified and fused caudal vertebrae. It is well established that elevated temperatures affect the number of vertebral bodies in fish. Furthermore, the elevated temperatures are assumed to cause pathological vertebral fusion. Under farming conditions the exact relationship between temperature and vertebral fusion is difficult to establish (Witten et al., 2006). This is because often multiple factors such as imbalance of vitamins, minerals, bacterial infections, genetic disorders, and chemical pollution can cause the development of this pathology (Ørnsrud et al., 2004; Witten et al., 2005). It is beneficial to study the normal and abnormal developmental process of the skeletal system. Thus, we  studied the effect of temperature on the fusion of vertebral bodies, in order to obtain insights into the basic alterations that cause these pathological processes. 


The zebrafish Danio rerio is one of the most important vertebrate model organisms for studying fish biology and human disease (Lamason et al., 2005). The optimal temperature for rearing zebrafish is 28.5°C. Different to other farmed fish species such as salmon or cod, the zebrafish usually shows no fusion of vertebral bodies under husbandry conditions. Zebrafish  provides the opportunity to study the effect of temperature on vertebral fusions that are part of normal development. The effect of temperature on vertebral fusion in parts of the spine that usually display well separated vertebral bodies  was studied as well. The present study aims to investigate how temperature influences the occurrence of anomalies in the spine and how it affects the fusion of vertebral bodies. The study will provide a better understanding of skeletal abnormalities at different temperatures.


2. MATERIALS AND METHODS


The experiments were carried out at the laboratory of Vertebrate Morphology & Developmental Biology, Biology Department, Faculty of Science of Ghent University, Belgium. The experiment was carried out at different temperatures including 20.0, 22.0, 26.0, 28.5 and 32.0°C to determine the role of temperature in a very common type of malformation and to investigate how temperature influences early and late fusion of vertebral bodies.


2.1. Zebrafish maintenance


Adult zebrafish (Danio rerio) were maintained at standard temperature (28.5°C) in aquaria with a 14 hour light regime. The aquaria were covered with black plastic sheets  to minimize exposure to outside light. The fish were fed daily with a variety of foods including brine shrimp larvae, TetraMin and granular commercial feed containing 52-60% protein in order to fulfil the requirement of n-6 polyunsaturated fatty acids for growth and fertilization (Siccardi et al., 2009). A layer of plastic marbles on the bottom of the aquaria was used to protect eggs from being eaten by the adults (Ferreri et al., 2000). Fish were allowed to natural spawning and embryos were then pipetted in a plastic container containing a solution of 1‰ Methylene Blue in embryo medium to prevent fungal infection. 


Depending on the purpose of the experiments, embryos were placed in plastic containers. These containers were incubated at different temperatures in covered mini glass aquarium with a 12 hours light/darkness cycle. Water baths were cleaned every day and the temperature was regulated within the aquaria themselves. Larvae from 5 dpf onward were fed  with commercial feed (52-60% protein with the size of 30-500 µ). Feeds with increasing particle size were used starting from ZM-000, ZM 100, ZM 200, ZM 300 and Artemia nauplii. 


2.2. Sample collection


Kimmel et al. (1995) suggested that when comparing the development of embryos, the developmental stage of a particular rearing temperature should be converted  to the "standard developmental time" in order to bring embryos from different stages at different temperatures to an equivalent developmental time. Therefore, the larval developmental stages at different temperatures were converted to standard hours (h) post-fertilization at 28.5°C by using the following equation:


Sampling time = (developmental time at 28.5°C (  incubation temperature) / 28.5°C


A total of 94 specimens were s collected. Fish were anaesthetized by MS 222 and fixed in 4% buffered paraformaldehyde (PFA) (Table 1).


2.3. Staining procedures


2.3.1. Alizarin red staining


Whole mounts of adult zebrafish were stained with Alizarin Red to visualize vertebrae. Fish were anesthetized by an overdose of MS 222, fixed in PFA for 48 hours and transferred to an ethanol series (70%, 50%, 20% ethanol in phosphate buffered saline (PBS)) and to PBS. Specimens were stained by 0.1% Alizarin red solution in 1% potassium hydroxide (KOH) overnight at room temperature until bones were distinctly red. Fish were then bleached by 1% hydrogen peroxide (H2O2) in 1% KOH for 4 hours. After removing the scales with forceps, the fish were washed two times in PBS before being transferred to 20% glycerol in 2% KOH in a rocker overnight at room temperature to clear the muscle. Finally, the fish were transferred to 50% glycerol in 1% KOH for visualizing and storage. At the end of this procedure, the vertebrae were clearly visible (adapted from Wassersug, 1976).


2.3.2. A two-color acid-free cartilage and bone stain


A two color acid-free cartilage and bone stain method for zebrafish larvae (Walker and Kimmel, 2007) was used to stain cartilage and bones. The staining procedure includes five steps: Tissue fixation, staining in acid-free double stain solution, bleaching, clearing, and storage. After staining, the number of vertebrates was counted and photographs were taken with a digital camera attached to the binocular microscope.


2.4. Visualizing, counting vertebrae and measurement


Vertebrae were counted based on the number of vertebral bodies. Vertebrae were counted as two if partially fused and counted as one when completely fused (Morin-Kensicki et al., 2002). Vertebral counts exclude the compound of the hypural centrum (McDowall, 2003a). The malformation of vertebrates was photographed with a digital camera attached to the binocular microscope. Standard length (SL) of specimens with flexed notochords was measured from the anterior end of the upper jaw to the posterior end of the hypurals (Bird and Mabee, 2003) and the total length (TL) of the fish was also measured. 


2.5. Data analysis


Frequencies (%) of abnormal individuals were evaluated as the number of zebrafish showing a particular type of anomaly out of the total number of individuals per group of fish. 


Microsoft Excel was used to calculate mean values and standard deviation (SD). Statistical software of Statistical Package for the Social Sciences (SPSS) 16.0 was used. Because assumptions of normality and equal variances were not fulfilled, all data were subjected to non-parametric Kruskal-Wallis-test to test the significance between somite number and number of vertebrates at different temperatures. Then, a Mann-Whitney test was used to compare the means of two independent samples. Differences were considered to be significant if P-value ≤ 0.05. 

Table 1. Sampling summary


		Temperature

		Sampling time

		Number of specimens

		Staining method

		Analytical procedure



		32.0°C

		Juvenile (42 days)

		18

		Double staining

		Vertebrae number (VN) and fusion



		

		Adult ( > 90 days)

		2

		Alizarin Red

		VN and fusion



		28.5°C

		Juvenile (65 days)

		22

		Double staining

		VN and fusion



		

		Adults ( > 90 days)

		2

		Alizarin red

		VN and fusion



		26.0 °C

		Juvenile (60 days)

		20

		Double staining

		VN and fusion



		

		Adult ( > 90 days)

		6

		Alizarin red

		VN and fusion



		22.0 °C

		Adult ( > 90 days)

		4

		Alizarin red

		VN and fusion



		20.0 °C

		Juvenile (45 days)

		20

		Double staining

		VN and fusion





3. RESULTS


3.1. Temperature and fusion process 


The vertebrae were examined to assess malformations and fusion processes. The rate at which the zebrafish larvae developed was quite variable, so the time at which vertebral development was completed also varied considerably. The observations of fusions were subdivided anatomically into different features (Figure 1). One fish may show more than one fusion. 


3.2. Malformations in the precaudal vertebrae


Experimental results showed that 16.6% of the larvae reared at 32.0°C bear malformations in precaudal vertebrae (Figure 3). Fish reared at other temperatures did not show this feature...................










Figure 1. Fusion in caudal vertebrae

(Anterior to the left, Posterior to the right, Dorsal is to the top)


(A) Arrows indicate double Neural Spine (NS) and Haemal Spine (HS) in PU2: 5.5% of fish reared at 
       32.0°C showed this feature. In addition, 5.5% of fish reared at 32.0 °C and 5% of fish reared at 20.0°C
       showed double NS but single HS in PU2; 


(B) Arrows indicate fusion of two NS in PU2: 5.5% of fish reared at 32.0°C and 10% of fish reared at 
      20.0°C showed this feature; 


(C) Arrow indicates a fusion of PU2 with [PU1+U1] - 5.5% of the fish reared at 32.0°C and 10% of fish
       reared at 20.0°C showed this feature; 


(D) No fusion between PU1, U1, U2 - 11.2% of fish reared at 32.0°C showed this feature.













Figure 2. Fusion in caudal and caudal fin vertebrae


(Anterior to the right, Posterior to the left, Dorsal is to the top, PH: Parhypural, H1-3: Hypural 1 to 3)


(E) Arrow indicates a fusion of PU1 and U1: 72.2% of the fish reared at 32.0°C and 35% of the fish
       reared at 20.0°C showed this feature; 


(F) Arrow indicates incomplete fusion of U2 with [PU1 + U1]: 16.7% of the fish reared at 32.0°C showed
      this feature; 


(G) Arrows indicate fusion of urostyle with PU2 (10% of the fish reared at 20.0°C), PU2 with PU3 (15%
      of the fish reared at 20.0°C) and 20% of the fish reared at 20.0°C showed the fusion of PU3 with last 
      caudal vertebrate; 


(H) Caudal fin vertebrae end with urostyle (ust) (fusion of U2, U1 and PU1): 16.6% of the fish reared at
       32.0°C, 65% of the fish reared at 20.0°C and 100% of the fish reared at 26.0 and 28.5°C showed this 
       feature.


		







Figure 3. Malformations in precaudal vertebrae

(Anterior to the left, Posterior to the right, Dorsal is to the top)


4. DISCUSSION


4.1. Temperature and fusion process 


Incubation at a different temperature may produce abnormalities (Kimmel et al., 1995). However, no data indicates how temperature influences the fusion of vertebral bodies in zebrafish. . As mentioned in by Witten et al. (2006, 2009), fusion in the caudal region is required for the development of the caudal fin in fish. The study found different kinds of fusion in the caudal part of zebrafish reared at different temperatures. All temperatures in this experiment showed the fusion between PU1 and U1 and fusion of U2 with [PU1 + U1]. The feature of double Neural Spine (NS) and Haemal Spine (HS) in PU2, the fusion of two NS in PU2 and the fusion between PU2 and [PU1+U1] (U2 still separated) were shown at 20.0 and 32.0°C. Only fish reared at 20.0°C showed the fusion between urostyle and PU2, PU2 and PU3 and PU3 and the last caudal vertebra. One fish showed more than one fusion.

This finding seems to be consistent with Bensimon-Brito et al. (2009) and Bird and Mabee (2003) who suggested that the fusion between [PU1-U1] and U2 happens in all fish. In addition, extra NS or HS are also indicative for the early fusion of PU. This deformity/fusion starts to develop late in life and after the period of healthy vertebral column growth, which suggests that the early developmental conditions of these animals may not negatively influence the regular spine growth (Witten et al., 2006). In this case, fusion may be assumed as a requirement for caudal development and temperature may not have an effect on this fusion. However, the fusions between urostyle and PU2, PU2 and PU3 and PU3 and the last caudal vertebra that were shown at 20.0°C, have not been previously described. These differences can be partly explained by the influence of rearing temperature on the fusion process as mentioned by Ferreri et al (2000). It seems possible that this fusion may be one kind of adaptation (McDowall, 2003b) and it will lead to lower VN. This finding can be compared to our earlier observations, which showed that fish achieved higher VN at higher temperature (32.0°C) and fusion did not occur at 26.0 and 28.5°C. Lower temperature (20.0°C) might cause a developmental response, controlled by a genetic mechanism, triggering fusion in fish. Temperature may affect the gene expression that causes the fusion process in zebrafish, however, the influence of temperature on gene expression is still unknown (Johnston and Wilson, 2002) and is not the focus of this study.


Because the higher incidence of fusion was shown in groups of fish with lower VN, another possible explanation for our result is the pathological vertebral fusion (Witten et al., 2006, 2009). Fusion could be a kind of anomaly in the development of zebrafish. There is a hypothesis that the high number of fusion/malformation indicates anomalous developmental conditions and an anomalous early rearing phase (Favaloro and Mazzola, 2003). The assessment of malformations could be used as a tool to estimate the larval quality of reared fish (Ferreri et al., 2000). If fusion/anomalousness was considered as the symptom of pathological development, the temperature of 20.0°C seems to be critical for zebrafish rearing condition. However, with a small sample size and considerably variable development of the juvenile stage (9 - 17 mm TL), one must be cautious, as this finding might not be transferred to all stages in zebrafish development. Further research, taking these variables into account, will need to be undertaken.


4.2. Malformations in the precaudal vertebrae


The variation in temperature can change the morphological characters of fish at different levels (Leary et al., 1992). The present study was designed to determine the effect of temperature on the malformation of D. rerio.  Results of our study showed that only larvae reared at 32.0°C exhibited malformations in the trunk region (16.6%) while fish reared at other temperatures did not show this feature. The results seem to be consistent with Ferreri et al. (2000) who reported the vertebral body deformity in both reared and wild zebrafish. It is difficult to explain this result although there is a possibility that these results can be attributed to the influence of the temperature as mentioned by Fitzsimmons and Perutz (2006), Sfakianakis et al (2004) and Ørnsrud et al. (2004). Temperature is one of the most important physical parameters that effect biological and chemical processes in living systems (Boyd, 1979). Incubation of eggs at different temperature may produce abnormalities in later life stage (Kimmel et al., 1995; Witten et al., 2006). Higher incidence of vertebral abnormalities suggests that fish, marked with a vertebral abnormality, are individuals whose tolerance limits have been exceeded (Mitton and Koehn, 1976). Only fish reared at 32.0°C indicated this feature. Therefore, 32.0°C may be severe enough to produce vertebral abnormalities. 


How different temperature affects sensitive developmental stages is complex and the aspects of this variation are complicated (Swain, 1992). Nevertheless, the assessment of malformations could be used as tools to estimate the larval quality of reared fish (Ferreri et al., 2000). Furthermore, frequency of abnormal phenotypes can provide a measure of developmental stability within a population (Leary et al., 1992). It would be interesting to investigate the ontogeny of some observed trunk anomalies to identify which gene is probably involved in the malformation. 


5. CONCLUSIONS


This research studied the occurrences of malformations and fusions in the spine of zebrafish. It might conclude that fish reared at different temperatures showed the same kind of fusion in the caudal part. One fish showed more than one type of fusion. Fish reared at 20.0°C indicated more types of fusion. The fusion in the spine of zebrafish could be considered as adaptation or pathological vertebral fusion under the influence of temperature. At 32.0°C fish exhibited malformations in precaudal vertebrae. The fusion process and malformation in vertebrae response to temperature might be complicated; therefore, knowledge of the processes underlying the determination of them is not sufficient to allow us to predict the vertebrae deformities for a given temperature. 


Acknowledgements


The authors gratefully acknowledge funding from VLIR-UOS (University Development Cooperation). Thank to our colleagues from Gent University for their support for their guidance, suggestions and technical support.


REFERENCES


Bensimon-Brito A., M.L. Cancela, A. Huysseune,  P.E. Written (2009). Ontogeny of the zebrafish (Danio rerio) caudal complex - a model for vertebral fusion. Interdisciplinary Approaches in Fish Skeletal Biology. Tavia, Algarve, Portugal.


Bird N.C, P.M. Mabee (2003). Developmental Morphology of the Axial Skeleton of the Zebrafish, Danio rerio (Ostariophysi: Cyprinidae). Development Dynamics 228: 337-357.


Favaloro E., A. Mazzola (2003). Short communication Meristic variation and skeletal anomalies of wild and reared sharpsnout seabream juveniles (Diplodus puntazzo, Cetti 1777) off coastal Sicily, Mediterranean Sea. Aquaculture Research 34:575-579.


Ferreri F., C. Nicolais, C. Boglione, B. Bertolini  (2000). Skeletal characterization of wild and reared zebrafish: anomalies and meristic characters. Fish Biology 56:1115-1128.


Fitzsimmons S.D., M. Perutz (2006). Effects of egg incubation temperature on survival, prevalence and types of malformations in vertebral column of Atlantic Cod (Gadus morhua) larvae. Bull Eur Ass Fish Pathol 26(2) : 80-86.


Johnston J.A., R.S. Wilson (2002). Temperature-Induced developmental plasticity in ectotherms. In: Warburton SJ, Burggren WW, Pelster B, Reiber CL, Spicer J, editors. Comparative developmental physiology: Oxford University Press.


Kimmel C.B., W.W. Ballard, S.R. Kimmel, B. Ullmann, T.F. Schilling (1995). Stages of Embryonic Development of the Zebrafish. Developmental Dynamics 203:253-310.


Lamason R.L, M.A. Mohideen, J.R. Mest, A.C. Wong, H.L. Norton, M.C. Aros, M.J. Jurynec, X. Mao, V.R. Humphreville, J.E. Humbert,  S. Sinha, J.L. Moore, P. Jagadeeswaran, W. Zhao,  G. Ning, I. Makalowska, P.M. McKeigue,  D. O'donnell, R. Kittles, E.J.M.N.J. Parra,  D.J. Grunwald,  M.D. Shriver,  V.A. Canfield,  K.C. Cheng (2005). SLC24A5, a putative cation exchanger, affects pigmentation in zebrafish and humans. Science 310: 1782–1786.


Leary R.F., F.W. Allendorf, K.L. Knudsen (1992). Genetic, environmental, and developmental causes of meristic variation in rainbow trout. Acta Zoologica Fennica 191 : 77–93.


Lewis L.M., S.P.Lall, P.E. Witten (2004). Morphological descriptions of the early stages of spine and vertebral development in hatchery-reared larval and juvenile Atlantic halibut (Hippoglossus hippoglossus). Aquaculture 241: 47–59.


McDowall R.M. (2003a). Variation in vertebral number in galaxiid fishes (Teleostei: Galaxiidae): A legacy of life history, latitude and length. Environmental Biology of Fishes 66: 361–381.


McDowall R.M. (2003b). Variation in vertebral number in galaxiid fishes, how fishes swim and a possible reason for pleomerism. Fish Biology and Fisheries 13:247–263.


Mitton J.B., R.K. Koehn (1976). Morphological adaptation to thermal stress in a marine fish, Fundulus hereroclitus. Biol Bull 151:540-559.


Morin-Kensicki E.M., E. Melancon, J.S. Eisen  (2002). Segmental relationship between somites and vertebral column in zebrafish. Development 129: 3851-3860.


Ørnsrud R., L. Gil, R.Waagbø (2004). Teratogenicity


     of elevated egg incubation temperature and egg vitamin A status in Atlantic salmon, Salmo salar L. Journal of Fish Diseases 27:213–223.


Sfakianakis D.G., G.Koumoundouros, P.Divanach, M.Kentouri (2004). Osteological development of the vertebral column and of the fins in Pagellus erythrinus (L. 1758). Temperature effect on the developmental plasticity and morpho-anatomical abnormalities. Aquaculture 232:407-424.


Swain D.P. (1992). The functional basis of natural selection for vertebral traits of larvae in the stickleback Gasterosteus aculeatus. Evolution 46:987–997.


Walker, M.B. and C. Kimmel (2007). A two-color acid-free cartilage and bone stain for zebrafish larvae. Biotechnic and Histochemistry 82: 23 -28


Wassersug, R.J. (1976). A Procedure for Differential Staining of Cartilage and Bone in Whole Formalin-Fixed Vertebrates. Biotechnic and Histochemistry 51 (2): 131-134


Westerfield M. (2000). The zebrafish book. A guide for the laboratory use of zebrafish (Danio rerio). In: edt, editor: University of Oregon Press, Eugene.


Witten P.E., L. Gil-Martens, A. Huysseune, H. Takle, K. Hjelde (2009). Towards a classification and an understanding of developmental relationships of vertebral body malformations in Atlantic salmon (Salmo salar L.). Aquaculture (doi:10.1016/j.aquaculture.2009.06.037).


Witten P.E., L. Gil-Martens, B.K.Hall, A. Huysseune (2005). Compressed vertebrae in Atlantic salmon Salmo salar: evidence foe metaplastic chondrogenesis as a skeletogenic response late in ontogeny. Diseases of aquatic organisms 64: 237-246.


Witten P.E., A.Obach, A. Huysseune, G. Baeverfjord (2006). Vertebrae fusion in Atlantic salmon (Salmo salar): Development, aggravation and pathways of containment. Aquaculture 258: 164 -172.
















































































A








B








C





D








50

49



