



Osteological variation of the caudal skeleton of some cyprinid fishes (barbs) from Tripura, India


Abstract  
Barbs are tropical freshwater fishes belonging to the family Cyprinidae and inhabit mostly tropical South and Southeast Asia. Most barbs belong to the family Cyprinidae, comprising small to medium-sized fishes, distributed mostly in tropical habitats of Asian countries. Osteological study of genus Puntius (P. chola, P. sophore, P. conchonius and P. ticto) and genus Barbonymus (B. gonionotus) was studied to evaluate their caudal skeleton. The specimens were collected from different rivers of Tripura using various fishing gears like cast net, scoop net and gill net. In the present study, the presence of four hypural was noticed in the upper lobe and two on the lower lobe in all the species. The morphology of hypurals exhibited variations which are attributed to dividing these barb species into two groups: one group where the first hypural is wider, followed by the fourth hypural and another group with a wider first hypural, followed by the third hypural. Lepidotricks' attachment to the first neural spine also exhibited some variations among the species. It is concluded that the osteological trait of the studied barbs would provide important taxonomic tools in the hands of taxonomists to identify and resolve the existing ambiguity between these fishes.   
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Introduction 
Osteology is the study of bones, which helps in identifying fish based on the size and shape of the skeletal structures. It is advanced for the huge contribution to fish taxonomy for the reason that the bone structure that arose from the fish is quite peculiar, which is not influenced by the environment (Bavithra et al., 2024; Eastman & Voskoboinikova, 2024). Tripura, with a geographical area of 10686 km2 the North-eastern hilly State of India (22 56' to 24° 22' N and 91" 0' and 92” 0’ 20'E latitude) is located in the sub-Himalayan region.  Tripura has 14 rivers, mostly annual in nature. Among them, the major rivers are Gumti, Howra, Khowai, Dhalai, Manu, Juri, Longai, Fenny and Muhuri rivers, which drain into Bangladesh. The state of Tripura is attributed with a vast diversity of fish fauna as a part of the Himalayan and Indo-Burma hot spot (Gowsami et al., 2012). Several authors contributed to the ichthyodiversity of Tripura. Lipton (1983-84) reported 93 fish species belonging to 11 orders, 26 families and 55 genera from Tripura, while Barman (2004) recorded 129 species of fish under 78 genera, 33 families and 11 orders. Further, Kar and Sen (2007) reported 125 species belonging to 92 genera and 41 families from different rivers (28 species from Manu River, 22 Khowai, 53 Gumti, and 22 from Feni) of Tripura. The family Cyprinidae is the most diverse family of freshwater fishes in the world, with at least 3006 species (Raut Rupesh & Kharat Sanjay, 2021). Barb is the common term generally used for the genus Puntius Hamilton, 1822 and Barbus (Cuvier 1817). Barbs are tropical freshwater fishes belonging to the family Cyprinidae and inhabit mostly tropical South and Southeast Asia (Jayaram, 1999, and Pethiyagoda et al., 2012). In this paper, an osteological study of the genus Puntius (P. chola, P. sophore, P. conchonius and P. ticto) and genus Barbonymus (B. gonionotus) was conducted to evaluate the caudal skeleton. 

Materials and methods 
For osteological examinations, the samples were cleared and stained following the procedure described by Dingerkus & Uhler (1977) with some modifications. Osteological terminologies and the description of osteology were mostly followed by Wietzman (1962), Mo (1991) and Sanger & McCune (2002). Illustrations were made from images captured by a digital camera fitted to a Trinocular stereomicroscope (Leica CLS 150x). A digital X-ray image was also taken for the study of Pterygiophore insertion, counting of vertebrae and position of bones in relation to vertebral count. 
 Results 
Caudal skeleton of Barbonymus gonionotus 
The caudal skeleton consists of uroneural (UN), six unpaired hypural (HYP1-HYP6), one unpaired parhypural (PHYP) single epural rudimentary neural arch, all of cartilage and bone. The last vertebrae are modified into urostyle, which is turned upward along with preural (PU) and 2nd preural of the axial skeleton. The neural spine extends from the first and second preural and supports the unbranched lepidotrichs.
Neural spine (NS). The neural spine extends from the first and second preural (PU2). There are two neural spines, 1st neural spine (NS1) does not support any unbranched (LEP1) lepidotrichs and 2nd (HS1) supports one.
Epural (EP)  
It is an elongated bone that lies just above the urostyle. Anteriorly, it is narrow and posteriorly wide and does not reach the posterior part of the rudimentary neural arch. It was articulated with two unbranched lepidotrichs. The rudimentary neural arch anteriorly broad base and a posteriorly narrow but not pointed (Fig. 1. A) 
Uroneural (UN)
One pair of small rod-like bones lies above the posterior part on either side of the plurostyle and is attached with two lepidotrichs.
Parhypural (PHYP)
It is an elongated and broad unpaired bone that is loosely articulated to the ventral side of the urostyle. The distal end supports three branched lepidotrichs.
Hypural (HYP)
Hypural is a wide, laterally compressed bone located between the urostyle and parhypural, forming the broad base for the attachment of lepidotrichs. There are six hypurals in which hypural 1(HYP1) is the largest and hypural 6 (HYP6) is the smallest. The fourth hypural is present on the upper lobe and two on the lower lobe. The anterior narrow of the first hypural is firmly attached to the parhypural. The broad posterior provides attachment of three lepidotrichs. The second hypural is a narrow, elongated bone anteriorly attached to the urostyle and posteriorly supports two branched lepidotrichs (LEP2). The third and fourth hypurals are loosely attached to the ventral side of the urostyle.  The hypural 3 (HYP3) is posteriorly broad and supports three branched lepidotrichs (LEP2), and hypural 4 (HYP4) is the broadest one, providing attachment of three branched lepidotrich (LEP2). Hypural 5 supported two unbranched lepidotrich, and hypural 6 is the smallest and rod-like structure that supported one branched and one unbranched lepidotrichs. Fourth hypural is the wider, followed by the 3rd, 4th, 5TH and 6th. The hypural diastema between the second and third is wide, forming a V-shape, leaving a wide space between them. There are nine branched rays on the upper lobe and eight on the lower lobe.
Haemal spine (HS)
Spine extending from the first and second preural (PU2). There are two haemal spines, the first one (HS1) a narrow-elongated bone which provides attachment to two unbranched lepidotrichs (LEP1). The second haemal (HS2) spine is a long, wide bone which is provides attachment to two unbranched lepidotrichs (LEP1). 
 Caudal skeleton of Puntius chola
Neural spine (NS)  
There are two neural spines which are attached 2nd and 3rd vertebrae. The first neural spine (NS1) has two unbranched lepidotrichs (LEP1), and the second neural spine (NS2) is supported one unbranched lepidotrichs (LEP1). The first neural spine is wider than 2nd neural spine. (Fig1.B)
Uroneural (UN)
One pair of small rod-like bones lie above the posterior part on either side of the plurostyle and is attached with two lepidotrichs.
Epural (EP)
it is a single rod-shaped bone which lies just above the urostyle. The rudimentary neural arch posteriorly pointed and epural bone posteriorly narrow but not pointed, reaching beyond the posterior margin of the rudimentary neural arch, leaving a narrow space between and supported two unbranched lepidotrich (LEP1).
Parhypural (PHYP) – 
It is an elongated unpaired which a loosely articulated ventral side of the urostyle. Anterior part is narrow and posterior part narrow broad and supported by three branched lepidotrich (LEP2) and an elongated foramen present between parhypural (PHYP) and hypural (HYP1). 
Hypural (HYP)
It is a wide, laterally compressed bone that lies between the urostyle and parhypural. There are six hypural (HYP6) among six, one is the smallest. Fourth hypural present on the lower lobe and two on the lower side. The anterior part is narrow first hypural is firmly attached to the parhypural. The broad posterior provides attachment of three branched lepidotrichs (LEP2). The second hypural elongated bone anteriorly attached to the urostyle and posteriorly supported two branched lepidotrichs (LEP2). The third hypural is anteriorly narrow and posteriorly provides attachment to three branched lepidotrichs. Fourth hypural (HYP4) supported three, and the fifth hypural (HYP5) supported three branched lepidotrichs (LEP2). Six hypural (HYP6) supported two branched lepidotrichs (LEP2). 
There are 17 branched rays, 9 branched rays on the upper side and 8 on the lower side. The first hypural is wider, followed by the 2nd, 3rd, 4th and 5th and 6th.  
Haemal spine (HS)
There are two haemal spines which are attached to the 2nd and 3rd vertebrae. The first haemal spine (HS1) is narrow and supports two unbranched lepidotrich (LEP1). Second haemal spine (HS) is wider compared first one and supported by three unbranched lepidotrich (LEP1).
 Caudal skeleton of Puntius sophore
 Neural spine (NS)
The neural spine extending from the first and second preural (PU2). There are two neural spine, 1st neural spine (NS1) not supported any unbranched lepidotrichs (LEP1) and 2nd (HS2) supported one. 
Epural (EP)
It is a single rod-shaped bone which is lies just above urostyle. Posteriorly it is pointed reached up to the rudimentary arch and supported two unbranched lepidotrichs (LEP1). The rudimentary neural arch elongated bone which posteriorly pointed (Fig1.C).
Parhypural (PHYP) 
It is an elongated, unpaired bone which loosely articulates the ventral side of the urostyle. Anterior part of the parhypural is broad and supports three branched lepidotrichs (LEP2) and a small elongated foramen present between parhypural (PHYP) and hypural (HYP1).
Uroneural (UN)
A pair of small rod-like bones lie above the posterior part of either side of the plurostyle and do not provide any attachment to lepidotrichs. 
Hypural (HYP)- 
It is wide, laterally compressed, forming a broad branch of the caudal skeleton. There are six hypurals in which hypural 1(HYP1) is the largest and hypural 6 (HYP6) is the smallest. Four hypural are present on the upper lobe, two on the lower lobe.
First hypural is wider and anteriorly narrow and articulated with parhypural and urostyle and forms one foramen between parhypural (PHYP) and hypural (HYP1) and posterioly supported four branched lepidotrich (LEP2). Second hypural (HYP2) ventrally attached first hypural (HYP1) and anterioly with urostyle, it provides attachment to one branched lepidotrichs (LEP2). The third hypural (HYP3) is wider anteriorly, attached neurostyle and posterioly supported three branched lepidotrichs (LEP2). The hypural diastema between the second and third is wide, forming a V, leaving a narrow gap between them. The fourth hypural (HYP4) is wider posteriorly and supports four branched lepidotrich (LEP2) but is narrow anteriorly. Fifth hypural (HYP5) provides anterior attachment urostyle and posteriorly supports two unbranched lepidotrich (LEP1). Sixth is the smallest hypural (HYP6), usually attached urostyle and provides attachment of one branched lepidotrichs. Fourth hypural is wider, followed by first, third, second, and sixth. There are 17 branched rays which 9 are on the upper lobe and 8 are on the lower lobe. 
Haemal spine (HS)- 
It is extending from the first and second preural (PU2). There are two haemal spines, the first one (HS1) a narrow, elongated bone which provides attachment to two unbranched lepidotrichs (LEP1). The second haemal spine (HS2) is a long, wide bone which provides attachment to three unbranched lepidotrichs (LEP1).
 Caudal skeleton of Pethia conchonius
Neural spines (NS)
The first neural spine (NS1) is a narrow, elongated bone, which does not support any unbranched lepidotrichs (LEP1). The second neural spine (NS2) is the wide, elongated bone which is posteriorly bifurcated. The bifurcated both each side supported one-one unbranched lepidotrich (LEP1). 
Epural (EP)
It is a single rod-shaped bone which lies just above the urostyle. It has posteriorly pointed end reaching beyond the posterior margin of rudimentary neural arch, leaving a narrow gap space in between. Epural supported one unbranched lepidotrichs. The rudimentary neural arch is an elongated bone with pointed posterior end (Fig. 1D). 
Parhypural (PHYP)
It is an elongated paired bone which loosely articulated to the ventral bone, which is loosely articulated to the ventral side of the urostyle. parhypural and HYP I are overlapping. Paired broad posterior parhypural support three branched lepidotrichs (LEP2). Relatively wide foramen present at the base of the first hypural (HYP1) plate and parhypural plate.
Hypural (HYP)
It is wide, laterally and compressed, forming a broad branch of the caudal skeleton. There are six hypural (HYP6), among the six hypural is the smallest. Hypural present on the upper lobe, two on the lower lobe. The first hypural (HYP1) is anteriorly narrow and articulated with parhypural and urostyle and forms one foramen between parhypural and first hypural (HYP) and posteriorly provides attachment for four branched lepidotrichs (LEP2). The second hypural is ventrally attached first hypural and anterioly to the urostyle, providing attachment on two lepidotrichs. The third hypural (HYP3) is wider than the second anteriorly attached neurostyle and posteriorly supported two branched lepidotrich and constituted a spindle-shaped space between the second and third hypurals. The fourth hypural (HYP4) is wider posteriorly and supports four branched lepidotrichs (LEP2), but is narrow anteriorly and attached to the urostyle. The fifth hypural (HYP5) provides an anteriorly attached urostyle and posteriorly supported two-branched lepidotrichs (LEP2). Sixth hypural (HYP6) is usually attached urostyle and provides attachment of one branched lepidotrichs (LEP2).
Haemal spine (HS)
There are two haemal spines which are attached to the 2nd and 3rd vertebrae. The first haemal spine (HS1) is narrow and supports two unbranched lepidotrichs (LEP1). Second haemal spine (HS) is relatively wider compared first one and supported three unbranched lepidotrichs (LEP1).
Caudal skeleton of Pethia ticto 
Neural spines (NS) 
The first neural spine (NS1) is a narrow, elongated bone which supports one unbranched lepidotrichs (LEP1). The second neural spine (NS2) is the narrow-elongated bone which is supported by two unbranched lepidotrich (LEP1). 
Epural (EP)
It is an elongated rod-shaped bone which lies above the urostyle. Posteriorly is pointed not more gap up to the rudimentary arch and supported by one lepidotrich (Fig1. E).
Parhypural (PHYP) – 
It is an elongated, unpaired bone that lies loosely articulated to the ventral side of the urostyle. Broad posterior parhypural supported two branched lepidotrichs (LEP2).  
Hypural (HYP)– 
It is wide, laterally compressed, forming a broad base of attachment branch of branched lepidotrichs of the caudal skeleton. There are six hypural (HYP6) amongst which six is the smallest. Fourth hypural (HYP4) present on the upper lobe and two on the lower lobe. First hypural (HYP1) is wider followed by 3rd, 4th, 2nd, 5th, and six. The first hypural (HYP) is anteriorly narrow but posteriorly wider and articulated with Parhypural and urostyle, and forms one foramen between parhypural and first hypural (HYP1). It supported three branched lepidotrichs. The second hypural (HYP2) is ventrally attached first hypural (HYP1) and anteriorly to the urostyle, providing attachment to two branched lepidotrich. The third hypural (HYP3). Posteriorly wider and supported three-branched lepidotrichs. There is a wider elongated space between the 2nd and 3rd hypural, and posteriorly wider. The fourth hypural is wider posteriorly and supports three branched lepidotrichs and is anteriorly attached to the urostyle.
The fifth hypural posteriorly supported two branched lepidotrichs, and six hypural also supported two branched lepidotrichs. 
Neural spine (NS) 
Two neural spines supported the lepidotrichs. The two haemal spines, which are attached 1st and 3rd vertebrae. The first haemal spine is wider than the second and supports two lepidotrichs, but the second hypural supports three lepidotrichs. 
Caudal skeleton of Systomus sarana 
Neural spine (NS)– 
The two neural spines first one (NS1) is wider compared second neural spine, and supported by one unbranched lepidotrichs. The second spine (NS2) is a narrow, elongated bone which lies provides attachment for two unbranched lepidotrichs.  
Epural (EP)– 
It is a single, rod-shaped bone which lies just above the urostyle.  It has a posteriorly pointed end reaching beyond the posterior margin of the rudimentary neural arch (RNA), leaving a wide space in between. Epural supported two unbranched lepidotrich (LEP1). Rudimentary neural arch is an elongated bone with a narrow, pointed posterior end. 
Uroneural (UNU)– 
A pair of small rods like bones lies over the distal end on either side of the pleurostyle (Fig. 1. F)
Parhypural (PHYP)– 
It is a parhypural is long, broad bone which is attached to the ventral side of the pleurostyle. The Broad distal end of the parhypural supports three branched lepidotrichs (LEP2). On the dorsal basal side, relatively larger foramen is formed by the parhypural and HYP I.
Hypural (HYP)– 
It is a wide, laterally compressed structure forming a broad base of attachment of the branched lepidotrichs of the caudal skeleton. There are six hypural (HYP6) among which six is the smallest. Fourth hypural (HYP4) present on the upper lobe and two on the lower lobe. First and fourth hypural (HYP1, HYP2) are broad posteriorly followed by 2nd, 3rd, 5th, and 6th. First hypural (HYP1) provides attachment of three branched lepidotrichs (LEP2), whereas the second hypural (HYP2) two lepidotrichs. The 3rd, 4th and 5th hypural are attaching three branched lepidotrichs on each side. Sixth hypural (HYP6) provides attachment to two branched lepidotrichs. There is a narrow, elongated space between the 2nd and 3rd hypural, which is closed posteriorly.
Haemal spine (HS)– 
The two haemal spines which is attached 1st and 3rd vertebrates. The first haemal (HS2) spine is posteriorly wide and supported by three unbranched lepidotrich (LEP1). The second haemal spine is narrow, elongated bone that supported two unbranched lepidotrichs (LEP1).
Vertebral counts and insertion of pterygiophore of dorsal and anal fins in relation to vertebrae. 
Axial skeleton and unpaired fins of B. gonionotus 
The number of vertebrae and the arrangement of fins with respect to vertebrae have been studied. The axial skeleton of B. gonionotus comprises 28 vertebrae, excluding complex vertebrae (Fig.1A). The number of abdominal and pre-caudal vertebrae is 11+17. The first pterygiophore is inserted between the fourth and fifth interneural space. The first pterygiophore of anal fin is insert0ed between 16 and 17 haemal spines. 
4. 2. Axial skeleton and unpaired fins of P. Sophore
The axial skeleton of P. sophore comprises 26-27 vertebrae, excluding complex vertebrae (Fig.1C). The number of abdominal and pre-caudal vertebrae is 11+16. The first pterygiophore is inserted between the fifth and sixth interneural spaces.  The first pterygiophore of anal fin is inserted between 13 and 14 haemal spaces (Fig.1B).
Axial skeleton and unpaired fins of P. chola
The axial skeleton of P. chola comprises 27 vertebrae, excluding complex vertebrae (Fig.1B). The number of abdominal and pre-caudal vertebrae is 12-15. The first pterygiophore is inserted between the fourth and fifth interneural space.  The first pterygiophore of anal fin is inserted between 13 and 14 haemal spaces. 
Axial skeleton and unpaired fins of P. conchonius 
The axial skeleton of P. sophore comprises 26 vertebrae, excluding complex vertebrae (Fig.2D).  The number of abdominal and pre-caudal vertebrae is 11+25. The first pterygiophore is inserted between the fourth and fifth interneural space.  The first pterygiophore of anal fin is inserted between 14 and 15 haemal spaces. 


Axial skeleton and unpaired fins of P. ticto 
The skeleton of P. ticto comprises 26 vertebrae, excluding complex vertebrae (Fig.2E). The number of abdominal and pre-caudal vertebrae is 10+16. The first pterygiophore is inserted between the fifth and sixth interneural spaces.  The first pterygiophore of anal fin is inserted between 14 and 15 haemal spaces.
 Axial skeleton and unpaired fins of S. sarana 
The axial skeleton of S. sarana comprises 30-31 vertebrae, excluding complex vertebrae (Fig.2F).  The number of abdominal and pre-caudal vertebrae is 12+18. The first pterygiophore is inserted between six and seventh interneural spaces.  The first pterygiophore of anal fin is inserted between 17and 18 haemal spaces.

Discussion
Caudal skeleton plays an important role in the systematic of teleost fishes, particularly in depicting phylogenetic information at different taxonomic levels (Johnson and Patterson, 1996; Arratia, 1983). The Presence of four hypurals in the upper lobe of the caudal fin is typical of cyprinids (Buhan, 1972). An individual with three hypurals can often also be found in the population (Buhan, 1972 and Eastman, 1980). In the present study, the presence of four hypurals in six species of Puntius has been noticed in the upper lobe and two on the lower lobe in all six species, as such supports the view of the aforementioned workers. Further, Shantakumar and Vishwanath (2006) and Irfan and Gunawickrama (2011) reported six hypurals in S. sarana. Kotalawala and Jinadasa (1991) opined that cyprinids with six hypurals are considered to be primitive; as such present study revealed that these fishes are primitive. The morphology of hypurals exhibited variations based on the present fish species can be divided into two groups: one group where the first hypural is wider, followed by the fourth hypural and another group, followed by the third hypural. The first neural spine in B. gonionotus, P. sophore and P. conchonius does not support any unbranched lepidotrichs, while in P. ticto and S. sarana it supports one unbranched lepidotrich. Unlike in other species, the first neural spine in P. chola supported two unbranched lepidotrichs. Eastman (1980) reported that the bifurcation of the neural spine is characteristic of cyprinid fishes, which tallies with the finding in P. conchonius. A similar finding has been reported by Sanger and McCune (2002) in the Danio species. The first neural spine also exhibited differences from the rest of the species studied here, as it is wider in B. gonionotus. Second neural spine in the B. gonionotus, P. sophore supported one unbranched lepidotrichs while in P. sophore, P. ticto and S. sarana supported two unbranched lepidotrichs, which is considered to be an important character to recognise this species from others.  Hypural diastema also exhibited differences at the generic level, as at the distal end, the gap is wider in B. gonionotus. The number of lepidotrichs supported by different hypurals is also a species-specific character, which showed remarkable variation between the species. The first hypural supported four branched lepidotrichs in P. sophore and P. conchonius, while other species supported three branched lepidotrichs. The Second hypural supported one branched lepidotrichs in P. sophorewhile in all other species it supported two branched lepidotrichs. The third hypural supported three branched lepidotrichs in all the species except P. conchonius, where it supported two branched lepidotrichs. Further, the third hypural showed differences in its width, and such diagnosed B. gonionotus from other species. Fourth hypural provided attachment to four branched lepidotrichs in P. sophore and P. conchonius, while in all other species it supported three branched lepidotrichs. Further, fifth hypural supported three branched lepidotrichs in P. chola and S. sarana, while in all other species it supported two branched lepidotrichs. Six hypural provide attachment to one branched and one unbranched lepidotrichs in P. ticto, while in P. chola and S. sarana, they support two unbranched lepidotrichs. In all other species, it supported one unbranched lepidotrichs. The morphology of epural and rudimentary neural arch also exhibited species specific variations and followed the view of Sanger and McCune (2002). The size of Parhypural foramen exhibited species-specific variation. Irfan and Gurawickrama (2011) reported that in S. sarana, the variation in the size of the parhypural foramen is not related to fish size.
Conclusion 
Based on osteological study, the number of vertebrae, except for fused vertebrae, also indicated generic variation especially for separating B. gonionotus and S. sarana from the rest of species species. B. gonionotus, P. sophore and P. Conchonius can be separated from P. Ticto and S. sarana based on the number of lepidotrichs attached to the neural spine. B. gonionotus, P.   Conchonius and can be P. chola separated from P. ticto, and P. sophore based on the insertion of dorsal first Pteryiophore, anal fin Pterygiophore was also found significant for distinguishing of all the species studied. The morphology of the caudal skeleton exhibited variation between the present study fish species.  Characters which are considered for separating either at the generic or specific level include that of hypural dastema, shape of different hypural and the number of lepidotrich supported, size of parahypural foramen, overlapping gap between the rudimentary neural arch and epural, shape and size of epural as well as rudimentary neural arch and bifurcation of neural spine which was observed in P. Conchonius. 
On this finding, it is concluded that the osteological trait of the studied barbs would provide important taxonomic tools in the hands of taxonomists to identify and resolve the existing ambiguity between these fishes.   
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 Fig.1 A Barbonymus gonionotus, B. Puntius chola. C. Puntius Sophore, D. Pethia conchonius, E. Pethia ticto, F. Systomus sarana.
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Fig. 2: X-ray images:  A) B. gonionotus, B) P. chola, C) P. sophore.
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Fig. 3: X-ray images: D). P. conchonius, E).  P. ticto, F). S. sarana.
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