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			Abstract | Nature has gone to extreme lengths to make X- and Y- chromosome bearing spermatozoa phenotypically identical so that mammalian sex is determined randomly, with equal chances of male or female offspring. However, from an owner’s point of view the sex of the calf or any other young-one to be born does matter. At present, flow cytometric sorting of sperm based on difference in DNA content of X and Y sperm is the only confirmed commercial method with 90% accuracy but it has certain limitations such as damage of sperm, cost of straw, sorting rate etc. Development of techniques to nullify these limitations is an active area of research. In past, various techniques have been used to separate the X and Y sperm which were based on principle of difference in mass, size swimming pattern, immunological structure and surface charges etc. Some of them showed the encouraging results but lacking scientific validation and some remained yet to be established. It seems inevitable that some techniques will prove to be efficacious. This review is meant to update the knowledge of researchers regarding recent development of sperm sexing in bovine.
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			The FAO has recognized that production of pre-sexed livestock by sperm or embryo sexing, when combined with other biotechnologies, genomics, proteomics or phenomics, for example sperm-mediated gene transfer (De Cecco et al., 2010; Niemann et al., 2011), offers a promising breeding strategy to help meet the increased demand for food production (Rath et al., 2013). Sex pre-selection also decouples the quantity of dairy replacement heifers from those required for milk production (De Vries et al., 2008).

			 

			Commercial dairy farms producing and marketing milk could use sexed semen to produce replacement daughters from genetically superior cows and beef crossbred sons from the remainder of their cow population. It also reduces calving difficulty in first calvers (Seidel, 2007). An increased proportion of female offspring would be desirable in dairy cattle production, whereas an increased proportion of male offspring would be desirable in beef cattle production (Madalena, 2004). 

			History of sperm sexing 

			 

			It’s long back when Democritus, 470-402 BC, suggested that the right testis produced males, whereas the left testis produced females. In the first half of the 20th century advances in the biological sciences, especially genetics, resulted in numerous discoveries, including identification of the sex chromosomes. According to Moruzzi (1979), the difference in total length of the bovine chromosomes between those from bulls and cows is approximately 4.2%. Lush (1925) conducted one of the first significant attempts to pre-select sex with semen of pigs and rabbits. But his study, based on centrifugation, failed to attain any significant skewing of the sex ratio. With the advance of time many new theories and methods were developed for the efficient sexing of semen. More than a dozen approaches to sexing sperm have been attempted, but convincing results were not produced. First attempts to separate X and Y bearing sperms were made by Gledhill et al. (1976) through analytical flow cytometry. The major breakthrough was development of flow cytometry/ cell sorting in the early 1980s Collaboration between Oklahoma State University (OSU) and Lawrence Livermore National Laboratory (LLNL) demonstrated the potential use of flow cytometry to convincingly identify X- and Y-sperm populations based on their DNA content differences. Highly condensed sperm nucleus with unusual shape of sperm head caused difficult in quantitative fluorescence measurement and thus marginal successful in separation of sperms. Pinkel et al. (1982) overcome sperm heads associated problems through development of flow cytometry precisely for sperm sorting that orient the sperm heads with flattened side. Sperm sorting technology was first developed at Lawrence Livermore National Laboratory where Pinkel et al. (1982) separated the X and O sperm nuclei of the Microtus oregoni, which have 9% DNA content difference of its sex determining chromosomes. In 1989, the USDA Beltsville Research Center group reported production of live offspring from sex-sorted, living rabbit sperm. In 1989, a major breakthrough in sperm sexing was reported by Johnson et al. (1989) through production of live offspring from sex sorted live rabbit spermatozoa after surgical insemination in the oviduct. Application to domestic livestock sperm separation was then implemented at Beltsville Agriculture Research Centre, USDA. Flow cytometry for sperm sexing is a patent procedure and patency lies with the M/s X – Y – INC Colorado (USA). Through license of sexing technology to many companies, sexed semen has been produced for nearly 18 different breeds of cattle in USA and in European countries.

			 

			Methods for separation of X- and Y- bearing spermatozoa 

			 

			Centrifugal Counter Current Distribution based on Density Characteristics

			Meistrich (1982) found the difference in density between X-bearing bovine spermatozoa and Y-bearing bovine spermatozoa to be only 0.0007 g/cm3, hence this feature was also not suitable to be exploited as a characteristic to sex sperm. Ollero et al. (2000) have attempted to sex ram spermatozoa by centrifugal counter current distribution using an aqueous two-phase system. 

			 

			Albumin Gradient

			Moruzzi (1979) reported that Y chromosome is smaller than X chromosome. Successful separation of X and Y-bearing spermatozoa using an albumin gradient was first reported by Ericsson et al. (1973). Maxwell et al. (1984) recorded that though the method was effective in increasing the proportion of spermatozoa with motility and elimination of abnormal forms, there was no much difference in the ratio of X- Y- bearing spermatozoa. 

			Swimming Patterns under Laminar Flow

			This method was based on the observation of Sarkar et al. (1984) that Y-bearing spermatozoa swim differently and more quickly than X-bearing spermatozoa in a column of flowing media. The feasibility of this technique is questionable as only 10 % of the total number of spermatozoa placed in the system could be recovered.

			 

			Percoll Density Gradient

			Semen is layered on top of a percoll column and spermatozoa are allowed to penetrate the column. Iwasaki (1988) reported that the technique was not effective in separation of X or Y-bearing spermatozoa.

			 

			Free Flow Electrophoresis

			It is based on the possibility that the electric charge on the surface of X-bearing spermatozoa differs from that of Y-bearing spermatozoa, uses an electric field to separate spermatozoa into the two major classes (Kaneko et al., 1984). Inseminations with semen separated by this technique yielded disappointing results. Blottener et al. (1983) found a birth rate of 50.4% female calves in inseminations carried out on 1185 animals using semen enriched in X-bearing spermatozoa. Another drawback of this technique was an associated reduction in motility of the sperm after being subjected to electrophoresis. 

			 

			Counter Current Galvanic Separation

			Each sperm will have an individual sedimentation velocity that will be influenced by physical forces such as size, shape, mass, specific gravity and difference in density between cell and suspending medium. The selection can be further enhanced by the application of a suitable micro-ampere current that will attract Y-bearing spermatozoa to the anode and X-bearing spermatozoa to the cathode (Bhattacharya, 1977). Foote (1985) emulates the same technique but could not succeed in producing any significant alteration of sex ratio.

			 

			Separation on the Basis of Presence of HY Antigen

			Attempts to inactivate the Y sperm by immunological methods have been tried on the H-Y antigen (Goldberg et al., 1971). Other reports have suggested the usefulness of H-Y antigen as a means of selecting only the X-bearing rabbit spermatozoa (Zavos, 1985). Hoppe and Koo (1984) suggested that X- and Y-bearing spermatozoa probably share the same surface antigen. Watchel (1983) demonstrated the presence of HY antigen in the membrane of both X and Y spermatozoa under normal circumstances. The observation of Watchel (1983) was confirmed by the experimental data of Hendrikssen et al. (1993) which confirmed that there is no preferential expression. Hence sexing the spermatozoa on the basis of HY antigen is not effective.

			Hormonal Manipulation for Sexing of Spermatozoa

			Barat and Leger (1979) and James (1980) reported that administration of clomiphene citrate and or/ gonadotrophins resulted in 8.7% lowering of sex ratio.

			 

			Sperm Sorting based on Volumetric Differences

			Van Munster et al. (1999a) used interference microscopy and subsequent image analysis to demonstrate a difference in sperm head volume that matched differences in DNA content between X and Y-bearing bovine spermatozoa. A method based on this principle has been developed for sorting live spermatozoa by using interference microscopy optics with a flow cytometer (van Munster, 2002). Unfortunately, the potential purity of spermatozoa separated using volumetric measurements cannot exceed 80% purity of either sex based on theoretical considerations (van Munster et al., 1999b)

			 

			Genetic Approaches

			Seidel (1988) suggested a genetic approach for sperm sexing. Herrmann et al. (1999) demonstrated this concept by placing part of this genetic system on the Y chromosome using transgenic procedures. 

			 

			Immunological Sexing of Semen

			Blecher et al. (1999) carried out a study in this aspect. Immunization of male and female rabbits by injecting sperm preparations with Freund’s incomplete adjuvant subcutaneously was done to raise antibodies to sperm membrane proteins. The anti-sperm antisera obtained from the female rabbit were putative “anti-Y” and those obtained from male rabbit were “anti-X” antisera. Sperm doses after suitable treatment were mixed with either of these antisera and incubated for 60 min at 38.5C and 5% CO2. It was found that only the “anti-X” antisera resulted in agglutination of spermatozoa whereas the “anti-Y” antisera failed to show any agglutinations in the spermatozoa. The agglutinated sperm population was separated from the free-swimming sperm by glass wool filtration and the free-swimming sperm population (potentially Y-bearing spermatozoa) was isolated. Bovine embryos were produced in vitro using the isolated sperm population and blastocysts were sexed cytogenetically. The results indicated that 92% of the sexed embryos were male thus marking the technique as one of the potential methods of sperm sorting. This method has to be validated by further experiments and another constraint is that the method was successful in isolating Y-bearing spermatozoa only and attempts to isolate X-bearing spermatozoa by agglutinating Y-bearing spermatozoa was not successful. Beerli et al. (2008) reported that each cellular protein can be recognizable by a set of antibodies, so an immunological approach may be more efficient for detecting proteins with a low concentration. Yang et al. (2014) confirmed that the putative XSSAb contained SSAbs that captured three candidate SSP spots. This provides a potentially more efficient method for sorting sperm and lays a foundation for future search for SSPs. However, additional studies are needed to further confirm the specificity of XSSAb and identify candidate proteins of SSPs.

			 

			Flow-cytometric Sorting of Semen

			Sexing of X- and Y-chromosome bearing sperm based on the difference in DNA content is the most reliable and repeatable method to produce sex-preselected animals. Since the first report by Johnson et al. (1989) in rabbits, flowcytometric sexing technology has been shown to be efficacious in several species including buffalo (Johnson, 2000; Seidel Jr and Garner, 2002; Maxwell et al., 2004; Lu et al., 2007; Liang et al., 2008). The earlier studies failed to notice difference in the DNA content between X- and Y- bearing sperm because of random orientation of the sperm in the flow-cytometer fluid stream (Johnson and Welch, 1999). The first flow sorting of sperm for purpose of isolating X from Y-bearing spermatozoa was reported by Pinkel et al. (1982). The work was done by using a specially built orienting flow cytometer using sperm from the creeping vole (Microtus oregoni). 

			 

			The difference in DNA content between X and Y sperm of many animals has been quantified (Johnson, 2000; Parrilla et al., 2004; O’Brien et al., 2005; Lu et al., 2013) (Table 1) . 

			 

			Table 1: Differences in DNA content between X and Y spermatozoa in different species

			
				
					
					
					
				
				
					
							Species
							% of more DNA of X sperm than Y sperm 
							References
					

					
							
							Cattle 

						
							
							3.8

						
							
							Garner et al., 1983

							Garner, 2001, 2006 

							Johnson and Welch, 1999 

							Johnson, 2000

						
					

					
							
							Buffalo 

						
							
							3.6

						
							
							Johnson, 2000 

							Lu et al., 2006

						
					

					
							
							Sheep 

						
							
							4.2

						
							
							Johnson, 1995, 2000 

						
					

					
							
							Goat 

						
							
							4.4

						
							
							Parilla et al 2004

						
					

					
							
							Horse 

						
							
							3.7

						
							
							Johnson, 2000 

						
					

					
							
							Swine 

						
							
							3.6

						
							
							Johnson, 2000 

						
					

					
							
							Human 

						
							
							2.8

						
							
							Johnson, 2000 

						
					

					
							
							Rabbit 

						
							
							3.0

						
							
							Johnson, 2000 

						
					

					
							
							Camel 

						
							
							3.3

						
							
							Johnson, 2000 

						
					

					
							
							Bison 

						
							
							3.6

						
							
							Johnson, 2000 

						
					

					
							
							Yak 

						
							
							3.6

						
							
							Johnson, 2000 

						
					

				
			

			

			 

			AI with sexed sperm for production of sex-preselected offspring has been successful in cattle (Seidel et al., 1999), Sheep (Cran et al., 1997; Hollinshead et al., 2002), Horse (Buchanan et al., 2000) and Pig (Johnson, 1991; Grossfeld et al., 2005). There were two reports on the application of AI with sexed sperm in buffalo. One was from Presicce et al. (2005) in which a conception rate of 42.8% was observed in Mediterranean Italian buffaloes following Ovsynch protocol and AI with sexed sperm, and another was from the aboratory (Lu et al., 2010). AI with sexed sperm is successful in practice in term of rate of calve born and the sex accuracy (Lu et al., 2013)

			 

			Sperm sorting for X/Y separation is dependent on the sperm’s orientation (Johnson and Pinkel, 1986) to the laser beam so as to reduce variability sufficiently to distinguish the small difference in DNA content of the sperm. Due to the compactness of sperm chromatin, differential fluorescence is exhibited from the edge of the cell compared to the more transparent flat side of the sperm head. This leads to variable DNA fluorescence that masks the small (3-4%) X/Y DNA differences of many mammals. A significant enhancement in orientation was gained by the use of a new orienting nozzle system. By using this new nozzle, instead of only 20-30% of the sperm being oriented properly, the oriented population was changed to 65-70% of the total. This improvement alone increased the sorting speed from less than 0.4 million per hour to 0.8 to 1.0 million sperm per hour using a standard speed sperm sorter. The other development was the use of a high-speed cell sorter along with the new orienting nozzle. This was made possible by bringing about some minor adjustments to the nozzle so that it could be attached to a high-speed cell sorter. This adaptation to high-speed sorting was successful in increasing the speed again by several folds. 

			 

			Sperm sexing by flow cytometric sorting (Johnson et al., 1989) requires two stages of extensive semen dilution. Some of the apparently detrimental changes observed after flow-cytometric sorting of spermatozoa may be due to the removal of decapacitation factors present in seminal plasma as a result of extensive dilution (Maxwell and Johnson, 1999). The first stage of dilution involves a 100- to 200 fold, in the case of boars and bulls, or 500- to 1000- fold extension in the case of rams, of the raw semen in preparation for staining with the DNA- permeant Hoechst 33342 flouro-chrome required for differentiation of X- and Y- bearing spermatozoa. The second occurs after passage through the flow cytometer or cell sorter, when the sorted spermatozoa are projected with the sheath fluid into the collection tube. This extension results in a 3,000- to 30,000- fold final dilution (depending on the species) of the original ejaculated spermatozoa. The spermatozoa and sheath fluid are collected in a tube containing test-yolk (2 or 20%), which provides protection from the combined effects of dilution by sheath fluid and potential physical damage to the sperm cells from projection into the collection tube (Johnson, 1995). A large proportion of the sperm are able to reach the lower portion of the tube containing the Test-yolk medium in which they are concentrated. 

			 

			Sexed bovine semen can be used successfully in in vitro fertility systems (Lu et al., 1999). Artificial insemination with sexed sperm has been accomplished successfully in humans (Fugger, 1999). 

			 

			Limitations of Sperm Sexing

			 

			Percentages of motile sperm post- thaw are diminished (<10%) by the flow cytometric sorting process. 

			 

			Higher laser intensities are found to damage sperm more than the lower intensities, though there was no effect of dye concentration on sperm damage (Schenk et al., 1999). Reduced male fertility and differences in fertility in sorted spermatozoa among males could be due, in part, to DNA damage (Libbus et al., 1987). Spermatozoa, like other non-dividing cells, are less susceptible to light radiation damage, but sperm cannot repair themselves after such damage occurs. Sperm possessing damaged DNA are capable of fertilizing an oocyte, and the oocyte can repair DNA damage to some extent after fertilization (Brandriff and Pederson, 1981). 

			 

			A possible disadvantage of this technique is the use of an UV-excitable DNA specific stain. Although numerous healthy animals have been born using this technique, the risk of cytotoxic and or mutagenic effects cannot be ruled out completely. Reductions in fertility (Johnson, 1991; Mcnutt and Johnson, 1996) and negative effects on the rate of blastocyst formation (Merton et al., 1997) have been reported after sorting sperm cells. Johnson et al. (1989) postulated that fluorochrome dyes reduced embryonic viability and mid-gestation pregnancy rate. AI with flow sorted rabbit sperm resulted in fewer fetuses between days 7 and 14 of gestation than non-sorted sperm (Mcnutt and Johnson, 1996). However, Seidel et al. (1998) found no excess embryonic loss between 1 and 2 months of gestation in heifers inseminated with sorted sperm. 

			 

			Procedure is relatively slow, potentially invasive and requires specialized, expensive and immobile equipment and highly skilled operators.

			 

			The cost of the sexed semen is prohibitively high in the present. However, availability and use of especially designed flow sorters could reduce per unit cost of sexed semen to around $ 9 to $12 (Amann, 1999). Moreover the development of newer techniques of sorting semen like the immunological approach could reduce the final cost of sexed semen making it affordable for the common farmer. The present day methods of sexing are not able to sex semen with 100% purity even though they can attain a high degree of purity of around 90%.

			Conclusion 

			 

			Sexing of semen has applications in both large and small scale farming systems. Though many methods of sexing spermatozoa have been reported, most of them need to be scientifically validated. At present, flow cytometric sorting of spermatozoa based on the difference in DNA content of X and Y-bearing spermatozoa is the only confirmed method of sperm sexing. But the method is expensive, time taking and doubts of potential harmful effects on spermatozoa have been raised. Sperm surface markers specific for X and Y spermatozoa may be a used as a tool for sperm sexing. One can also think about killing of unwanted sex bearing spermatozoa either at the production site or development designer bulls that produce only one type (either X or Y) of spermatozoa by knocking out the other type. These newer methods will circumnavigate the past limitations and thus making sperm sexing process viable commercially. 
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Abstract | Nature has gone to extreme lengths to make X- and Y- chromosome bearing spermatozoa
phenotypically identical so that mammalian sex is determined randomly, with equal chances of male or
female offspring. However, from an owner’s point of view the sex of the calf or any other young-one to be
born does matter. At present, flow cytometric sorting of sperm based on difference in DNA content of X and
Y sperm is the only confirmed commercial method with 90% accuracy but it has certain limitations such as
damage of sperm, cost of straw, sorting rate etc. Development of techniques to nullify these limitations is an
active area of research. In past, various techniques have been used to separate the X and Y sperm which were
based on principle of difference in mass, size swimming pattern,immunological structure and surface charges
etc. Some of them showed the encouraging results but lacking scientific validation and some remained yet to
be established. It seems inevitable that some techniques will prove to be efficacious. This review is meant to
update the knowledge of researchers regarding recent development of sperm sexing in bovine.
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he FAO has recognized that production of pre-sexed

livestock by sperm or embryo sexing, when combined
with other biotechnologies, genomics, proteomics or phe-
nomics, for example sperm-mediated gene transfer (De
Cecco et al., 2010; Niemann et al., 2011), offers a promis-
ing breeding strategy to help meet the increased demand
for food production (Rath et al., 2013). Sex pre-selection
also decouples the quantity of dairy replacement heifers
from those required for milk production (De Vries et al.,

2008).

Commercial dairy farms producing and marketing milk
could use sexed semen to produce replacement daughters
from genetically superior cows and beef crossbred sons
from the remainder of their cow population. It also reduc-
es calving difficulty in first calvers (Seidel, 2007). An in-
creased proportion of female offspring would be desirable
in dairy cattle production, whereas an increased proportion
of male offspring would be desirable in beef cattle produc-
tion (Madalena, 2004).

HISTORY OF SPERM SEXING

It’s long back when Democritus, 470-402 BC, suggested
that the right testis produced males, whereas the left testis
produced females. In the first half of the 20th century ad-
vances in the biological sciences, especially genetics, result-
ed in numerous discoveries, including identification of the
sex chromosomes. According to Moruzzi (1979), the dif-
ference in total length of the bovine chromosomes between
those from bulls and cows is approximately 4.2%. Lush
(1925) conducted one of the first significant attempts to
pre-select sex with semen of pigs and rabbits. But his study,
based on centrifugation, failed to attain any significant
skewing of the sex ratio. With the advance of time many
new theories and methods were developed for the efficient
sexing of semen. More than a dozen approaches to sexing
sperm have been attempted, but convincing results were
not produced. First attempts to separate X and Y bearing
sperms were made by Gledhill et al. (1976) through ana-
lytical flow cytometry. The major breakthrough was devel-
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