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ABSTRACT 

	Aims: The present study aimed to evaluate fertility and hatchability rates of cryopreserved semen from the Horasi chicken ecotype, thereby completing the development of a functional semen cryopreservation protocol for this ecotype.
Study design:  Factorial experiment, in a completely randomized design.
[bookmark: _Hlk219725209]Place and Duration of Study: Department of Laboratory (semen laboratory), National Artificial Insemination Centre (NAIC), between April and October 2025.
Methodology: Semen was collected from Horasi cockerels using abdominal massage technique and examined for motility, viability, and morphology. Assessed semen was pooled and diluted (1:2 ratio) with specific extenders: Beltsville Poultry Semen Extender (BPSE) and CARI each supplemented with 4% of a specific cryoprotectant (dimethyl sulfoxide (DMSO) or dimethyl formamide (DMF)), and packed in 0.5 mL, and 0.25mL French straws before cryopreservation. Thawing was performed under two conditions (5oC for 100 sec, and 37oC for 30 sec), while artificial insemination was carried out using two different semen volumes (0.5mL, and 0.25mL), and frequencies (once or twice weekly). 
Results: All tested parameters significantly (p<0.05) affected fertility and hatchability outcomes. The optimal combination of BPSE with 4% DMSO, thawed at 5oC for 100 sec, twice weekly inseminated with 0.5mL of semen, resulted in better fertility and hatchability rates (81.27 ± 12.23 and 76.27 ± 8.99, respectively) comparable to fresh semen (84.28 ± 6.52 and 72.66 ± 14.79, respectively). In contrast, the poorest performance (fertility: 10.73 ± 8.04, hatchability: 2.64 ± 4.90) was observed with CARI containing 4% DMF, thawed at 37oC for 30 sec, and inseminated once weekly with 0.25mL of semen. 
Conclusion: Cryopreservation of chicken semen using BPSE with 4% DMSO followed by thawing at 5oC for 100 sec and two times insemination per week with 0.5mL package resulted into acceptable level of fertility and hatchability in Horasi chicken ecotype. The developed protocol can be used in gene bank conservation and breeding programs to support sustainable use of the Horasi chicken ecotype.
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1. INTRODUCTION 

Poultry industry is a key livestock subsector in most of developing countries playing an important role in terms of income generation, employment opportunities, improving family nutrition, and empowering women (Guèye, 2000). Efforts to improve the production of indigenous chickens in Tanzania have focused on boosting their reproductive and production performances (Kapella et al., 2023). For example, Msoffe et al. (2001) assessed the productivity and reproductive efficiency of Tanzania’s free-range ecotypes, while Mwalusanya et al. (2002) examined the performance of village hens under community-based management systems. Guni et al. (2013) characterized local chickens in the Southern Highlands on production and morphometric traits, followed by Magonka et al. (2016), who evaluated the performance of indigenous chickens under semi-intensive conditions in the Central Zone. These studies revealed substantial genetic and phenotypic diversity in Tanzania’s indigenous chicken populations (Msoffe et al., 2004).
Among indigenous chicken kept in Tanzania, Horasi ecotype has demonstrated superior performance in many traits including growth rate, egg production, and meat yield compared to other local ecotypes (Guni et al., 2013; Magonka et al., 2016). Recognizing this potentiality, the Tanzania Livestock Research Institute (TALIRI) initiated a selective breeding program for the Horasi chicken ecotype, focusing on mass selection for egg and meat production as well as artificial insemination (AI) using freshly collected semen for genetic control. Despite limited semen volume per cock, AI achieved higher fertility (98.5%) and hatchability (86.8%) than natural mating (67.8% and 29.6%, respectively) (Buliro et al., 2022). These results align with findings by Mohan et al. (2018), who reported that AI improves the fertility outcomes compared to natural mating.
To support the implementation of AI, additional studies were conducted to evaluate semen quality, identify suitable diluents and dilution rates, assess fertilizing capacity of extended Horasi semen, and develop protocols for short-term (48hours) semen preservation that are suitable for the Horasi chicken ecotype. Remarkably, findings showed that Horasi cockerels produce semen of good quality, suitable for AI and cryopreservation (Burilo and Kashoma, 2023a). Furthermore, Beltsville Poultry Semen Extender (BPSE) when used at a 1:2 ratio with semen was found to maintain motility, viability, and fertilizing potential under liquid storage at 4oC (Burilo and Kashoma, 2023b; Burilo and Kashoma, 2023c).
Cryopreservation of poultry sperm is crucial not only for facilitating artificial insemination but also for maintaining genetic diversity, disease control, conserving endangered species, and improving genetic material preservation (Sun et al., 2022). For several years studies have been directed to define the best conditions of freezing to avoid cell damages while maintaining fertilization ability. Researches on extenders (Lake, BPSE, CARI) cryoprotectants (glycerol, dimethyl-sulphoxide, dimethyl formamide, dimethyl acetamide, ethylene-glycol), dilution, cooling and thawing rates, package and freezing methods were key factors explored (Abouelezz et al., 2017; Khiabani et al., 2017; Lotfi et al., 2017; Miranda et al., 2018; Petričáková et al., 2022). However, the success of semen cryopreservation is highly dependent on the vigilant selection and optimization of extenders, cryoprotectants, and insemination protocols, which collectively lessen the freezing-induced damage to sperm and maximize post-thaw fertility and hatchability (Arif et al., 2025). Although several techniques for cryopreservation of avian semen have been developed and shown auspicious results on sperm vitality and fertilization rates in different breeds and lines of chicken (Blesbois, 2007; Svoradová et al., 2021; Arif et al., 2025), factors such as types of semen extenders, cryoprotectants, pre-freezing conditions, packaging, and freezing–thawing rates, significantly influence the efficiency of cryopreservation. Therefore, a robust semen cryopreservation method is required to improve long-term viability and fertility for some chicken ecotypes such as Horasi chicken to support long-term genetic conservation and multiplication through AI programs. Thus, this study’s goal was to assess the cryopreservation and insemination protocols for good fertility and hatchability of Horasi chicken ecotype semen.

2. material and methods 
2.1 Study location
[bookmark: _Hlk180634472]The current study was carried out at the National Artificial Insemination Centre (NAIC) (3°22'14.26"S, 36°50'15.54"E), which is located on the southern slopes of Mount Meru in Northern Tanzania. The Centre (NAIC) is elevated at 900 to 1,600 meters (3,000 to 5,200 feet) above sea level. The area has a tropical climate with two distinct seasons a year (dry and wet seasons). It has a bimodal precipitation with short rains falling from October to December and long rains from March to May. NAIC receives an average annual rainfall of 842 mm with a range of between 500 mm and 1200 mm (Chang’a et al. 2021). While the ambient temperature typically ranges between 13 and 30°C with an average annual temperature of about 25°C. The coolest month is July and the warmest month is February. The relative humidity varies from 55 to 75% (Anderson et al. 2012).
2.2 Experimental chicken and management
This study was conducted from March 2025 to October 2025. A total of 308 Horasi chicken comprising of 288 hens and 20 cockerels aged 48 weeks to 56 weeks, were used in this experiment. All the cockerels and hens were identified using numbered wing band, and housed individually in battery cages under 12 hours of day light. The chickens were maintained in stress-free environment, fed standard diet, given plenty water, dewormed, and vaccinated to prevent common viral diseases such as Newcastle Disease, Infectious Bursal Disease and Fowl pox. Deworming was performed regularly through drinking water at 3 months interval by alternating Piperazine citrate and Albendazole medications. Strictly biosecurity and prompt house cleaning were observed to control introduction and spread of poultry diseases. Before commencement of research, ethical approval was obtained from The Tanzania Livestock Research Institute Ethical Committee (TLRI/CC.21/050).
2.5 Semen collection, evaluation, and storage 
Semen from the cockerels was collected in the morning (8.00 to 9.00), a day before insemination by using the abdomen massaging procedure as demonstrated previously (Burrows and Quinn, 1935; Burilo and Kashoma, 2023a). Care was taken to avoid semen contamination with cloacal product. After collection, ejaculates from all cockerels were placed in a cool box maintained at a temperature ranging from 4oC to 5oC, and transported to the laboratory for evaluation. Spermatozoa concentration and motility were evaluated using a computer-assisted sperm analysis system (CASA; Sperm Class Analyzer®, version 6.3.0.59, Microptic, Barcelona, Spain). Sperm viability and morphology were assessed using the eosin-nigrosine staining as previously described elsewhere (Agarwal et al., 2016; Burilo and Kashoma, 2023a). Semen with good quality (> 5.5 x 109 sperms per ml, >70% motility, >80% viability and > 80% normalcy) was pooled together to reduce the impact of individual differences. The pooled semen samples were divided into two aliquots; The first aliquot was used to inseminate hens in the control sub-groups using fresh undiluted semen.  The second portion of semen was divided into four aliquots and each diluted at a ratio of 1:2 (Semen: diluent) with specific extenders; Beltsville Poultry Semen Extender (BPSE) and CARI) and cryoprotectants (DMSO and DMF). In summary, first each semen aliquot was diluted with specific extender to a concentration of 1500 million spermatozoa per ml. Semen cryopreservation was performed according to Thélie et al. (2019). Briefly, the mixture (semen and extender) was gently agitated and cooled for equilibration at +4°C for 2 hours. After equilibration, semen was packed into 0.25mL (300×106 sperms/dose) and 0.5 mL (600×106 sperms/dose) plastic French straws (IMV Technologies, L’Aigle, France) using an automatic filling, and sealing machine. The straws were taken to a cold cabinet and went through series of steps of freezing procedure using a programmable freezing unit (IMV, Technologies-Digitcool L’Aigle, France) and subsequently immersed in liquid nitrogen for storage at -196°C until further used.
2.4 Experimental setup.
[bookmark: _Hlk196357222][bookmark: _Hlk196135161][bookmark: _Hlk181232685][bookmark: _Hlk196189467][bookmark: _Hlk196189316][bookmark: _Hlk181235378][bookmark: _Hlk196189377][bookmark: _Hlk200684009][bookmark: _Hlk181233629][bookmark: _Hlk181236000][bookmark: _Hlk196189513][bookmark: _Hlk181236055][bookmark: _Hlk181236069][bookmark: _Hlk214206561]This investigation involved a 2 x 2 x 2x 2 x 2 factorial experiment with two semen extenders; Beltsville Poultry Semen Extender (BPSE) and CARI, two cryoprotecting agents; Dimethyl sulphoxide (DMSO) and dimethyl formamide (DMF), two thawing conditions (5℃ for 100sec, and 37℃ for 30 sec), two insemination volumes (0.25mL and 0.5mL), and two frequencies of insemination (once and twice a week) in a completely randomized design (CRD). To affect this experiment, hens were categorized into eight (8) groups, each comprising 32 hens. The first group was inseminated using semen diluted with BPSE containing 4% DMSO, and thawed at 5℃ for 100sec; the hens in second group were inseminated using semen diluted with BPSE  containing 4% DMSO cryoprotectant, and thawed at 370C for 30 sec; the third group hens were inseminated using semen diluted with BPSE containing 4% DMF, and thawed at 50C for 100sec;  the hens in the fourth group were inseminated with semen diluted with BPSE containing 4% DMF, and thawed at 37℃ for 30 sec; the fifth group of hens was inseminated using semen diluted with CARI containing 4% DMSO, and thawed at 5℃ for 100sec; the sixth group was inseminated using semen diluted with CARI containing 4% DMSO, and thawed at 37℃ for 30 sec; seventh group inseminated using semen diluted with CARI containing 4% DMF, and thawed at 5℃ ℃ for 100sec; and eighth group of hens was inseminated using semen diluted with CARI containing 4% DMF, and thawed at 370C for 30 sec. From each insemination group, hens were further divided into four sub-groups each with 8 hens; the first sub-group received 0.25mL of semen once per week, the second sub-group was inseminated with 0.25mL of semen twice per week, the third sub-group received 0.5mL of semen once per week, and the fourth sub-group received 0.5 mL of semen twice per week. In line with these sub-groups, four control sub-groups were created each with 8 hens and inseminated with undiluted semen following four insemination protocols: the first sub-group receiving 0.25mL semen one a week, the second sub-group getting 0.25mL of semen twice a week, the third sub-group 0.5mL once a week, and the fourth sub-group inseminated with 0.5mL of semen twice a week.
2.6 Artificial insemination 
AI procedure was performed by two skilled and experienced technicians used intravaginal method in the afternoon (between 15:00 and 16:00) as previously described by Chankitisakul et al. (2022). For frozen semen, straws were thawed at specific thawing conditions (5℃ for 100 sec, and 37℃ for 30 sec). The sealed end of straws was cut and semen expelled into sterile Eppendorf tube before insemination utilizing specific protocol for each sub-group. 
2.7 Egg collection, incubation, candling and hatching
Eggs were collected from days 2 after the first insemination until day 7 following the last insemination.  Collected eggs were labelled and stored on plastic trays at a controlled ambient temperature ranging from 21℃ to 25℃ and relative humidity of 75% before being incubated for 21 days. On the seventh day of incubation, eggs were candled to evaluate for fertility and embryonic mortality. After candling, fertile eggs were further incubated for 14 days to complete hatching. During candling, all clear eggs were opened to confirm the absence of embryonic development. The following formulae were used to compute for fertility, embryonic mortality and hatchability (Ajayi and Agaviezor, 2016; Buliro et al., 2022: Burilo and Kashoma, 2023c)
(i) [bookmark: _Hlk196198098]Percentage Fertility = (fertile eggs / total eggs set) x100
(ii) [bookmark: _Hlk196198120]Percentage Hatchability = (hatched eggs / total eggs set) x 100 
(iii)  Percentage embryonic mortality = (dead embryos/ total eggs set) x 100
[bookmark: _Hlk181240671]Egg fertility, hatchability, and embryonic mortality were determined based on the total number of eggs laid and set for incubation. 
2.8 Statistical investigation
Data were analysed using a General Linear Model (GLM) in SPSS version 26.0 IBM` Corp. The effects of extender, cryoprotectant, thawing condition, semen volume, and insemination frequency on fertility, hatchability, early and late embryonic mortalities, as well as their interactions were evaluated using univariate multifactorial ANOVA. The differences between significant factors were determined by using Estimated Marginal Means (Mean ± SE). Comparisons between cryopreserved and fresh semen were conducted by including semen type, semen volume, and insemination frequency as fixed factors in the model. Differences in fertility, embryonic mortality, and hatching rates between extenders, cryoprotectants, thawing conditions, semen volumes, and insemination frequencies were regarded significant at P < 0.05.

3. results and discussion

[bookmark: _Hlk213487392][bookmark: _Hlk213487874]3.1 Effects of semen extenders, cryoprotecting agents, and thawing conditions on egg fertility, hatchability, early, and late embryonic mortalities. 
Significant (P<0.001) main effects were observed for extenders, cryoprotectants, thawing conditions, semen volume, and insemination frequency on fertility, and hatchability, whereas only extenders, and cryoprotectants significantly (P<0.05) influenced early mortalities (Table 1). Significant (P<0.05) two-way (Extender × Cryoprotectants) interaction was only observed on hatchability (Table 1), whereas significant (P<0.05) three-way (Extender × Cryoprotectants × Thawing conditions) interaction were observed on hatchability, and early mortalities as presented in Table 1.  All other (two way, three-way, four way and five way) interactions which have not been presented in Table 1, affected egg fertility, hatchability, early, and late embryonic mortalities, but the differences were not significant (P<0.05).
[bookmark: _Hlk213468032] Table 1. Summary of F and P values for fertility, hatchability, early, and late embryonic mortalities at different factors and their interactions
	Source
	Fertility
	Hatchability
	Early mortalities
	Late mortalities

	Extender 
	90.432***
	163.496***
	9.108*
	0.188(ns)

	Cryoprotectant 
	26.806***
	57.750***
	10.506*
	3.140(ns)

	Thawing condition
	348.987***
	448.514***
	3.358(ns)
	0.886(ns)

	Volume
	17.365***
	21.559***
	0.174(ns)
	0.399(ns)

	Frequency
	64.514***
	94.435***
	2.025(ns)
	0.124(ns)

	Extender × Cryoprotectants
	1.375(ns)
	9.783*
	3.141(ns)
	0.599(ns)

	Extender × Cryoprotectants × Thawing conditions
	0.045(ns)
	5.836*
	6.336*
	0.071(ns)


* = P<0.05, ** = P<0.01, *** = P<0.001, ns = not significant
3.2. Performance of semen extender, cryoprotectant, thawing condition, semen volume, and insemination frequency on egg fertility, hatchability, early, and late embryonic mortalities
[bookmark: _Hlk219728000]Egg fertility, and hatchability varied significantly (P<0.05) between semen extenders, cryoprotectants, thawing conditions, semen volume, and insemination frequencies as evidenced in Figure 1.
 Semen extended by using BPSE led to higher fertility and hatchability rates than CARI diluent (Figure 1A). These results align with previous observations by Burilo and Kashoma (2023c), who reported similar performance using BPSE to preserve Horasi semen at 4oC for 48 hours. Comparable outcomes have also been documented in other avian species such as turkey (Burrows and Quinn, 1937; Douard et al., 2005; Long and Conn, 2012), chicken (Sexton, 1977; Sexton and Fewlass, 1978; Lake and Ravie, 1979; Van Wambeke, 1984; Figueiredo et al., 1999), and ducks (Kasai et al., 2000; Penfold et al., 2001) where BPSE maintained good fertility during preservation. However, contrasting findings were reported by Tang et al. (2021), who observed reduced fertility in Isa and White leghorn chickens when semen was preserved using BPSE. Additionally, other studies using BPSE combined with 4% DMSO reported fertility rates between 38.2% and 41.g% (Graham et al., 1982; Blesbois et al., 2007), which are lower than the rates in the current study. The superior fertilizing ability and hatchability observed with BPSE compared to CARI diluent, may be attributed to BPSE’s closer resemblance to avian seminal plasma in terms of ionic composition, osmolarity, and buffering ability (Bustani and Baiee, 2021). BPSE maintains intracellular ion balance and membrane stability during cooling and freezing, which is essential for preserving sperm fertilizing ability (Lake and Ravie, 1979; Sexton, 1977). BPSE also provides effective pH stabilization, limiting acidification caused by sperm metabolism during storage. Stable pH is critical for preserving acrosomal integrity and sperm-egg interaction, particularly under child or cryopreserved conditions (Van Wambeke, 1984). Additionally, BPSE has been reported to support sperm survival in the hen’s sperm storage tubules, resulting in sustained fertility after insemination (Sexton and Fewlass, 1978).
[bookmark: _Hlk199374457]Between DMSO and DMF, semen cryopreserved using DMSO had higher fertilizing potential, and hatchability compared to DMF (Figure 1B).  Semen cryoprotectant are important in protecting sperm from detrimental effects of ice crystal formation, chemical exposure, and osmotic stress which occur during freezing and thawing. In comparing cryoprotectants used in this study, DMSO outperformed DMF in preserving the fertility of Horasi chicken semen. This observation contrasts with earlier studies by Graham et al. (1982), where 4% DMSO yielded lower fertility outcomes. Similarly, 6% DMF has previously demonstrated superior results in Ganders (Santiago-Moreno et al., 2011) and Guinea fowls (Seigneurin et al., 2013), with fertility rates of 83.78% and 70.7% respectively. In Thai native chickens, 6% DMF also produced fertility rates ranging from 66.8%to 91.9% (Chauychu-noo et al., 2017; Thananurak et al., 2019; Thananurak et al., 2020; Chauychu-noo et al., 2021). The observed inconsistences may be attributed to species-specific or non-specific interactions of cryoprotectants with sperm membranes or the female reproductive tract components, or both of them (Seigneurin et al.,2013). Avian spermatozoa exhibit marked interspecific variation in membrane lipid structure, cholesterol to phospholipid ratio, and polyunsaturated fatty acid content, all of which influence cryoprotectant penetration, osmotic stress, and cytotoxicity during freezing and thawing (Hammerstedt et al., 1990; Watson,2000). DMSO is characterized by high membrane permeability, allowing rapid intracellular equilibration and effective suppression of ice crystal formation (Arif et al., 2025). However, its fertilizing potential is highly dependent on precise control of concentration, equilibration time, and freezing-thawing kinetics (Graham et al., 1982; Blesbois and Brillard, 2007). Therefore, under optimized conditions, as applied in the current study, DMSO may provide superior protection of membrane integrity, mitochondrial function, and acrosomal stability, thereby enhancing fertilization and embryo viability. Furthermore, cryoprotectants may interact differently with the female reproductive tract, influencing sperm survival, and storage in sperm storage tubules (Seigneurin et al., 2013). These combined factors likely explain the lower fertility and hatchability observed with DMF in Horasi chickens compared with DMSO.
[bookmark: _Hlk217081903][bookmark: _Hlk219796969][bookmark: _Hlk200336512]Thawing temperature and duration are critical determinants off post-thaw sperm function, as the regulate ice recrystallization, membrane phase transitions, and reorganization of membrane proteins during warming (Hammerstedt et al., 1990; Watson,2000). In the current study, semen thawed at 5℃ for 100 sec produced higher fertility and hatchability than semen thawed at 37℃ for30 sec (Figure 1C). These findings are contrary to that reported in Ghagus chickens, where thawing at 37℃ for30 sec yielded fertile eggs, while no fertility was observed at 5℃ for 100 sec (Shanmugam and Mahapatra, 2021). Nevertheless, other studies have demonstrated the effectiveness of 5oC thawing for longer durations, such as 5 minutes in improving fertility (Chauychu-noo et al., 2017; Thananurak et al., 2019). Additionally, thawing at 37℃for 30 sec yielded higher fertility (60% to 74.1%) in White leghorn and Ross chickens than those observed in our study (Mehdipour et al., 2018; Mehdipour et al., 2020; Najafi et al., 2020; Shahverdi et al., 2015; Siari et al., 2022). These differences emphasize that optimal thawing conditions are not universal, but depend on interactions among breeds, or ecotype, type of cryoprotectant and concentration, freezing rate, and post-thaw insemination management. Collectively, the present results indicate that thawing at 5℃ for 100 sec provided a more favourable warming condition for Horasi chicken sperm, minimizing cryo-injury and enhancing fertilizing ability and hatchability under the conditions applied in this study.
The volume of semen used for insemination and the frequency of insemination significantly impacted fertility and hatchability outcomes (Figure 1D & E). A volume of 0.5mL yielded better performance than 0.25mL, consistent with previous findings by Burilo and Kashoma (2023c), who reported improved fertility and hatchability using 0.5mL over 0.1mL of diluted semen. Similarly, Burrows and Quinn (1938) found that semen volumes between 0.2 and 0.05cc gave fertility rates comparable to natural mating, whereas volumes below 0.05cc yielded reduced fertility. Furthermore, insemination twice weekly significantly enhanced fertility and hatchability compared to once weekly insemination. This observation is supported by findings in Nera Black breeder chickens, where an insemination interval of three days produced higher fertility (52.65%) and hatchability (39.65%) than large intervals (Ewuola et al., 2020). Previous studies (Resende et al., 1976; MCCarteney, 1976; Pym, 1966) also documented improved fertility with twice a week insemination in chickens. The positive effect of higher semen volume and insemination frequency is likely related to the greater number of viable spermatozoa deposited and replenished in the hen reproductive tract, increasing the possibility of successful movement and storage within the sperm storage tubules (SSTs) (Brillard, 1993; Bakst et al., 1994). Because cryopreservation reduces sperm viability, increasing semen volume and insemination frequency may partially compensate for cryo-induced losses by ensuring an adequate sperm population capable of sustained fertilization (Brillard and Bakst, 1990). Consistence with this biological principle, there is a broad agreement that inseminating two or three times per week is necessary to achieve optimal fertility with cryopreserved semen (Blanco et al., 2012; Partyka et al., 2012; Santiago-Moreno et al., 2012; Thélieet al., 2019). Therefore, these findings indicate that appropriate semen volume and insemination frequency acting synergistically to compensate for cryopreservation induced reductions in sperm survival and persistence, thereby maximizing fertility and hatchability.
Interestingly, despite the effects of these variables on fertility and hatchability, neither early nor late embryonic mortalities were significantly influenced by any of the evaluated factors (Figure 1). This observation suggests that once fertilization is achieved, embryonic development may proceed independently of the specific semen processing protocols used. Several studies have similarly shown that embryonic survival is more closely linked to intrinsic factors such as genetic back ground, maternal nutrition, and incubation conditions, rather than the semen handling technique (Elibol and Brake, 2006; Ewuola et al., 2020; Pokhrel et al., 2021). Furthermore, it is possible that all treatment groups achieved a threshold level of sperm quality sufficient for normal embryonic mortality. These findings reinforce the notion that while semen quality parameters significantly affect fertilization rates, their influence on post fertilization development may be limited when minimum viability thresholds are met.
[image: ]
[bookmark: _Hlk199373041]Fig. 1. The impact of semen extenders (A), cryoprotectants (B), thawing conditions (C), semen volume (D), and insemination frequencies (E) on egg fertility, hatchability, early, and late embryonic mortalities

3.3. Interaction impacts of semen extenders, cryoprotectants, thawing conditions with different semen volumes, and insemination frequencies on fertility, hatchability, early and late embryonic mortalities.
In all semen extenders, cryoprotectants, and thawing conditions; egg fertility, and hatchability were observed to increase as the amount of semen and insemination frequency was increasing as indicated in Table 2. Semen cryopreserved by using BPSE with 4% DMSO, thawed at 5℃ for 100 sec, inseminated with 0.5mL of semen two times a week exhibited higher fertility, and hatchability rates (81.27 ± 12.33, and 76.27 ± 8 .99 respectively), whereas the lowest fertility, and hatchability rates(10.73 ± 8.04, and 2.64 ± 4.90 respectively) as indicated in Table 2 were recorded in semen cryopreserved by using CARI diluent with 4% DMF, thawed at 37℃ for 30 sec, inseminated with 0.25mL of semen once a week(Table 2).
[bookmark: _Hlk216060618][bookmark: _Hlk216060542][bookmark: _Hlk216060585]Based on the finding presented in Table 2, both early and late embryonic mortalities were not significantly (P<0.05) influenced with extenders, cryoprotectants, thawing conditions, semen volumes, and insemination frequencies (P < 0.05).  Early embryonic mortalities were higher in semen extended with CARI extender containing 4% DMF, thawed at 5℃ for 100 sec, inseminated with 0.25mL of semen once a week. And lower proportion of early embryonic mortalities were observed in semen extended with BPSE containing 4% DMSO, thawed at 5℃ for 100 sec, inseminated with 0.5mL of semen twice a week, whereas late embryonic mortalities were higher (3.89 ± 7.58) in semen cryopreserved by using CARI diluent with 4% DMSO, thawed at 37℃ for 30 sec, inseminated with 0.5mL of semen twice a week (Table 2).
Table 2: Summary of interaction effects of semen extenders, cryoprotectants, thawing conditions, semen volumes, and insemination frequencies on fertility, hatchability, early, and late mortalities (mean ± SD). 
	Extender
	Cryoprotectant
	Thawing condition
	Semen volume (mL)
	Frequency
	Fertility %
	Hatchability %
	Early mortalities %
	Late mortalities %

	BPSE
	DMF 4%
	5℃/100sec
	0.25mL
	Once/ week
	52.29 ± 14.05
	40.62 ± 10.14
	10.42 ± 11.01
	1.25 ±3.54

	
	
	
	0.5mL
	Twice/week
	71.62 ± 12.29
	63.98 ± 16.62
	5.14 ± 7.67
	2.50 ± 7.07

	
	
	37℃/30sec
	0.25mL
	Once/ week
	28.02 ± 9.29
	8.66 ± 10.21
	18.11 ± 9.25
	1.25 ± 3.54

	
	
	
	0.5mL
	Twice/week
	42.80 ± 12.51
	29.21 ± 14.19
	13.59 ± 14.75
	0.00 ± 0.00

	
	DMSO   4%
	5℃/100sec
	0.25mL
	Once/ week
	63.35 ± 13.68
	57.10 ± 13.27
	6.25 ± 11.88
	0.00 ± 0.00

	
	
	
	0.5mL
	Twice/week
	81.27 ± 12.33
	76.27 ± 8 .99
	2.50 ± 7.07
	2.50 ± 4.63

	
	
	37℃/30sec
	0.25mL
	Once/ week
	41.41 ± 11.46
	32.52 ± 15.65
	6.39 ± 7.53
	2.50 ± 7.07

	
	
	
	0.5mL
	Twice/week
	53.23 ± 10.91
	45.58 ± 9.36
	5.14 ± 7.67
	2.50 ± 7.07

	CARI
	DMF 4%
	5℃/100sec
	0.25mL
	Once/ week
	41.02 ± 11.11
	19.79 ± 7.68
	19.67 ± 11.27
	1.56 ± 4.42

	
	
	
	0.5mL
	Twice/week
	63.18 ± 15.81
	52.90 ± 14.27
	12.06 ± 11.55
	0.00 ± 0.00

	
	
	37℃/30sec
	0.25mL
	Once/ week
	10.73 ± 8.04
	2.64 ± 4.90
	8.09 ± 5.06
	0.00 ± 0.00

	
	
	
	0.5mL
	Twice/week
	30.65 ± 9.88
	15.33 ± 4.70
	15.33 ± 8.17
	0.00 ± 0.00

	
	DMSO   4%
	5℃/100sec
	0.25mL
	Once/ week
	48.36 ± 11.92
	34.85 ± 12.13
	10.87 ± 11.62
	2.64 ± 4.90

	
	
	
	0.5mL
	Twice/week
	67.16 ± 10.44
	58.98 ± 7.27
	6.39 ± 9.23
	1.79 ± 5.05

	
	
	37℃/30sec
	0.25mL
	Once/ week
	14.62 ± 12.43
	4.20 ± 5.84
	10.42 ± 9.63
	0.00 ± 0.00

	
	
	
	0.5mL
	Twice/week
	38.38 ± 13.25
	22.65 ± 6.73
	11.84 ± 12.43
	3.89 ± 7.58



3.4. Effects of semen type, semen volume, insemination frequency on egg fertility, hatchability, early, and late embryonic mortalities
Significant (P<0.05) main effects were observed for semen type, semen volume, and insemination frequency on fertility, and hatchability (Table 3). Also, significant (P<0.05) two-way interaction between semen type and insemination frequency only affected egg fertility, whereas late mortalities were mainly affected by semen type as shown in Table 3.  
Table 3. Summary of F and P values for fertility, hatchability, early, and late embryonic mortalities under different semen type, semen volume, insemination frequency and their interactions
	Source 
	Fertility 
	Hatchability 
	Early mortalities
	Late mortalities

	Semen type
	22.103***
	21.035***
	3.153(ns)
	7.322**

	Volume
	6.292*
	4.291*
	0.183(ns)
	0.032 (ns)

	Frequency
	30.357***
	28.411***
	0.353 (ns)
	0.009 (ns)

	Semen type × Volume
	0.586(ns)
	.157(ns)
	0..490 (ns)
	0.044 (ns)

	Semen type × Frequency
	4.622*
	3.323(ns)
	0.111 (ns)
	0.015 (ns)

	Volume × Frequency
	0.000 (ns)
	.018(ns)
	0.009 (ns)
	0.108 (ns)

	Semen type × Volume × Frequency
	0.022 (ns)
	.000 (ns)
	.224 (ns)
	0.327 (ns)


* = P<0.05, ** = P<0.01, *** = P<0.001, ns = not significant
3.5. Performance of semen type, semen volume, and insemination frequency on egg fertility, hatchability, early, and late embryonic mortalities
The overall performance of cryopreserved (frozen) and fresh semen, semen volume, and insemination frequency on egg fertility, hatchability, early, and late embryonic mortalities are presented in Figure 2. The results revealed that the performance of fresh semen outweighed the average performance of cryopreserved semen on fertility and hatchability (Figure 1A). For semen volume, 0.5mL showed better performance in maintaining the fertilizing potential and hatchability of Horasi semen in comparison to 0.25mL of semen as indicated in Figure 2B. Insemination frequency also influenced the fertility and hatchability rates of cryopreserved and fresh Horasi chicken ecotype semen, whereby an insemination frequency of two times a week outperformed that of once times a week (Figure 1C). However, neither early nor late embryonic mortalities were influenced by semen type, semen volume or insemination frequency as shown in Figure 2.
It is known that cryopreservation exposes spermatozoa to osmotic stress, oxidative damage, and cryoprotectant toxicity, leading to alterations in membrane integrity, mitochondrial function, chromatin structure, and DNA integrity (Watson,2000). Thus, these effects may lower fertilization potential of sperm cells, leading to reduced hatchability, and increased embryonic mortality. (Partyka et al., 2012). However, some individual protocols had better performance as shown in Figure 3.
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Fig. 2. The impact of semen type (A), semen volume (B), insemination frequency (C) on egg fertility, hatchability, early, and late embryonic mortalities
3.6. Interaction effects of semen type, semen volume, and insemination frequencies on fertility, hatchability, early and late embryonic mortalities (mean ± SD). 
As the amount of semen and frequency of insemination was increasing fertility and hatchability rates were also increasing in both cryopreserved and fresh semen (Table 4). In all types of semen, higher fertility and hatchability rates were obtained in hens inseminated with 0.5mL of semen twice a week, and the lowest egg fertility and hatchability rates were seen in hens inseminated with 0.25mL of semen once a week as indicated in Table 4. The average performance of cryopreserved semen showed the lowest egg fertility and hatchability rates (37.47 ± 20.51 and 25.04 ± 20.88), whereas the highest fertility and hatchability rates (84.27 ± 6.52 and 72.66 ± 14.79) were recorded in fresh semen (Table 4).  
Table 4. Interaction impacts of semen type, semen volume, and insemination frequencies on fertility, hatchability, early and late embryonic mortalities (mean ± SD).
	Semen type
	Semen volume (mL)
	Frequency
	Fertility %
	Hatchability %
	Early mortalities %
	Late mortalities %

	Frozen
	0.25mL
	Once/ week
	37.47 ± 20.51
	25.04 ± 20.88
	11.28 ± 10.48
	1.15± 3.76

	
	
	Twice/week
	50.21 ± 20.04
	38.48 ± 22.44
	10.59 ± 10.24
	1.12± 3.24

	
	0.5mL
	Once/ week
	44.33 ± 20.23
	31.22 ± 21.49
	11.84 ± 9.53
	1.26± 3.67

	
	
	Twice/week
	56.04 ± 20.32
	45.61 ± 22.73
	8.99 ± 10.56
	1.64± 4.96

	Fresh
	0.25mL
	Once/ week
	44.50 ± 8.75
	34.49 ± 10.14
	6.84 ± 8.24
	3.17± 5.94

	
	
	Twice/week
	71.81 ± 5.04
	62.29 ± 9.67
	5.62 ± 8.10
	3.88± 5.37

	
	0.5mL
	Once/ week
	55.85 ± 10.29
	43.70 ± 15.01
	8.26 ± 10.01
	3.88± 7.58

	
	
	Twice/week
	84.27 ± 6.52
	72.66 ± 14.79
	8.48 ± 10.74
	3.12± 8.83


3.7. Comparison of individual cryopreservation protocols against freshly collected semen (control)
[bookmark: _Hlk200504087]Breed-specific variations influence the ability of sperm cells to withstand cryopreservation stressors and maintain their fertilizing potential (Seigneurin et al.,2013). Although avian species exhibit relatively uniform sperm morphology, differences exist in sperm size, length, mitochondrial content, fibrous sheath structure of the flagellum, and metabolic activity (Aire, 2007; Blesbois and Brillard, 2007). Hence, avian semen cryopreservation protocols effective in one species or breed may not yield positive outcomes in another species or breed (Blesbois, 2012; Seigneurin et al.,2013; Shanmugam and Mahapatra, 2021).
To identify the most effective cryopreservation protocol for Horasi chicken ecotype semen, each of the 32 frozen-thawed protocols was compared with its corresponding fresh semen control (matched by semen volume and insemination frequency). The results showed significant (P<0.05) differences among the control and the individual cryopreservation protocols as shown in Figure 3. Some protocols including A, and B did not differ significantly from fresh semen (P<0.05). These protocols achieved fertility and hatchability levels statistically comparable to freshly collected semen (Figure 3A, & 3B), suggesting their suitability for semen cryopreservation in the Horasi chicken ecotype. The best protocols were obtained when 0.5mL of semen was inseminated twice a week, better protocols had 0.25mL of semen inseminated twice weekly, lower protocols had 0.5mL of semen inseminated once per week, and the poor protocols had 0.25mL of semen inseminated once a week. The best protocol of cryopreservation presented in Figure 3A, it was achieved in semen diluted with BPSE containing 4% DMSO, thawed at 5℃ for 100sec, inseminated with 0.5mL of semen twice per week, whereas the poor protocol (Figure 3D) occurred in semen diluted with CARI containing 4%DMF, thawed at 37℃ for 30sec, inseminated with 0.25mL of semen once per week. None of the cryopreservation protocols showed early or late embryonic mortalities significantly (P<0.05) different from fresh semen (Figure 3).
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Fig. 3. Pairwise comparison between cryopreservation protocol and its matched fresh semen (control).
4. Conclusion
Cryopreservation of poultry semen is crucial for ensuring genetic diversity, conserving endangered breeds and improving production efficiency in the poultry sector. This study presents a fully developed and functionally evaluated cryopreservation protocol of the Horasi chicken ecotype semen. The optimized combination of BPSE with 4% DMSO, thawed at 5℃ for 100 sec, and inseminated with 0.5mL of semen twice per week, maintained sperm functionality within the sperm storage tubules (SST), resulting in fertility and hatchability rates of 81.27% and 76.27% respectively, comparable to fresh semen. As the first successful semen cryopreservation method for this ecotype in the country, this protocol offers a practical tool for breeding programs and gene bank conservation initiatives targeting indigenous poultry genetic resources.
[bookmark: _GoBack]
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