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			Abstract | Plant regeneration through in-vitro culture is an important step in genetic transformation and wheat amenability to in-vitro propagation is influenced by genotypes and phytohormones. In present study, an efficient plant regeneration system was developed by evaluating the effects of genotype, seed soaking, and plant growth regulators on callus induction, shoot formation, and rooting. Three indigenous wheat genotypes (Atta-Habib, Ghanimat-e-IBGE, and Siran) were tested under various concentrations of 2,4-D, BAP, NAA, and IAA. Significant differences were observed among genotypes and treatments for most parameters. Results declared that Atta-Habib was observed with the highest callus induction frequency, maximum seed producing calli, and the least days to callus induction. Shoot induction was significantly influenced by BAP and NAA, with 3 mg/L BAP and 0.1 mg/L NAA based on less induction time, increased shoot number, and higher shoot length. Similarly, root induction was mostly affected by 3 mg/L IAA with highest number of roots, root length, and root induction percentage. It was concluded that wheat genotype Atta-Habib is the most amenable to callus induction and regeneration and can be used in in-vitro studies to refine the techniques of genetic engineering. However, certain other factors like carbon sources, amino acids and gelling agents shall be investigated to achieve a higher regeneration capacity.
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			Introduction

			Wheat (Triticum spp.) belongs to grass family Poaceae and it is cultivated worldwide. It is self-pollinated annual plant and is the most widely grown cereal crop in the world (Zhou et al., 2003). Considerable efforts are being made to improve its productivity by using biotechnology (Rashid et al., 2009). The cultivation of wheat (Triticum spp.) reaches far back into history. Wheat can be cultivated over a wide range of soils and can be successfully grown over large portions of the world, ranging in altitude from sea level to over 3,050 metres (10,000 feet). Annual rainfall of 254 mm (10 inches) is generally considered the minimum, and the soil should be sufficiently fertile. Barley and rye can be grown in soil less fertile than that required for wheat. Soils with a good humus content (partially decayed organic matter) and chemical fertilizers generally are necessary (Kent-Jones, 2016).

			Over the past three decades, increased agricultural productivity in Pakistan occurred largely due to the deployment of high-yielding cultivars, increased fertilizer use and greater availability of irrigation water. By the mid-1980s, semi dwarf wheat cultivars had been adopted on almost all irrigated land and over 100 kg/ha on average of fertilizer was being applied to wheat. Pakistan produces aver-aged 16.1 million tonnes on 8.2 million ha each year during the period 1993-1995. Rice-wheat, berseem-wheat and cotton-wheat are major systems of intense cropping in Pakistan (Aslam et al., 1989). Although the crop is most successful between the latitudes of 30° and 60°N and 27° and 40°S (Nuttonson, 1955), wheat can be grown beyond these limits, from within the Arctic Circle to higher elevations near the equator. Development research by the International Maize and Wheat Improvement Center (CIMMYT) during the past two decades (Saunders and Hettel, 1994) has shown that wheat production in much warmer areas is technologically feasible. In altitude, the crop is grown from sea level to more than 3 000 masl, and it has been reported at 4 570 masl in Tibet (Percival, 1921). About two third of the world populations feed on wheat grain and is the second largest cereal crop after maize. The present wheat grown are known for being intermediaries of modern and wild varieties (Hafeez et al., 2012). However, the yield of wheat is known of being affected by number of environmental factors such as temperature, moisture, soil and light intensity. They usually exhibit variation for qualitative and quantitative traits as well as biotic and abiotic stress resistance, owing to their heterogeneity (Afzal et al., 2010). 

			Biotechnology in recent years have provided such tools and methods that have enhance research in various sectors, on the basis of both, quantitative and qualitative outcome. Some of the basic approaches of plant biotechnology include genetic altering and controlling techniques, which enable control of plant development and performance (Patnaik and Khurana, 2001). These technique including the transformation of genes within cereal crops have pave the way of researcher for developing powerful research tool for gene discovery and functioning, as well as become key element in the process of improved plant varieties (Jones et al., 2005). Among the major crops, wheat was the last crop to which these techniques were applied (Vasil et al., 1992), because of its highly genotype dependency and lower efficiency of foreign gene (Shewry and Jones, 2005; Bhalla et al., 2006; Joyia and Khan, 2013). Plant tissue culture phenomena include the development of whole plant from a single cell or tissue. In such cases, both mature and immature embryos have been exploited extensively, however mature embryos were found to be a superior choice in contrast to immature embryos for development of whole plant (Özgen et al., 1998). Immature embryos are enhanced explant source, plant material that develops into whole plant, once when its restored and as well as with optimum growth regulators (Zale et al., 2004). On the other hand, mature embryos either be dissected or used directly in developing plant consisting desirable traits (Özgen et al., 1998; Yu et al., 2008). Consequently, the development of such desirable trait plant requires define approach that excites explants in developing into callus followed by rooting and shooting of the plant. Various explant sources, such as immature embryos, immature leaves, immature inflorescences, mature embryos, mesocotyls, seeds as well as apical meristems have been used for callus culture in wheat (Özgen et al., 1998).

			Tissue culture is an important tool for last few decades for various crop improvements. Many scientists used novel genes by many techniques to create genetic variability for crop genetic improvement. Mendoza and Kaeppler (2002) described the tissue culture as very fine technique for cereals to be genetically engineered. The genetic engineering of these cereals is fully dependent on the techniques of tissue culture. Cilar et al. (2006) utilized mature form of the embryo among 5 different species of the Triticum, that give rise to two mutually different media of MS like Murashige and Skoog (MS) media that is Naphthaleneacetic acid (NAA) free or 2, 4-D. The in vitro development of a whole plant from a single cell (e.g. microspore or somatic cells) is a characteristic feature of plants. The amenability of a plant to in vitro culture is influenced by the genotype, which is thus of major importance in the plant tissue culture response (Henry et al., 1994). Taking all this into consideration, the present experiment was designed to establish an effective plant regeneration system based on shoot organogenesis from the seeds explants of the indigenous wheat genotypes developed at Institute of Biotechnology and Genetic Engineering (IBGE), Faculty of Crop Production Sciences, The University of Agriculture, Peshawar 25000, Pakistan, and to study the effect of seed treatment and phytohormones on the callus induction and organogenesis of different wheat genotypes.

			Materials and Methods

			Plant material

			Mature seeds of wheat (Triticum aestivum L), Atta-Habib, Siran and Ghanimat-e-IBGE were used throughout this study. Seeds of these wheat genotypes were obtained from the Institute of Biotechnology and Genetic Engineering (IBGE), University of Agriculture Peshawar.

			 

			Seed sterilization

			For seed sterilization of the explants, mature seeds were taken and washed with running tap water for 15- 20 minutes and then rinsed with distilled water, along with the addition of fungicide. These seeds were soaked in 70% ethanol for 1 to 2 minutes. Then they were sterilized with 50% Bleach, along with 1-2 drops of Tween-20, for 20 minutes by means of regular shaking. For further cleansing of seeds, they were washed with autoclaved distilled water three times at regular interval of 5 minutes. All this procedure took place in Leminar Flow Hood (LFH). Then they were stored at 4°C in a refrigerator. 

			Culture media

			Murashige and Skoog (1962) (MS) media was used for this study. Stock solutions of MS salts and vitamins were prepared and kept in the refrigerator for this experiment. Agar based media was used, which was prepared by autoclaving the nutrient solutions like; sucrose, myo-inositol, MS media, iron source and agar. Then it was poured in sterile 90mm Petri plates. After sometimes when it got cool, four to five seeds of wheat were cultured on the same Petri plates. These Petri plates were fully covered by parafilm, in order to block the air leakage. The cultures were incubated in growth room. The MS media was enhanced by different attentiveness of auxins and cytokenins to make specialized media for callus shoot and root induction. 

			Callus induction

			The callus induction medium (CIM) comprised of the MS salts containing vitamins, 3 % (w/v) sucrose and solidified with 0.8 % (w/v) agar. The basic MS medium was supplemented with 0, 1.0 and 2.0 mg.L-1 of 2,4-dichlorophenoxy acetic acid (2,4-D). The pH of the medium was set 5.8 prior to autoclaving. The media was poured into petri plates after autoclaving and was allowed to solidify at room temperature. Furthermore, the mature seeds were soaked in autoclaved distilled water for 0, 1, 2 and 3 days prior to placement on CIM. Seeds of the three wheat genotypes were used for inducing callus in each treatment. Callus induction frequency was calculated by dividing the amount of seeds generating calli with overall quantity of seeds refined. Cultures by means of considerable callus induction as well as development were transferred to shoot induction medium in a LFH. The inducted calli were proliferated on MS media having the most favorable attentiveness of 2,4-D.

			Shoot induction

			For the shoot induction from one month old callus, the MS medium in the company of vitamins, 3% (w/v) sucrose and 0.8 % (w/v) agar was enhanced through 0, 1, 2 as well as 3 mg.L-1 of Benzyl adenine phosphate (BAP) with or without 0.1 mg.L-1 of Naphthalene acetic acid (NAA). The calli for differentiation into shoots were incubated in a growth chamber. Data was recorded on the occurrence of days to shoot induction, number of shoots induced, shoot length and shoot percentage.

			Root induction

			For the root induction, the regenerated shoots were excised from the undifferentiated calli and incubated in MS medium in the company of vitamins, 3% (w/v) sucrose and 0.8 % (w/v) agar that were enhanced by way of 0, 1, 2 as well as 3 mg.L-1 of Indole acetic acid (IAA), with or without supplementation of 0.2 mg.L-1 Naphthalene acetic acid (NAA). The material for in vitro root differentiation was incubated in a growth chamber. Data was recorded on the frequency of days to root induction, number of roots induced, root length and root percentage.

			Statistical analysis

			Data was examined by analysis of variance (ANOVA), in an absolute randomized plan, by means of statistical software Statistix 8.1.

			Results

			Callus induction frequency

			Data regarding the callus induction frequency of wheat genotypes under different concentration of 2,4-D and seed soaking revealed that a significant variation was noted in the callus induction frequency of the wheat genotypes. Among the three different genotypes, Atta-Habib showed maximum callus induction frequency (50.2%) followed by Ghanimat-e-IBGE (47.9%), while minimum callus induction was recorded in Siran (42.8%). The supplementation of 2,4-D also had statistically significant effect on the callus induction frequency of wheat. Consequently, the maximum callus induction was recorded on CIM media containing 2 mg.L-1 2,4-D (55.9%), followed by CIM containing 1 mg.L-1 2,4-D (46.0%), whereas minimum callus induction frequency was recorded for CIM medium without any supplementation of 2,4-D (38.9%). Seed soaking prior to placement on CIM also had a significant effect on the callus induction frequency. Maximum callus induction frequency was recorded when seeds were soaked for 3 days (51.2%), followed by seed soaking for 2 days (47.7%). In contrast, minimum callus induction frequency was noted when seeds were directly placed on CIM medium without any pre-soaking (43.6%) (Table 1). However, The different interaction treatments including genotype x 2,4-D, genotype x seed soaking, 2,4-D x seed soaking as well as genotypes x 2,4-D x seed soaking do not have a significant effect on the callus induction frequency of the wheat genotypes (Supplementary Table S1 and S1a). 

			Table 1: Callus induction frequency, days to callus induction, and seeds producing calli of the wheat genotypes under different conditions.

			
				
					
					
					
					
					
				
				
					
							
							Factors

						
							
							Levels

						
							
							Callus induction frequency

						
							
							Days to callus induction

						
							
							Seeds producing calli

						
					

					
							
							2,4-D (mg.L-1)

						
							
							0

						
							
							38.9 C

						
							
							7.2 A

						
							
							19.5 C

						
					

					
							
							1

						
							
							46.0 B

						
							
							6.5 B

						
							
							23.0 B

						
					

					
							
							2

						
							
							55.9 A

						
							
							6.2 C

						
							
							28.0 A

						
					

					
							
							Soaking (Days)

						
							
							0

						
							
							43.6 D

						
							
							8.2 A

						
							
							21.8 D

						
					

					
							
							1

						
							
							45.3 C

						
							
							7.0 B

						
							
							22.6 C

						
					

					
							
							2

						
							
							47.7 B

						
							
							5.9 C

						
							
							23.8 B

						
					

					
							
							3

						
							
							51.2 A

						
							
							5.4 D

						
							
							25.6 A

						
					

					
							
							Genotypes

						
							
							Siran

						
							
							42.8 C

						
							
							7.1 A

						
							
							21.4 C

						
					

					
							
							Atta-Habib

						
							
							50.2 A

						
							
							6.2 C

						
							
							25.1 A

						
					

					
							
							Ghanimat-e-IBGE

						
							
							47.9 B

						
							
							6.6 B

						
							
							23.9 B

						
					

				
			

			Days to callus induction

			It can be inferred from the data that genotypes, days of seed soaking and 2,4-D concentration had significantly affected the days to callus induction. Data of days to callus induction showed that wheat genotype Atta-Habib took least days (6.2) to produce callus followed by Ghanimat-e-IBGE (6.6) where as Siran took maximum number of days to produce callus (7.1). The 2,4-D supplement had shown statistically significant effect on days to callus induction. The highest days to callus induction were observed in CIM containing no supplementation of 2,4-D (7.2 days), which was followed by supplement of 2,4-D at 1 mg.L-1 (6.5 days). The minimum days to callus induction was recorded in CIM with highest level of supplementation 2,4-D at 2 mg/L (6.2 days). The seeds soaking prior to placement on CIM also had significant effect on days to callus induction. The days to callus induction was recorded maximum when seeds were directly placed on CIM without any soaking (8.2 days) followed by seed soaking for 1 day (7 days) and 2 days seed soaking (5.9 days). The least days to callus induction was observed with the 3 days seed soaking prior to placement on CIM (5.4 days) (Table 1). Whereas, the different interactions among the genotypes, seed soaking and plant growth hormones i.e., genotypes x hormones, genotypes x seed soaking, seed soaking x hormones and the genotypes x hormones x seed soaking have been statistically observed with no significant effect on days to callus induction among the wheat genotypes (Supplementary Table S2 and S2a). 

			Seed producing calli

			The seeds producing calli frequency significantly varied among the wheat genotypes. The maximum number of seeds producing calli was noted for in Atta-Habib (25.1), followed by Ghanimat-e-IBGE (23.9), while the minimum number of seeds producing calli was observed in Siran (21.4). The effect application of 2,4-D had been recorded statistically significant on number of seeds producing calli. Consequently, the maximum number of seeds producing calli was recorded on CIM media containing 2 mg/L 2,4-D (28) followed by CIM 1 mg/L 2,4-D (23), whereas minimum number of seeds producing calli was recorded for CIM medium without any supplementation of 2,4-D (19.5). The seed soaking for 3 days prior to placement had been observed with the maximum seeds producing calli (25.6) followed by seed soaking for 2 days (23.8) and 1 day (22.6). The least number of seeds producing calli was observed with no seed soaking (21.8) (Table 1). However, the interaction analysis among the various experimental factors i.e., genotypes x hormones, genotypes x treatment, hormone x treatment and genotypes x hormones x treatment had been observed statistically non-significant in effecting the seeds producing calli of the wheat genotypes (Supplementary Table S3 and S3a).

			Days to shoot induction

			Results of days to shooting of different wheat genotypes i.e., Siran, Atta-Habib and Ghanimat-e-IBGE under different concentration of BAP and NAA showed significant variation in days to shoot induction of the wheat genotypes. The highest days to shoot induction were observed in Siran (7.71 days), which was followed by Ghanimat-e-IBGE (7.13 days), and the least days to shoot induction was observed in Atta-Habib (6.50 days). The plant growth hormones i.e., NAA, was analyzed, determining the effect of these hormones on days to shoot induction being statistically significant. The hormone NAA effect was observed maximum for regeneration induction medium (RIM) with 0 supplement of NAA (7.89 days), which was followed by fewer days to shoot induction (6.51) to be recorded with 0.1 mg/L supplementation in the medium. The days to shoot induction statistically had been derived with significant effect due to BAP on RIM. The RIM with no supplement of BAP had been observed with the maximum days of shoot induction (9.53 days) followed by BAP supplement in RIM at 1 mg/L (8.09 days). The least days to shoot induction was observed for RIM to which BAP supplement was applied with 3 mg/L (4.68 days) followed by supplement of BAP at 2 mg/L (6.51 days) (Table 2). However, the days to shoot induction of the tested wheat genotypes had been statistically observed non-significant for the interaction of all the factors within themselves i.e., BAP x NAA, BAP x genotypes, genotypes x NAA and BAP x NAA x genotypes (Supplementary Table S4). 

			Number of shoots

			Results of the data regarding the number of shoots of wheat genotypes under different concentration of BAP and NAA revealed that a significant variation was noted in the number of shoots of the wheat genotypes i.e., Siran, Atta-Habib and Ghanimat-e-IBGE. Results showed that Atta-Habib was observed with the highest number of shoots (3.00), followed by Ghanimat-e-IBGE (2.56) and the least number of shoots were observed in Siran (2.47). The supplementation of NAA also had statistically significant effect on the number of shoots of wheat. Number of shoots had been observed to increase with increase in hormones i.e., NAA. The highest number of shoots was observed for RIM to which 0.1 mg/L of NAA was added (3.01). The other RIM without the NAA had been recorded with the least number of shoots (2.34). The plant growth hormone BAP had significant effect on number of shoots of the various wheat genotypes. Maximum number of shoots was recorded for BAP with supplement of 3 mg/L in medium (4.21), followed by BAP at 2 mg/L (3.47). In contrast, minimum number of shoots was noted for RIM with no supplement of BAP (1.25), which was followed by BAP supplement at 1 mg/L (1.78) (Table 2). 

			Table 2: Days to shoot induction, number of shoots, shoot length, and shoot induction percentage of the wheat genotypes under different conditions.

			
				
					
					
					
					
					
					
				
				
					
							
							Factors

						
							
							Levels

						
							
							Days to shoot induction

						
							
							Number of shoots

						
							
							Shoot length

						
							
							Shoot induction percentage

						
					

					
							
							BAP (mg.L-1)

						
							
							0

						
							
							9.53A

						
							
							1.25D

						
							
							2.39D

						
							
							31.17D

						
					

					
							
							1

						
							
							8.09B

						
							
							1.78C

						
							
							3.23C

						
							
							39.22C

						
					

					
							
							2

						
							
							6.51C

						
							
							3.47B

						
							
							4.44B

						
							
							48.86B

						
					

					
							
							3

						
							
							4.68D

						
							
							4.21A

						
							
							5.15A

						
							
							58.36A

						
					

					
							
							NAA (mg.L-1)

						
							
							0

						
							
							7.89A

						
							
							2.34B

						
							
							3.68

						
							
							34.57B

						
					

					
							
							0.1

						
							
							6.51B

						
							
							3.01A

						
							
							3.92

						
							
							54.24A

						
					

					
							
							Genotypes

						
							
							Siran

						
							
							7.71A

						
							
							2.47B

						
							
							3.60C

						
							
							40.36

						
					

					
							
							Atta-Habib

						
							
							6.5B

						
							
							3.00A

						
							
							4.09A

						
							
							47.95

						
					

					
							
							Ghanimat-e-IBGE

						
							
							7.4A

						
							
							2.56B

						
							
							3.71B

						
							
							44.9

						
					

				
			

			Consequently, the number of shoots produced from the various wheat genotypes effected by different tested factors i.e., BAP, NAA and the genotypes interactions had shown that except for interaction of BAP x NAA, the others interaction were determine with non-significant effect on number of shoots. The number of shoots produced from the various wheat genotypes effected by different tested factors i.e., BAP, NAA and the genotypes interactions had shown that except for interaction of BAP x NAA, the others interaction were determine with non-significant effect on number of shoots. The number of shoots among the genotypes to which 0.1 mg/L NAA supplement was applied showed the maximum shoots number in Atta-Habib followed by Siran and Ghanimat-e-IBGE with resultant 3.37, 2.86 and 2.81 numbers of shoots, respectively. The medium of genotypes to which no NAA supplement was applied had shown the least number of shoots in all the three genotypes i.e., Atta-Habib, Ghanimat-e-IBGE and Siran (2.63, 2.31 and 2.07 number of shoots). The number of shoots was maximum for overall genotypes that were incubated on growth medium with supplement of BAP at 3 mg/L and NAA at 0.1 mg/L (4.49). These results were followed by BAP at 3 mg/L in medium and that no NAA as supplement was applied (3.93). The least number of shoots was observed for the mean of genotypes incubated on medium with no plant growth hormones i.e., BAP and NAA (1.11) followed by genotypes incubation medium with only NAA supplement at 0.1 mg/L (1.39) (Supplementary Table S5 and S5a).

			Shoot length

			The resultant significant variation was observed in shoot length among the wheat genotypes i.e., Siran, Atta-Habib and Ghanimat-e-IBGE under different concentration of BAP and NAA. The maximum shoot length was observed in Atta-Habib (4.09) which was followed by Ghanimat-e-IBGE (3.71) and the minimum shoot length to be observed in Siran (3.60). The NAA supplement had statistically significant effect on shoot length. Consequently, the maximum shoot length was recorded on RIM containing 0.1 mg.L-1 NAA (3.92), followed by RIM without any supplementation of NAA (3.68). The BAP supplement on shooting medium also had significant effect on shoot length. The shoot length was recorded maximum for the shooting medium with highest concentration of BAP supplement at 3 mg/L (5.15), followed by 2 mg/L BAP supplement (4.44). The least shoot length was recorded for medium to which no BAP supplement was applied (2.39), followed by the set of medium to which BAP supplement was applied at 1 mg/L (3.23) (Table 2). 

			Consequently, the interaction among the tested factors BAP, NAA and the genotypes had been observed statistically significant for shoot length only in BAP x NAA, NAA x genotype, BAP x genotypes and BAP x NAA x genotypes had shown significant effect Whereas, the interaction among the tested factors BAP, NAA and the genotypes had been observed statistically significant for shoot length only in BAP x NAA. The shoot length had been observed maximum for Atta-Habib (4.12) on medium with supplement of NAA at 0.1 mg/L, followed by Ghanimat-e-IBGE (3.88) at this supplement. The minimum shoot length was recorded for Siran (3.44) on RIM with no supplement of NAA, followed by Ghanimat-e-IBGE (3.54). The mean of shoot length for overall genotypes was recorded maximum for medium containing the growth hormones BAP and NAA at maximum concentration i.e., 3 mg/L and 0.1 mg/L (5.27). This result was followed by the genotype’s seeds incubated on medium with only BAP supplement at 3 mg/L (5.02). The least shoot length mean of overall genotypes was recorded for medium to which seeds were incubated with no addition of plant growth hormones i.e., BAP and NAA at 0 mg/L (2.42). This result was followed by the medium with 0.1 mg/L of NAA supplement, with mean genotypes shoot length of 2.35. The interaction of BAP, NAA and genotypes results showed that the maximum shoot length was observed for all the genotypes to which level of BAP and NAA was applied with the highest concentration i.e., 3 and 0.1 mg/L. Among the genotypes the maximum shoot length was observed in Atta-Habib genotype, followed by Ghanimat-e-IBGE and then Siran with resultant 5.69, 5.21 and 4.91 shoot lengths, respectively. The minimum shoot length was observed for Siran (2.15) that was incubated on medium with supplement of NAA at 0.1 mg/L, followed by similar genotype (2.21) that was incubated on medium with no hormones applied i.e., BAP and NAA (Supplementary Table S6 and S6a).

			Shoot induction percentage

			The shoot induction percentage non-significantly varied among the wheat genotypes while the hormone NAA effect was observed significantly maximum for RIM with 0.1 mg/L supplement of NAA (54.24 %), which was followed by low shoot induction percentage with 0 mg/L (34.57 %) supplementation in the medium. The shoot induction percentage had been determined statistically significant with supplement of BAP. The shooting medium to which supplement of BAP at 3 mg/L was applied showed maximum shoot induction percentage with resultant 58.36 % of shoot induction percentage, followed by 2 mg/L and 3 mg/L BAP supplement with 48.86 and 39.22 % shoot induction percentage. The minimum shoot induction percentage was recorded for the medium to which no supplement of BAP was applied i.e., 31.17 % (Table 2). However, the tested factors i.e., BAP, NAA and different genotypes interaction effect on shoot induction percentage had been observed non-significant (Supplementary Table S7 and S7a).

			Days to root induction

			Results of days to root induction of different wheat genotypes i.e., Siran, Atta-Habib and Ghanimat-e-IBGE under different concentrations of IAA and NAA showed significant variation in days to root induction of the wheat genotypes. Results showed that the maximum days to root induction were observed in Siran wheat genotype (9.16 days), followed by Ghanimat-e-IBGE (8.05 days) and the minimum days to rooting in Atta-Habib wheat genotype (7.74 days). The plant growth hormones i.e., NAA was analyzed which showed significant effect of these hormones on days to root induction. The days to root induction was observed highest with RIM to which no NAA supplement (9.16 days) was provided, whereas the least days to root induction was observed in NAA supplement at 0.2 mg/L (7.47 days). The plant growth hormone IAA on RIM also had significant effect on days to root induction of wheat genotype. The minimum days to root induction was recorded for IAA with supplement of 3 mg/L in medium (6.13 days), followed by IAA at 2 mg/L (7.70 days). In contrast, maximum days for root induction were noted for rooting medium with no supplement of IAA (10.42 days), followed by IAA supplement at 1 mg/L (9.02 days) (Table 3). However, the interaction among the factors i.e., IAA x NAA, IAA x genotypes, NAA x genotypes and IAA x NAA x genotypes, had been statistically determined with non-significant effect on days to root induction (Supplementary Table S8 and S8a). 

			Number of roots

			The number of roots of three wheat genotypes i.e., Siran, Atta-Habib and Ghanimat-e-IBGE under different concentration of NAA had statistically been observed with non-significant effect on the number of wheat roots. While the number of roots had been determining to be effected significantly with supplementation of IAA. The IAA supplement with highest concentration i.e., 3 mg/L in medium had shown the maximum number of roots (5.82) which was followed by IAA supplement applied 2 mg/L (3.49). The least number of roots was observed for the medium to which IAA supplement was applied at 1 mg/L (2.27) which was followed by the medium with no IAA supplement (2.50) (Table 3). Similarly, the number of roots produced from the various wheat genotypes were effected by different tested factors i.e., IAA, NAA and the genotypes interaction levels had shown non-significant effect on number of roots. These interactions include IAA x NAA, IAA x genotypes, NAA x genotypes and IAA x NAA x genotypes (Supplementary Table S9 and S9a). 

			Root length

			The resultant non-significant variation was observed in root length among the wheat genotypes i.e., Siran, Atta-Habib and Ghanimat-e-IBGE under different concentrations of IAA and NAA. While the IAA supplement on rooting medium had been observed with significant effect on root length. The IAA supplement at 3 mg/L had shown the genotypes with the maximum root length (5.38), which was followed by medium with IAA supplement at 2 mg/L (3.10). The least root length was recorded for the medium to which 1 mg/L IAA supplement was applied (1.96) followed by the medium to which no supplement of IAA was applied (2.27) (Table 3). Similarly, the different interactions among the factors i.e., IAA x NAA, IAA x genotypes, NAA x genotypes and IAA x NAA x genotypes, had also shown no significant effect on root length of the wheat genotypes (Supplementary Table S10 and S10a). 

			Table 3: Days to root induction, number of roots, root length, and root percentage of the wheat genotypes under different conditions.

			
				
					
					
					
					
					
					
				
				
					
							
							Factors

						
							
							Levels

						
							
							Days to Root induction

						
							
							N. of roots

						
							
							Root length

						
							
							Root percentage

						
					

					
							
							IAA (mg.L-1)

						
							
							0

						
							
							10.42 A

						
							
							2.50 C

						
							
							2.27 B

						
							
							16.94

						
					

					
							
							1

						
							
							9.02 B

						
							
							2.27 C

						
							
							1.96 B

						
							
							25.28

						
					

					
							
							2

						
							
							7.70 C

						
							
							3.49 B

						
							
							3.10 B

						
							
							36.62

						
					

					
							
							3

						
							
							6.13 D

						
							
							5.82 A

						
							
							5.38 A

						
							
							61.6

						
					

					
							
							NAA (mg.L-1)

						
							
							0

						
							
							9.16 A

						
							
							3.34

						
							
							3.29

						
							
							33.74

						
					

					
							
							0.1

						
							
							7.47 B

						
							
							3.69

						
							
							3.07

						
							
							36.48

						
					

					
							
							Genotypes

						
							
							Siran

						
							
							9.16 A

						
							
							3.2

						
							
							2.69

						
							
							31.36 B

						
					

					
							
							Atta-Habib

						
							
							7.74 B

						
							
							3.8

						
							
							3.52

						
							
							39.25 A

						
					

					
							
							Ghanimat-e-IBGE

						
							
							8.05 B

						
							
							3.56

						
							
							3.32

						
							
							34.72 AB

						
					

				
			

			Root induction percentage

			Results regarding the root induction percentage of wheat genotypes under different concentration of IAA and NAA showed that a significant variation was noted in the root induction percentage of the wheat genotypes i.e., Siran, Atta-Habib and Ghanimat-e-IBGE. Consequently, the supplementation of NAA had statistically been observed with non-significant effect on the root induction percentage of wheat while the IAA supplement had been determined with statistically significant effect on the different wheat genotype root induction percentage. The highest root induction percentage produced from the seeds were observed in Atta-Habib (39.25 %), followed by Ghanimat-e-IBGE (34.72%), while the minimum root induction percentage was observed in Siran (31.36%). Subsequently, the root induction percentage was recorded maximum for the wheat genotypes on medium with highest concentration of IAA supplement applied i.e., 3 mg/L (61.60 %), followed by 2 mg/L of IAA supplement (36.62 %). The least root induction percentage was recorded for the medium to which no IAA supplement was applied (16.94 %), followed by the set of medium to which IAA supplement was applied at 1 mg/L (25.28 %) (Table 3). Furthermore, the root induction percentage was affected due to interaction of tested factors including IAA, NAA and genotypes had been determined with statistically non-significant effect (Supplementary Table S11 and S11a).

			Discussion

			As for the increase demand for wheat production, such tissue culture based methods are required that can influencial increase overall regeneration system. The inital steps of plant tissue culture involve the sterilization of the explants by reagent such as sodium hypochlorite, calcium hypochlorite, ethanol and mercuric chloride. However, these reagents have shown to reduce the regeneration efficiency. The callus induction using 2,4-D have been claimed to have optimum effect in wheat (Yu et al., 2008). The shoot regeneration of wheat using BAP and kinetin have extensively reported in literature (Kumar et al., 2017). 

			The present study results had shown that the Atta-Habib (50.2) variety had shown to induce highest frequency of callus compare to Ghanimat-e-IBGE and Siran (47.9 and 42.8) (Figure 1). The Atta-Habib had also shown better callus induction with the least days i.e., 6.2, followed by Ghanimat-e-IBGE and the highest days to callus induction was recorded in Siran. The influenced of genotype to callus induction rate and callus induction days have been observed greatly by Benderradji et al. (2012), who had study, the callus induction, proliferation and plantlets regeneration of 
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			Figure 1: The 4 weeks old calli of wheat genotypes. Atta-Habib growing on CIM (A), SIM (B) and the in vitro regenerated wheat plantlet on RIM (c and D).

			two bread wheat i.e., Mahon-Demias and Hidhab. The present research results were also in line with findings of Nasircilar et al. (2006),  who had reported that the callus induction and seedling regeneration frequencies among the wheat genotype ranged from 12 to 100 %. Such variation among the genotypes of wheat is because of the many factors of that variety including the nature of genotype, the source of explant and the medium composition. Ozgen et al. (1998) in their study had shown that immature embryos were recorded with the highest callus induction, whereas the mature embryo plants had shown the least frequency of callus induction. Though alike the present study, the 2, 4-D synthetic auxin have shown higher callus induction in previous studies, as its higher concentration have shown aberration in inducing chromosome which alternately results in soma-clonal variation.

			The calli in the present study had shown that Atta-Habib had the highest callus producing (25.1) from seeds followed by Ghanimat-e-IBGE and the least by Siran (23.9 and 21.4), respectively. Saha et al. (2017) had reported that 2, 4-D application for mature seeds were observed around 50 % whereas for immature seed the callus induction was recorded around 60% in MS medium. Kowalska and Arseniu (2016) have reported that 2,4-D, diamba (3,6-dichloro-2-methoxybenzoic acid), NAA and the carbon source maltose and sucrose have shown effectiveness in producing winter wheat cultivars from embryos. Malik et al. (2017) evaluated efficiency of wheat cultivars by addition of zeatin and dicamba at 1mg/L and 0.1 mg/l, respectively, which had shown highest regeneration capacity of callus into shoots. As for carbon sources, maltose had shown the highest callus induction efficiency for the tested cultivars i.e., HD 2967, PBW 343, WH 1105, RAJ 3765 and C 306.

			In our study, BAP at 3 mg/l and NAA at 0.1 mg/l had shown the best shoot regeneration effeciency, whereas other combination of hormones had also shown similar results. The NAA and BAP combination have also shown efficient shoot regeneration in other plants family such as Brassicaceae. Saha et al. (2017) have reported that BAP with combination of IAA have shown successful regeneration of the wheat plant from mature seeds calli. According to Salama et al. (2013), who evaluated callus induction and regeneration of wheat cultivars in Egypt. From their study it was concluded that callus induction was observed best for 2,4-D at 2 mg/l, whereas the regeneration was perfect for medium with supplement of BAP at 3 mg/L and NAA at 0.1 mg/l. 

			Consequently, the root regeneration was optimized with supplement of IAA alone as well as in combination of NAA. These results were also in line with the findings of Xiaohong et al. (1999), who had study, the improvement of wheat plant regeneratin from callus using various plant hormones. From the study Xiaohong et al. (1999) it was concluded that supplement with IAA or NAA in medium for wheat rooting will strengthen formation of the root. Yurkova et al. (1981) had studied 9 different spring and winter wheat cultivars organogentic ability. With combination of IAA or NAA with kinetin had shown the highest frequency of plant regeneration, as well as increase in calli age was observed with declined organogenetic ability. 

			Conclusion

			In present study three different wheat genotypes Siran, Atta-Habib, and Ghanimat-e-IBGE were experimented for callus induction and regeneration frequency. The excellence of calli was accessed on visual observation and the data was recorded on the basis of days to callus induction, callus induction frequency, number of seeds producing calli, shoot induction percentage, days to shoot induction, shoot length, number of shoots, root induction percentage, days to root induction, root length and number of roots. The Attanhabib wheat cultivar had the highest callus frequency, callus induction from seed, days to shooting, shoot length, root percentage and number of root. Siran cultivar had the highest root length whereas Ghanimat cultivar was observed with the highest numbr of shoot and shoot percent. The least days to callus induction and rooting was of Attanhabib, whereas the least days to shooting was recorded of Siran. The phytohormone 2,4-D had been highly efficient for callus induction frequency, days to callus induction and seeds producing calli. Phytohormones BAP @ 3 mg/l and NAA @ 0.1 mg/l were highly efficient for days to shooting, number of shoot, shoot length and shoot percent. Phytohormones IAA @ 3 mg/l and NAA @ 0.2 mg/l were highly efficient for days to rooting and root percentage. The root length and number of root was maximum for phytohormone IAA @ 3 mg/l followed by the combination of NAA @ 0.2 mg/l.
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Abstract | Plant regeneration through in-vitro culture is an important step in genetic transformation and
wheat amenability to in-vifro propagation is influenced by genotypes and phytohormones. In present study,
an efficient plant regeneration system was developed by evaluating the eftects of genotype, seed soaking, and
plant growth regulators on callus induction, shoot formation, and rooting. Three indigenous wheat genotypes
(Atta-Habib, Ghanimat-e-IBGE, and Siran) were tested under various concentrations of 2,4-D, BAP, NAA,
and IAA. Significant differences were observed among genotypes and treatments for most parameters.
Results declared that Atta-Habib was observed with the highest callus induction frequency, maximum seed
producing calli, and the least days to callus induction. Shoot induction was significantly influenced by BAP
and NAA, with 3 mg/L BAP and 0.1 mg/L. NAA based on less induction time, increased shoot number,
and higher shoot length. Similarly, root induction was mostly affected by 3 mg/L IAA with highest number
of roots, root length, and root induction percentage. It was concluded that wheat genotype Atta-Habib is
the most amenable to callus induction and regeneration and can be used in in-vifro studies to refine the
techniques of genetic engineering. However, certain other factors like carbon sources, amino acids and gelling
agents shall be investigated to achieve a higher regeneration capacity.
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Introduction

eat (7riticum spp.) belongs to grass family
Poaceae and it is cultivated worldwide. It is
self-pollinated annual plant and is the most widely
grown cereal crop in the world (Zhou ez a/., 2003).
Considerable efforts are being made to improve
its productivity by using biotechnology (Rashid ez

al., 2009). The cultivation of wheat (7riticum spp.)
reaches far back into history. Wheat can be cultivated
over a wide range of soils and can be successfully
grown over large portions of the world, ranging in
altitude from sea level to over 3,050 metres (10,000
feet). Annual rainfall of 254 mm (10 inches) is
generally considered the minimum, and the soil
should be sufficiently fertile. Barley and rye can be
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