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Genetic identification of soybean segregants null for Kunitz Trypsin Inhibitor (KTI) and Lipoxygenase-2 (LOX2)


Abstract

The present investigation entitled was conducted at the Post Graduate Research Farm, Mahatma Phule Krishi Vidyapeeth, Rahuri and State Level Biotechnology Centre, Rahuri – 413 722 during the academic year 2024-25. The objectives included in this study was to depict the molecular markers linked to the quality traits viz., KTI and LOX2 and identify desirable segregants in soybean. A total of 100 F2 segregants 50 each from Cross I (JS 22 12 × NRC 142) and Cross II (JS 22 16 × NRC 142) were evaluated using three quality trait markers viz., titi gene specific was linked to KTI locus while remaining two, lox2 gene specific and Satt 656 linked to Lox-2 gene locus. The markers were used to identify segregants free from KTI and LOX2 genes. Out of 100 F2 segregants, 11 (#3, #5, #6, #8, #9, #15, #17, #20, #22, #38, #41) segregants from Cross I and 7 (#3, #9, #16, #26, #41, #44, #47) segregants from Cross II (JS 22 16 × NRC 142) were identified as free from KTI and LOX2 factors. These identified segregants were subsequently advanced to develop homozygous lines exhibiting null activity for both KTI and LOX2.
Keywords : Segregants, KTI, LOX2, homozygous, etc.
Introduction
Oilseed crops have played a pivotal role in strengthening the national economy since ancient times (Kaushik et al., 2015). Among these, soybean (Glycine max L. Merrill) is recognized as the most important leguminous oilseed crop worldwide. It accounts for approximately 25% of global edible oil production and provides nearly two-thirds of the protein concentrate used in livestock feed formulations. Soybean is a self-pollinated species with a diploid chromosome number of 2n = 40 and is taxonomically classified under the family Leguminosae (syn. Fabaceae) and subfamily Papilionaceae (Parmar and Ramgiry, 2012).
Soybean is recognized as a nutritionally rich legume crop with significant global importance. Commercial soybean cultivars typically contain around 40% high-quality protein, well-balanced in essential amino acids, making it a valuable plant-based alternative to animal protein sources. The seeds also comprise approximately 20% oil, predominantly consisting of polyunsaturated fatty acids, including omega-6 and omega-3, which are beneficial for human health. In addition, soybeans contain about 6–7% minerals and 5–6% dietary fiber. The protein quality of soybean is considered comparable to that of meat, milk, and eggs (Kaushik et al., 2015). Globally, soybean contributes nearly 25% of total edible oil production and accounts for about two-thirds of the protein concentrate used in livestock feed. Furthermore, it serves as an essential component in feed formulations for poultry and aquaculture species (Pathrikar et al., 2022)
For several centuries, soybean has served as a vital dietary component and a substitute for animal- and cereal-based foods such as meat, milk, cheese, bread, and edible oil in East and Southeast Asian countries, including China, Japan, Korea, Manchuria, the Philippines, and Indonesia. Owing to its remarkable nutritional attributes and agronomic versatility, soybean has traditionally been referred to as the “Cow of the Field” and the “Gold from Soil” in these regions (Horvath, 1926). The nutritional and health-promoting properties of soybean are well established. The seeds are an abundant source of high-quality protein and oil, the latter containing approximately 85% unsaturated fatty acids, including 55% polyunsaturated fatty acids (PUFAs). Among these, linoleic (omega-6) and linolenic (omega-3) acids are essential fatty acids that play crucial roles in human health yet cannot be synthesized endogenously (Balasubramaniyan and Palaniappan, 2003). Furthermore, soybean contains 4 –5% vitamins and antioxidants, including ascorbic acid (9–10 mg/100 g in sprouted soybean) and β-carotene (0.2 mg/100 g in sprouted soybean). It also provides approximately 0.3% isoflavones, primarily daidzein and genistein which are phytoestrogenic compounds associated with various health benefits. Owing to these multifaceted nutritional and functional properties, soybean has been aptly designated as the “Wonder Seed,” “Miracle Crop,” and “Golden Bean” of the twentieth century (Sivashankari et al., 2021). In addition, soybean serves as a valuable source of minerals, vitamins, folic acid, and isoflavones, which have been implicated in delaying or mitigating the progression of several chronic diseases (Wilson, 2004).
The manufacturing of contemporary soybean processed items, including soybean milk flour, isolated soy protein, concentrated soy protein and structural protein, has witnessed consistent growth. Simultaneously, there has been an increase in the production of functional soybean foods such as phospholipids, saponins, isoflavones, oligosaccharides and edible fiber. This evolution in the composition of processed soybean products has also facilitated the advancement of emulsified and soluble soybean products, such as meat substitutes, milk alternatives, flour variations, instant and frozen foods, candies and beverages. This commercial production has enabled the extraction of high-value-added components like phospholipids, saponins and isoflavones, which can be obtained as functional health foods. Soybean serves multiple purposes. Soybean oil, obtained through refining and advanced processing techniques, finds application in the production of edible oils like cooking oil and salad oil, among others. Additionally, soybean oil is utilized in the manufacturing of ink for printers and biodiesel (Singh, 2010).
Soybeans offer significant potential in addressing protein malnutrition, yet their utilization is hindered by the presence of anti-nutritional trypsin inhibitors and an unwanted off-type flavor. The Kunitz trypsin inhibitor (KTI) interferes with the activity of the digestive protease enzyme trypsin, while the unpleasant off-type flavor is attributed to three lipoxygenase enzymes (Lox-1/2/3), each regulated by a single major gene. Even the slightest damage to soybean seeds triggers the oxidation of polyunsaturated fatty acids like linoleic and linolenic acid, leading to the undesirable flavor. The genetic elimination of these undesirable traits in soybean varieties relies on a combination of biochemical assays of raw soybean seeds and the use of molecular markers for assisted selection. Molecular markers linked to malfunctioning alleles of both the kti and lox2 genes eliminate the need for destructive biochemical analysis of seeds.
Hence, to address the aforementioned challenges, the present investigation was undertaken and the obtained results are systematically presented in this section.
Material and methods
	The experimental materials consisted segregating materials derived from three soybean genotypes (Table 1) namely JS 22 12, JS 22 16 and NRC 142. The experimental materials viz., JS 22 12 and JS 22 16 were provided by Soybean Breeder, Agricultural Research Station, Kasbe Digraj, Sangli. The NRC 142 was procured from ICAR-Indian Institute of Soybean Research, Indore. All three genotypes were used to effect two crosses namely Cross I JS 22 12 × NRC 142 and Cross II JS 22 16 × NRC 142 to generate F1, F2 and F3 segregating generations and the true hybrids were identified using DUS test with help of marker characteristics of male and female parents.

 Table 1 : List of genotypes used in experiment
	Sr. No.
	Genotype
	General Characteristics
	Developed by

	1.
	JS 22 12
	
Early maturity, multiple stress tolerant
	Jawaharlal
Nehru Krishi Vishwavidyalaya, Jabalpur

	2.
	JS 22 16
	
Early maturity, multiple stress tolerant
	Jawaharlal
Nehru Krishi Vishwavidyalaya, Jabalpur

	3.
	NRC 142
	Free from kti and lox2 gene (Double Null)
	Indian Institute of Soybean Research,
Indore


	The resulting segregating material viz., F2 and F3 were planted under field with 5m row and 45 × 10 cm spacing. The proper care regarding irrigation, intercultural operations and nutrient management was taken timely.
The molecular study of soybean includes segregating population mainly F2 individuals of two crosses. The total 100 F2 plants from two crosses were selected for molecular analysis. Among the 100 F2 plants, 50 F2 plants are from Cross I JS 22 12 × NRC 142 and another 50 F2 plants from Cross II JS 22 16 × NRC 142. The details of primer used for the analysis are given in Table 2, the primer selected on the basis of previous study that reported they were significantly linked to the particular gene loci.
Table 2 : Details of primer selected for molecular analysis 
	1. 
	Primers related to quality trait in soybean

	A]
	Kunitz Trypsin Inhibitor–3 gene (KTI–3 gene)

	Sr. No
	Primers
	Annealing Temp.(ºC)
	Forward sequence (5’-3’)
	Reverse sequence (3’-5’)
	References

	1
	Gene Specific
(titi)
	50
	CTTTTGTGCCTTCACCACCT
	GAATTCATCATCAGAAACTCTA
	Kumar et al., (2011)

	B]
	Lipooxygenase – 2 gene (LOX-2 gene)

	3
	
Gene Specific
lox2

	50
	GTTCATAGGTTAAATACTCAA
	TTTCAACAAGCTCTTCAAT
	Rawal et al., (2020),

	4
	Satt 656
	58.1
	GCGTACTAAAAATGGCAATTATTTGTTG
	TTGCTCCGTATTTTCCAGCT
	Kumar et al., (2021)




Optimization of PCR amplification 
              Gradient PCR amplification of gene specific primer was carried out so as to standardize the annealing temperature of each primer. The PCR programme was set in Applied Biosystem Model #9902 Thermal Cycler.

Table 3 : Components of PCR reaction mixture 
	Sr. No.
	Components
	Stock Concentraion
	Working Concentration
	Volume for one tube

	1
	PCR buffer
	10X
	1X
	2 µl

	2
	MgCl2
	25 mM
	15 mM
	1 µl

	3
	dNTPs
	100 mM  
	10 mM
	0.5 µl

	4
	Taq Polymerase
	5U/µl
	2.5U/µl
	0.5 µl

	5
	Primer
	100 pmol
	10 pmol
	2 µl

	6
	Genomic DNA
	50 ng
	20 ng
	1.5 µl

	7
	Sterile double distilled water
	-
	-
	12.5 µl

	
	Total
	
	
	20 µl


	
	The reaction volume for PCR was setup and master mix was prepared for each primer by using above reagent in appropriate quantity as in Table 3. In each tube 1.5 µl genomic DNA was added to complete the 20 µl reaction volume. Finally PCR tubes were placed in thermal cycler for amplification of genomic DNA using PCR cycles presented in Table 4.
Table 4 : PCR cycle for primers related to quality traits in soybean
	Step No.
	Temp. (°C)
	Duration
	Cycles
	Function

	1
	94
	5 min
	-
	Initial denaturation

	2
	94
	30 sec
	
30 Cycles
	Denaturation

	3
	50-58.1
	30 sec
	
	Annealing

	4
	72
	30 sec
	
	Extension

	5
	72
	10 min
	-
	Final extension

	6
	4
	Pause
	-
	Final hold



Result and discussion
To assess the molecular markers associated with quality traits in soybean, genomic DNA was extracted from 100 F2 plants derived from four different crosses using the Cetyl Trimethyl Ammonium Bromide (CTAB) method described by Keim et al., in 1988. The extracted DNA samples were subsequently treated with RNase and Proteinase K to remove RNA and protein contaminants, ensuring high purity. DNA quality was evaluated through agarose gel electrophoresis, which revealed sharp and intact bands, indicating good integrity, while spectrophotometric analysis using a NanoDrop confirmed satisfactory purity ratios. The DNA concentration, as determined by the NanoDrop spectrophotometer, ranged from 100 to 2000 ng/µl. For downstream PCR amplification, all DNA samples were standardized to a final working concentration of 50 ng/µl
The molecular profiling of quality traits in soybean studied by using three markers. Out of four the two markers viz., titi gene specific was linked to KTI locus while remaining two viz., lox2 gene specific and Satt 656 linked to Lox-2 gene locus. The result obtained was discussed detailed below in this section.
In this study, the evaluation of 100 F2 segregants belonging to the two crosses, 50 segregants from each cross, namely JS 22 12 × NRC 142 (Cross I) and JS 22 16 × NRC 142 (Cross II) was carried out. 
Molecular analysis for gene specific titi primer for cross JS 22 12 × NRC 142 (Cross I) and JS 22 16 × NRC 142 (Cross II)
The gene-specific titi primer amplified a band of 420bp in the parent NRC 142, which is KTI-free and has the dysfunctional titi allele. The other parents, JS 22 12 and JS 22 16, did not amplify as they have a functional KTI gene. In first cross (JS 22 12 × NRC 142), 35 out of 50 plants that amplified the 420bp band (Plate 1) had the dysfunctional ti allele either in homozygous (titi) or heterozygous (Titi) conditions. 
In the second cross (JS 22 16 × NRC 142), 36 out of 50 plants had the dysfunctional ti allele either in homozygous (titi) or heterozygous (Titi) conditions (Plate 2, Table 5).
                  The similar findings were reported by earlier workers Pawale et al., (2021) research, the rust-resistant varieties Phule Agrani, P. Sangam, and P. Kimya were developed by genetically deleting the Kunitz trypsin inhibitor (KTI) from the parent lines NRC-101 and NRC-102. This deletion resulted in a non-functional 'titi' allele of the seed-specific KTI3 gene. Using specific 'titi' markers, the researchers identified this genotype in the 131 plants they studied. Gel electrophoresis of PCR products revealed a 420 base pair amplicon in the KTI-free parent lines, NRC-101 and NRC-102.
Panzade et al., (2025) study also found similar results to the NRC 142 parent. When their cross segregants were analyzed, the presence of 420 base pair amplification indicated the absence of the lox-2 gene, which aligned with the study's overall findings. 
Table 5 : Details of null allele specific titi primer for cross JS 22 12 × NRC 142 (Cross I) and JS 22 16 × NRC 142 (Cross II)
	Cross
	No. of F2 segregants studied
	Allele amplified
	
Individuals 

	JS 22 12 × NRC 142
	50
	TiTi
	No amplicon

	
	
	titi +Titi
(420bp)
(35)
	#2, #3, #5, #6, #8, #9, #10, #12, #14, #15, #17, #18, #19, #20, #22, #23, #24, #25, #27, #28, #29, #30, #31, #33, #34, #37, #38, #39, #41, #42, #44, #45, #46, #47, #50

	

	
JS 22 16 × NRC 142

	50
	TiTi
	No amplicon

	
	
	titi +Titi
(420bp)
(36)
	#1, #3, #4, #6, #7, #8, #9, #10, #12, #13, #15, #16, #18, #19, #20, #22, #23, #25, #26, #28, #29, #31, #32, #33, #34, #36, #37, #39, #41, #42, #44, #45, #46, #47, #49, #50



Molecular marker analysis for Lipoxygenase-2 gene using gene specific lox2 molecular marker 
	In this molecular study, the study of 100 F2 segregants from two crosses namely JS 22 12 × NRC 142 (Cross I) and JS 22 16 × NRC 142 (Cross II) 50 segregants from each cross were taken. The analysis revealed that Lipoxygenase 2 free parent NRC 142 amplified the 600bp allele;  while Lox-2 expressing parents, JS 22 12 and JS 22 16 did not amplify as they have a functional Lox2 gene. In first cross (JS 22 12 × NRC 142), 36 out of 50 plants that amplified the 600bp band (Plate 3) had the dysfunctional lox2 allele either in homozygous (lox2lox2) or heterozygous (Lox2lox2) conditions. In the second cross (JS 22 16 × NRC 142), 36 out of 50 plants had the dysfunctional lox2 allele either in homozygous (lox2lox2) or heterozygous (Lox2lox2) conditions (Plate 4, Table 6).
Jin et al., (2012) in their 2012 described variations in the molecular sequence of the soybean lipoxygenase-2 gene. Their research showed that lipoxygenase-free soybean cultivars produced DNA fragments (amplicons) of varying lengths when different primer sets were used in PCR. Notably, when a primer specific to the lox2 gene was employed, the lipoxygenase-free parent cultivars yielded an amplicon fragment of 600 base pairs.
Panzade et al., (2025) also reported the similar result as NRC 142 parent when employed in cross their segregants showed the amplification at 600bp indicates free from lox-2 gene which was the conformity of our study.
Table 6 : Details of gene specific lox2 primer for cross JS 22 12 × NRC 142 (Cross I) and JS 22 16 × NRC 142 (Cross II)
	Cross
	No. of F2 segregants studied
	Allele amplified
	
Individuals 

	JS 22 12 × NRC 142
	50
	Lox2 Lox2
	No amplicon

	
	
	Lox2lox2+lox2lox2
(600 bp)
(36)
	#1, #3, #4, #5, #6, #8, #9, #11, #12, #13, #14, #15, #16, #17, #18, #19, #20, #22, #23, #25, #26, #28, #30, #31, #32, #34, #35, #36, #38, #39, #41, #43, #44, #45, #48, #50

	

	
JS 22 16 × NRC 142

	50
	Lox2 Lox2
	No amplicon

	
	
	Lox2lox2+lox2lox2
(600 bp)
(36)
	#2, #3, #5, #6, #8,  #9, #10, #12, #14, #16, #17, #18, #19, #20, #21, #22, #23, #24, #25, #26, #28, #29, #30, #32, #33,  #35, #37, #38, #40, #41, #43, #44, #46, #47, #49, #50



	Kumar et al., (2021) reported Soybean genotypes free from both KTI and Lox2 were developed by introgressing the Lox2 null allele from NRC 109 (lox2lox2) into KTI-free genotypes from JS 97-52 and NRC 7. Foreground selection across multiple generations (F1, F2, BC1F1, BC1F2, BC2F1, BC2F2) used null allele-specific and SSR markers to identify homozygous recessive (titilox2lox2) plants. Background selection with 239 and 241 SSR markers identified 9 and 13 lines stacked with null alleles for both KTI and Lox2, with >97% and >96% recurrent parent genome content, respectively.
Molecular marker analysis for Lipoxygenase 2 gene using Satt 656 molecular marker 
In this study, the Satt 656 primer was used to analyze different 100 F2 soybean segregants for two crosses JS 22 12 × NRC 142 (Cross I) and JS 22 16 × NRC 142 (Cross II) and 50 F2 segregants were studied from each cross. The results showed a 170 base pair amplicon in the lipoxygenase 2 expressing parent viz., JS 22 12 and JS 22 16, while the lipoxygenase 2 free parent NRC142 displayed a 173 base pair amplicon. In first cross (JS 22 12 × NRC 142), 16 out of 50 plants that amplified the 173 bp band had the dysfunctional lox2 allele in homozygous (lox2lox2), 21 were heterozygous (Lox2lox2) as they amplified both alleles (170bp + 173bp) and rest 13 amplified a 170bp band were Lox2 expressing homozygous (Lox2Lox2) individuals (Plate 5). In the second cross (JS 22 16 × NRC 142), 12 out of 50 plants that amplified the 173bp band had the dysfunctional lox2 allele in homozygous (lox2lox2), 24 were heterozygous (Lox2lox2) as they amplified both alleles (170bp + 173bp) and rest 14 amplified a 170bp band were Lox2 expressing homozygous (Lox2Lox2) individuals (Plate 6, Table 7).

Table 7 : Details of Satt 656 primer for cross JS 22 12 × NRC 142 (Cross I) and JS 22 16 × NRC 142 (Cross II)
	Cross
	No. of F2 segregants studied
	Allele amplified
	
Individuals

	JS 22 12 × NRC 142
	50
	Lox2Lox2
(170bp)
(13)
	#2, #11, #12, #13, #14, #18, #19, #21, #28, #30, #31, #33, #42


	
	
	Lox2lox2
(170bp and 173bp)
(21)
	#7, #10, #23, #24, #25, #26, #27, #29, #34, #35, #36, #37, #39, #40, #43, #44, #45, #46, #47, #49, #50

	
	
	lox2lox2
(173bp)
(16)
	#1, #3, #4, #5, #6, #8, #9, #15, #16, #17, #20, #22, #32, #38, #41, #48

	

	
JS 22 16 × NRC 142

	50
	Lox2 Lox2
(170bp)
(14)
	#1, #2, #11, #17, #18, #19, #20, #21, #22, #25, #28, #30, #33, #39

	
	
	Lox2lox2
(170bp and 173bp)
(24)
	#4, #6, #7, #8, #10, #12, #15, #21, #23, #24, #27, #29, #32, #34, #35, #37, #38, #40, #42, #45, #46, #48, #49, #50

	
	
	lox2lox2
(173bp)
(12)
	#3, #5, #9, #14, #16, #26, #31, #36, #41, #43, #44, #47



Rawal et al., (2020) in their study focused on removing the lipoxygenase-2 gene from the soybean cultivar ‘JS 97-52’ by introducing a null allele from PI 596540 using marker-assisted introgression. Foreground selection with a lox2-specific marker was used in early backcross generations, while a combination of this marker and SSR marker Satt 656 was used to identify homozygous recessive plants in later generations. Background selection with 150 markers resulted in 12 Lox2-free soybean lines with a high recovery of the ‘JS 97-52’ genome, confirmed by assays
The resembling result was also reported by the Panzade et al., (2025) in their study with various segregants of cross having NRC 142 as male parent showed the amplification of 170bp and 173bp alleles in segregants for presence of lipoxygenase activity and lacking such activity respectively. 
Kumar et al., (2022) also worked with lox-2 gene identifying markers with various generation and demonstrated result which was comparable to our findings.
Combine study of KTI and Lox-2 free segregants for cross JS 22 12 × NRC 142 (Cross I) 
	The combine molecular study of Cross I JS 22 12 × NRC 142 involves utilization of three markers viz., gene specific titi, Gene specific lox2 and Satt 656. Under this scenario total 50 F2 progeny studied among that only 11 F2 progeny/segregants (#3, #5, #6, #8, #9, #15, #17, #20, #22, #38, #41) found to be amplified the both homozygous recessive ti and lox2 alleles. As a result this F2 progeny were free from KTI and Lipoxygenase activity hence they called “Double Null” lines and can able to utilized in breeding program of soybean improvement.
Combine study of KTI and Lox-2 free segregants for cross JS 22 16 × NRC 142 (Cross II) 
	The combine molecular study of Cross II JS 22 16 × NRC 142 involves utilization of three markers viz., gene specific titi, Gene specific lox2 and Satt 656. The total 50 F2 segregants were analysed using above three markers. Out of 50 only 7 F2 progeny/ segregants (#3, #9, #16, #26, #41, #44, #47) found to be showing both homozygous recessive titi and lox2 allele. Hence these segregants free from both KTI and Lipoxygenase activity so called them “Double Null”. So they can also incorporated in next breeding scheme. 
Conclusion
The 100 F2 segregants form two crosses viz., Cross I (JS 22 12 × NRC 142) and Cross II (JS 22 16 × NRC 142) were used for evaluation using three quality traits related markers viz., Gene Specific titi, Gene Specific lox2 and Satt 656 to identify the segregants free from KTI and LOX2 genes. The study revealed that from Cross I (JS 22 12 × NRC 142) out of 50 F2 segregants 11 F2 segregants (#3, #5, #6, #8, #9, #15, #17, #20, #22, #38, #41) and from Cross II (JS 22 16 × NRC 142) out of 50 F2 segregants 7 F2 segregants (#3, #9, #16, #26, #41, #44, #47) found to be free from KTI and LOX2 anti-nutritional factors.
Future prospectus 
These identified segregants were subsequently advanced through successive generations using the pedigree selection approach to achieve genetic fixation. The primary objective was to develop stable, homozygous lines exhibiting complete null activity for both Kunitz Trypsin Inhibitor (KTI) and Lipoxygenase-2 (LOX2) genes. The absence of these anti-nutritional and off-flavor causing enzymes was confirmed through specific biochemical assays and molecular marker analysis, ensuring that the resulting lines possess improved nutritional and sensory qualities desirable for food and processing applications.
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Plate 1 : Amplification profile 50 F2s segregants of gene specific titi  marker for Cross I JS 22 12 (P1) × NRC 142 (P2)

















Plate 2 : Amplification profile 50 F2s segregants of gene specific titi  marker for Cross II JS 22 16 (P1) × NRC 142 (P2)














	


Plate 3 : Amplification profile 50 F2s segregants of gene specific lox2 marker for Cross I JS 22 12 (P1) x NRC 142 (P2)
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Plate 4 : Amplification profile 50 F2s segregants of gene specific lox2 marker for Cross II JS 22 16 (P1) × NRC 142 (P2)
















	

Plate 5 : Amplification profile 50 F2s segregants of gene specific Satt 656 marker for Cross I JS 22 12 (P1) × NRC 142 (P2)

















    Plate 6 : Amplification profile 50 F2s segregants of gene specific Satt 656 marker for Cross II JS 22 16 (P1) × NRC 142 (P2)
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