
i 

 

Assessment and Implementation of Value-Added 

Soybean Innovations for the Meal and Food Industry 
 

Elizabeth Boadicea Fletcher 

 

 

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State 

University in partial fulfillment of the requirements for the degree of 

 

Doctor of Philosophy 

In 

Crop and Soil Environmental Sciences 

 

 

 

 

 

Bo Zhang, Chair 

A. Ozzie Abaye 

David D. Kuhn 

Gota Morota 

 

 

April 24, 2025 

Blacksburg, VA 

Keywords: plant breeding, soybean, trypsin inhibitor, NIR, GWAS, CRISPR/Cas9, natto 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 

 

Assessment and Implementation of Value-Added 

Soybean Innovations for the Meal and Food Industry 
 

Elizabeth Boadicea Fletcher  

 

ABSTRACT 

 

Soybean (Glycine max [L.] Merr.) is a vital global crop for food and feed, but its value is 

constrained by consumer-driven quality traits and the presence of trypsin inhibitors (TIs) - 

antinutritional proteins that impair protein digestion in monogastric animals. This study 

employed a multifaceted approach combining phenotyping, genome editing, and 

association mapping to enhance soybean quality. First, we developed near-infrared 

reflectance spectroscopy (NIR) calibration models for the rapid estimation of total TI and 

Kunitz TI content in seeds and meals. Validated against HPLC data, these models 

demonstrated high predictive accuracy and offer a scalable tool for breeding and industry 

applications. Second, the CRISPR/Cas9-mediated knockout of KTI1 and KTI3 in the 

cultivar Williams 82 produced the low-TI line VTI5-26. Across multi-location field trials, 

VTI5-26 maintained reduced TI levels without compromising yield, maturity, or pest and 

disease resistance, and displayed significantly improved resistance to soybean cyst 

nematode. Third, a genome-wide association study (GWAS) of 146 natto soybean 

accessions identified novel SNPs associated with the key quality traits—water absorption, 

seed coat deficiency, cooked color, protein, and oil content—many of which were linked 

to stress-responsive gene networks. Collectively, these efforts illustrate how precision 

breeding and phenotyping tools can accelerate the development of soybean cultivars with 

enhanced nutritional and functional qualities.  
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GENERAL AUDIENCE ABSTRACT 

 

Soybeans are an essential global crop for food and animal feed, but they naturally contain 

proteins called trypsin inhibitors (TIs) that can make it harder for animals to digest their 

food and grow properly. In this study, we explored new ways to improve soybean quality 

by reducing these harmful compounds and identifying traits important to food products like 

natto, a traditional Japanese fermented soybean dish. First, we developed a fast and cost-

effective method to measure TI levels using near-infrared light instead of slower lab tests 

making it easier for farmers and food producers to check seed quality. We also used gene-

editing technology (CRISPR/Cas9) to create a new soybean variety, VTI5-26, that 

significantly reduced Tis levels. This new variety grew just as well as other varieties in 

field trials and even showed better resistance to a common pest, the soybean cyst nematode. 

Finally, we evaluated over 100 natto-type soybeans and identified specific genes linked to 

desirable traits like protein content, oil levels, and seed appearance. These discoveries will 

support breeders to create soybeans that are healthier, easier to process, and better suited 

to different markets—benefiting both farmers and consumers. 
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1. History of Plant Breeding and Genetic Understanding 

1.1 The Ancient Beginnings of Plant Breeding 

The domestication of plants was an integral part of human advancement and 

civilization.  The natural process of plant selection evolved into a relationship of 

dependence between people and plants. Humans made a transition from being hunter-

gatherers to becoming an agronomic society, which occurred about 10,000 years ago [1]. 

This age saw the transition from an ice age into more stable environments which enabled 

permanent settlements and the development of agricultural practices. Plant breeding started 

with choosing the most easily harvestable plant varieties [2]. A naturally occurring plant 

mutation that resulted in easier shattering would be more likely chosen for harvest and thus 

transmit its genetic material to successive generations.  As selection processes became 

more intentional, people discovered the potential to control crop genetics. 

 

1.2 Genetic Foundations 

The establishment of the dedicated field of plant breeding started with the 

exploration of genetic principles during the 19th century. The advancement of heredity 

knowledge combined with selection and genetic modification techniques has dramatically 

enhanced agricultural productivity together with global food security and crop resilience 

[2]. 

Gregor Mendel earned his reputation as the Father of Genetics through his research 

on pea plants conducted in his monastery garden. In 1866 he published his findings which 

established the basis for inheritance laws [3]. Mendel observed how specific traits 

transferred between successive generations of pea plants after implementing specific 
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breeding techniques. He recorded characteristics of each parent and offspring, specifically 

focusing on stem length (tall or short), pod color (yellow/green) and shape 

(inflated/constricted), pea color (yellow/green) and shape (round/wrinkled), and flower 

color (purple/white) and flower position (axil or terminal). Mendel tracked these traits 

throughout successive generations which allowed him to propose three principles of 

inheritance in 1865 [4]: 

1) The Law of Segregation – each parent separates their genes during gamete 

production and these genes randomly go to their offspring 

2) The Law of Independent Assortment – Each gene functions independently when 

determining the inheritance of other genes 

3) The Law of Dominance – The dominant allele covers up the expression of 

phenotypic traits from recessive alleles 

 

The world forgot about Mendel’s work until 1900 when three botanists Hugo de 

Vries, Carl Correns and Erich von Tschermak independently confirmed his findings. The 

three botanists performed their experiments on heredity without knowing about each other 

or Mendel’s previous research. The discovery of Mendel’s work after 1900 gave him credit 

for the findings while Vries, Correns and Tschermak used their work to prove and validate 

his Laws of Inheritance [5]. The rediscovery introduced plant breeding genetics which 

enabled scientists to choose beneficial traits through systematic selection. 

During the early 1900s Wilhelm Johannsen used Mendel's laws to create the pure-line 

theory [6]. Through his bean research he proved how self-fertilized plants create 

genetically identical strains while demonstrating the essential role of selection in 
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agricultural improvement. According to Johannsen, the foundation of breeding programs 

today depends on genetic uniformity [7]. But pure line maintenance failed to deliver the 

production enhancements farmers and consumers needed for growing markets. 

Plant breeding underwent a transformative shift with hybrid breeding techniques that 

emerged during the early 20th century. George Shull observed heterosis (hybrid vigor) by 

performing crosses between different inbred lines to create superior hybrids which 

surpassed their parent lines [8]. Hybrid corn varieties entered commercial markets during 

the 1920s which led to significant crop yield growth and established the advantages of 

controlled crossbreeding. 

 

1.3 The Green Revolution 

The mid-20th century represented a transformative period in agricultural history 

worldwide. The period from 1940 to 1960 represented the Green Revolution which 

transformed crop development and worldwide food production into a major success story 

[9]. Traditional farming systems in Mexico, India and Pakistan operated at low productivity 

levels during that time because of losses due to pests, disease, and unpredictable weather. 

The restrictions in agricultural production created regular food deficits while the increasing 

population numbers intensified the concern [10]. Dr. Norman Borlaug emerged as a leading 

figure of this era through his work to support Mexican wheat farmers. Through Rockefeller 

Foundation support Borlaug created wheat breeds that yielded more and maintained short 

compact growth which reduced their susceptibility to field breakdown. His innovative 

shuttle breeding technique served as the main differentiator because it both accelerated 

crop breeding time and enhanced environmental adaptability [9]. 
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Shuttle breeding requires breeding lines to undergo simultaneous growth in two 

completely different environments throughout the year. Borlaug tested his wheat varieties 

in both the hot, lowland Sonora Valley and the cool, high-altitude Toluca Valley in Mexico. 

The method involved moving wheat plants between two environments for one year, which 

enabled Borlaug to find suitable varieties that could adapt to different conditions while 

shortening the time needed to create stable new strains [11]. 

  The results were game-changing. Food production levels in struggling countries 

increased substantially because of these innovations, which enhanced the availability of a 

stable food supply. Through his work Borlaug brought transformative changes to the whole 

field of plant breeding. Current plant breeding practices including accelerated breeding 

cycles and testing across multiple locations and climate resilience selection directly stem 

from the foundational work of Borlaug. 

 

2. Advanced Techniques Driving Soybean Improvement 

Scientists from the 19th and 20th centuries established the basis of our modern 

understanding of genetics along with advanced genetic techniques. Molecular genetics 

emerged as a scientific field in the closing years of the twentieth century to enable 

researchers to achieve precise gene alterations, which benefit crop improvement. Genome-

Wide Association Studies (GWAS), Near Infrared Reflectance Spectroscopy (NIR), and 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/Cas9) represent 

some of these techniques among others. 
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2.1 Genome Wide Association Study (GWAS) 

GWAS has emerged as a fundamental method to explore the genetic roots of 

complex crop traits. GWAS evaluates naturally occurring plant genetic variation between 

different populations to detect genome locations affecting essential traits, which enables 

breeders to select those traits precisely and effectively [12]. 

GWAS relies fundamentally on the principle of linkage disequilibrium which 

describes how particular genetic markers tend to pass through inheritance together. GWAS 

examines tens of thousands of genetic markers (SNPs) to determine associations between 

genome segments and observable traits. This tool has allowed researchers to analyze 

population genetic diversity to provide detailed information about trait variation [13]. 

In plant breeding, GWAS is a powerful tool to discover genes responsible for traits 

including drought tolerance, disease resistance, seed quality and other traits. GWAS has 

proven useful in soybeans for identifying genes that influence seed protein content together 

with oil composition and resistance to soybean cyst nematode, which significantly impacts 

yield.  

 identification of genetic markers through research enables breeders to speed up 

variety improvement with increased focus on their program objectives [14].  By providing 

data on traits and associated SNPs, genomic selection models are improved, increasing 

their ability to predict which progeny will show promising field performance. This 

technology cuts down the requirement for thorough field testing across numerous lines 

which reduces costs while saving time and land [15]. 
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 2.2 Near Infrared Reflectance Spectroscopy 

Scientists and breeders have transformed their plant material analysis with the fast 

and non-invasive Near-infrared reflectance spectroscopy (NIR). Researchers use near-

infrared reflectance spectroscopy (NIR) to measure light absorption and reflection within 

the 780-2500 nm range which enables them to analyze seed and tissue compositions 

without sample destruction [16]. 

The fast analysis of protein, oil, moisture, starch and fiber content in plant samples 

becomes possible through the use of NIR [17]. Soybean breeders utilize NIR technology 

for routine measurements of seed protein and oil content because these traits determine 

both nutritional value and market price. Traditional lab-based analysis of these compounds 

requires time-consuming methods that destroy samples but NIR technology enables fast 

analysis of numerous samples without damaging them and keeps seeds viable for planting 

or additional research [18]. 

Modern breeding programs have widely adopted NIR technology as a fundamental 

component for fast and large-scale high-throughput data collection. New portable NIR 

devices help users perform field and harvest site analysis by advancing their on-site 

analytical capabilities [19]. Researchers have now linked NIR data with genomic 

information using machine learning and chemometric modeling to improve selection 

decisions for nutritional components [20]. This adoption of NIR can simplify the evaluation 

of complex traits. As a result the process becomes streamlined and requires minimal time 

and resources while enabling informed breeder selections, which speeds promising lines 

through the breeding pipeline. 
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 2.3 CRISPR/Cas9 

Plant genetic improvement techniques have experienced a fundamental shift 

because of CRISPR/Cas9. The bacterial immune system gene-editing tool enables 

researchers to make precise DNA modifications at specific locations within plant genetic 

material [21]. The DNA editing tool CRISPR/Cas9 outperforms earlier gene editing 

systems such as zinc finger nucleases and TALENs, in both speed and accuracy [22]. 

CRISPR provides researchers with the ability to perform specific gene modifications which 

avoids adding foreign genetic material. Developers can create non-transgenic crops 

through this method which reduces both regulatory challenges and public resistance. 

CRISPR allows multiplex editing to modify various genetic regions simultaneously which 

proves beneficial for traits with multiple genetic regulators. 

The potential of CRISPR in soybean breeding has been clearly demonstrated in 

recent studies. Scientists have used CRISPR technology to create high-oleic soybean 

varieties which produce healthier fats with better oxidative stability, benefiting food 

processing [23]. Researchers have also employed CRISPR technology to build resistance 

against soybean mosaic virus and to lower trypsin inhibitors [24, 25]. These genetic 

modifications can lead to improved yield levels, better product quality, and more 

environmentally friendly practices. 

The future development of DNA-free editing together with nanoparticle delivery, 

speed breeding and genomic prediction tools will enhance CRISPR’s capabilities. The 

improvement of these systems will increase their usage in creating soybean varieties that 

become more resilient while providing better nutrition and productivity levels to fulfill 

changing global demands. 
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3. History of Soybeans 

  The modern soybean species (Glycine max [L.] Merr.) that serves as a global food 

and crop originated from the natural species Glycine soja (Siebold & Zucc.), which inhabits 

East Asian regions. The transition of wild plants into essential crops started when humans 

first domesticated plants between 6,000 and 9,000 years ago [26]. This process started at a 

fundamental period in human development when early agricultural societies began to 

actively cultivate and enhance their plant species. During the Eastern Zhou Dynasty, China 

made substantial agricultural developments approximately 2510 BCE[27]. 

  Studies combining archaeological evidence with genetic analysis have revealed 

more accurate details about soybean origin and the development of its domestication. 

Recent studies indicate that the Yellow River basin in China presents a primary location 

for the origins of cultivated soybean. Genetic analysis reveals that local soybean varieties 

from this area exhibit higher diversity levels than other strains, indicating possible early 

cultivation and improvement of wild soybeans [28]. The discovery of burned soybean plant 

remains near ancient fire pits, further supports the timeline of prehistoric people consuming 

this crop [29]. 

The semi-wild soybean species Glycine gracilis Skvortz. holds a mysterious place 

in the story of soybean domestication. Fukuda suggested in the 1930s that Glycine gracilis 

represented a phase between Glycine soja and G. max [30], leaving  scientists to debate the 

evolutionary significance of the soybean variety for several decades, although the correct 

position in the timeline remained unknown. 

Genomic research advancements have made it possible to clarify this picture in recent 

years. Han et al. conducted an extensive analysis of 500 soybean samples including their 
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wild, semi-wild and domesticated varieties [31]. The research revealed surprising results 

that G. gracilis possessed genetic traits which differentiated it from its close relatives and 

thus disproved the previous theory proposed by Hymowitz in 1970 that G. gracilis was a 

hybrid [30]. The current data indicates that G. gracilis occupies a separate and individual 

position in the domestication sequence, which provides new insights into the 

developmental history of soybean. 

The history of soybean domestication shows the deep bond between human beings 

and plants. Human selection of a wild species over thousands of years resulted in the 

development of one of the most globally cultivated crops. Understanding the origin of 

soybean and its evolutionary development provides valuable lessons for future crop 

improvement to address present-day challenges such as climate change and global food 

security. 

 

4. Soybean Production in the U.S. and its Economic Importance 

  Soybeans (Glycine max [L.]) are the most widely grown oilseed crop globally, 

which demonstrates  their fundamental importance in agriculture and commerce [32]. 

Current data shows soybeans make up about 59% of total worldwide oilseed production 

[32]. The many uses of soybeans and their growing market demand have established their 

crucial role in numerous industries, ranging from livestock feed, human consumption to 

biofuels and related products.  

Soybeans function as the foundation of American agricultural operations. The total 

soybean plantings reached 87.5 million acres in the United States during 2022, while the 

average yield per acre reached 49.5 bushels [33]. A total production figure of 4.28 billion 
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bushels resulted from 2022 crop, despite a 4% reduction from the previous year. The 

United States remains one of the leading soybean-producing nations together with Brazil 

and Argentina [33]. 

Soybean cultivation within the United States generates a considerable amount to 

the economy. According to market data for 2023, the U.S. soybean crop generated $60.7 

billion in total value [34]. The United States relies heavily on soybeans both for local 

production and international trade purposes. During the 2022/2023 marketing year U.S. 

soybean exports reached 2.21 billion bushels, which represented 52% of the total 

production [34]. China leads the way as the primary destination for U.S. soybeans followed 

by the European Union, Mexico and Japan. 

Soybean production represents an essential part of Virginia's agricultural industry 

as farmers in Virginia grew soybeans on approximately 570,000 acres during 2023. The 

projected harvested area stood at 560,000 acres and had an  estimated soybean production 

at 21.1 million bushels, at an average yield of 41.0 bushels [35].  

The uses of soybeans extend into multiple areas. Approximately 80% of processed 

soybeans are used for animal feed production, mainly serving poultry, pigs and cattle 

operations. Industrial applications and human nutrition account for the remaining portion 

of the global soybean production including biofuels, lubricants, and other industrial 

products. 

 

4.2 Soybean as Livestock Feed 

Soybeans (Glycine max) function as a vital animal feed source across the globe 

because they contain abundant protein and beneficial amino acids. Current worldwide 
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statistics show that between 70 and 80% of produced soybeans become soybean meal, 

which serves primarily as  animal feed [33]. Soybean meal is an essential component in 

feed formulations for poultry and pigs. and also serves ruminant animals because of its 

digestible nutrient profile  [36]. Soybean meal is widely used in animal feed because of its 

reliability, adaptability, and affordability compared with other protein sources. 

Additionally, soybean-based feeds support optimal growth and, thus, are fundamental to 

large-scale animal agriculture. 

Soybean meal mainly goes to poultry production, followed by swine and then dairy 

and beef cattle.  Soy cakes or flakes are the standard soybean meal processing forms before 

they get added to compound feed products. Soybeans that are not processed into meal and 

are instead fed to livestock directly only make up a very small portion of the total soybean 

consumption because processing enhances nutritional value and reduces the anti-

nutritional factor - trypsin inhibitor [36]. 

 

4.2.1 Trypsin Inhibitor 

Although soybeans are well-suited for livestock feed due to their protein content 

and digestibility, they are negatively affected by naturally occurring antinutritional factors, 

particularly trypsin inhibitors (TIs). These compounds hinder digestion by covalently 

binding to trypsin, a digestive enzyme, thus inhibiting protein digestion and absorption in 

animals [37 - 39] 

  High levels of TIs in animal diets can cause several adverse physiological effects. 

At low doses, they may impair protein metabolism and growth and feed conversion. In 
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higher doses, animals may develop abnormal organ enlargement, including the pancreas, 

liver, and intestine, and in some cases, may suffer from pancreatitis [40 - 42]. 

Soybeans contain two major forms of trypsin inhibitors: Kunitz type (KTI) and Bowman-

Birk type (BBTI). Kunitz is a larger 21.5 kDa protein and is a very stable, and in many 

cases, irreversible trypsin inhibitor [18,19]. In contrast, BBTI is much smaller, 7 to 8 kDa, 

and has many isoforms. It can inhibit both trypsin and chymotrypsin and thus has a higher 

inhibitory action [45, 46]. 

Soybeans are usually heated to reduce the antinutritional effects of TIs before being 

used in animal feed. This practice has been employed for over a century, with benefits 

observed even before its scientific rationale was fully understood. Today, conventional 

industrial processing of soybeans involves heating them to 121°C for 15 minutes to 

inactivate TIs [47]. Nonetheless, there are drawbacks to this method. It can be quite costly 

and may result in the loss of 5-20% of protein available because of heat destruction [48]. 

Although undesirable in animal diets, Tis play a crucial role in protecting soybeans 

from insect pests. The problem of breeding to lower the levels of TIs is complicated by the 

fact that such breeding may result in the loss of pest resistance and reduced yield [49].  

 

4.3 Human consumption - Natto 

Although a large part of the  world’s soybean production goes towards livestock 

feed and biofuel sectors, a growing  percentage—13.91 million tons in recent data—goes 

towards human consumption [50]. Global soy product consumption  has steadily increased, 

with per capita consumption increasing from 1.29 kg in 2010 to 1.77 kg in 2021 [51]. Much 
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of this food-grade soy is consumed through traditional soy-based foods like tofu, soy milk, 

and natto. 

Natto, a traditional Japanese food product, is produced through the fermentation of 

cooked soybeans (Glycine max  [L.]) with the bacterium Bacillus subtilis [52]. It is known 

for its sticky texture, pungent smell, and chewiness, and has been consumed in Japan for 

over five centuries. Although it has an unorthodox appearance and taste, it is valued for its 

health-promoting properties, which include lowering cholesterol, strengthening bones, and 

boosting the immune system [53]. A 100-gram serving of natto provides about 211 calories 

and 19 grams of protein, making it a nutritious and filling food [54]. Apart from protein, 

natto is a good source of bioactive compounds and other nutrients including vitamin K, 

isoflavones, biogenic amines, and the enzyme nattokinase [54]. Nattokinase has been 

identified as a potential drug candidate with properties to help lower blood pressure, act as 

an anticoagulant, improve vision, and reduce inflammation [55-56]. 

 Recently, the health benefits of natto have been recognized in the broader world, 

and as such, it is becoming a globally sought-after item in the health food industry outside 

Japan. The growing market demand for natto has resulted in increased production and 

highlighted the need for continued soybean breeding to meet evolving consumer 

preferences and processing requirements [57]. 

 

5. Conclusion 

 Soybean functions as a fundamental crop worldwide because of its dual value as a 

protein-rich food source and versatile animal feed and a growing importance in human 

nutrition. The evolution of Plant breeding is evident in the domestication and improvement 
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of soybean over thousands of years, progressing from early selection methods to current 

genetic tools. The advancement of soybean cultivars to their current high-performance state 

resulted from Mendelian genetics and the Green Revolution, which established a 

foundation for modern breeding practices. Soybean yield potential alongside 

environmental resistance and adaptability have been directly affected by innovations in 

hybridization and shuttle breeding. 

GWAS, together with NIR and CRISPR-Cas9 genome editing have accelerated 

soybean improvement through modern breeding techniques. These tools enable scientists 

to identify and select precise, valuable traits including seed composition and stress 

tolerance and reduced antinutritional factors such as trypsin inhibitors. Soybean breeding 

programs will need to use advanced technologies to create new, nutritious, high-yielding 

varieties if soybean demand keeps expanding in animal feed and health-conscious human 

markets. The future of soybean breeding will rely on a foundation of classical knowledge 

integrated with molecular innovations to overcome complex global food and feed system 

challenges. 
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Abstract 

Trypsin inhibitors (TI) are naturally occurring antinutritional factors found in soybean 

seeds [Glycine max. (L.)], that decrease the growth rate of livestock, causing malnutrition 

and digestion troubles. The current accurate method to quantify TI levels in soybean seeds 

or meals is by High Performance Liquid Chromatography (HPLC); however, it is time-

consuming, creating bottlenecks in industrial processing. Establishing a near-infrared 

reflectance spectroscopy (NIR) model for estimating TI in seeds and meals would provide 

a more efficient and cost-effective method for breeding programs and feed producers. In 

this study, 300 soybean lines, both seeds and meals, were analyzed for TI content using 

HPLC, and calibration models were created based on spectral data collected from a Perten 

DA 7250 NIR instrument. The resulting models demonstrated robust validation, achieving 

accuracy rates of 97% for seed total TI, 97% for seed Kunitz TI, and 89% for meal total 

TI. The findings of this study are significant as no NIR calibration models had previously 

been developed for TI estimation in soybean seed and meal. These models can be used by 

breeding programs to efficiently assess their lines and by industry to quickly evaluate their 

soybean meal quality. 
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1. Introduction 

Soybean [Glycine max (L.)] is a highly valued row crop, primarily due to its high 

protein and oil content. The high protein content, balanced amino acid profile, and various 

vitamins and minerals contained in a soybean has made it a staple in animal feed production 

[1,2]. In the United States, 70% of soybeans produced are destined for animal feed – 

totaling 33.12 million tons in 2021 [59]. Despite its nutritional benefits, soybean contains 

antinutritional factors such as trypsin inhibitors (TI), that inhibit the absorption and 

digestibility of nutrients in livestock [2-6]. When livestock consume significant amounts 

of TI, it can result in severe health implications, such as limited growth because of the 

limited protein and nutrient absorption. In more severe cases, overconsumption of TI may 

lead to the enlargement of the pancreas, liver, intestines, and even result in pancreatitis [7-

10] 

TI is a naturally occurring protein found in legume species that binds strongly to 

trypsin, a digestive enzyme in animals, effectively blocking its active site and hindering 

the digestion process [9,11]. Soybean has two types of TI– Kunitz trypsin inhibitor (KTI) 

[43] and Bowman-Birk trypsin inhibitor (BBTI) [11,13,14]. The KTI is monomeric protein 

in soybean seeds, consisting of 181 amino acids and 21.5 kDa (Kunitz, 1947). It is more 

abundant than BBTI and forms a strong, irreversible complex with trypsin [44]. In contrast, 

BBTI is a smaller protein, 7-8 kDa, with various isoforms. Present in lower quantities, 

BBTI inhibits both trypsin and chymotrypsin [16-18].  

To negate the antinutritional effects of TI in soybeans, the raw seeds are heated and 

processed into a meal. The benefits of heating soybeans were first observed in 1917, and 

the practice was widely adopted even though the reasons behind its improvement of the 
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feed’s nutritional value were not yet understood [48]. In recent years, heating raw soybean 

to 121℃ for 15 minutes is the industry’s standard practice to deactivate TI within soy meal 

for livestock consumption [47]. However, this process requires careful control - 

overheating the soy meal can destroy beneficial nutrients – while insufficient heating may 

leave TI concentrations too high for animal consumption. As such, TI concentration and 

nutritional value of the meal is regularly checked to maintain a quality product.  

To date, numerous methods for detecting TI in soybeans have been published [17, 

21-24]. However, these existing techniques for measuring TI concentrations are often time-

consuming. High performance liquid chromatography (HPLC), an analytical chemistry 

technique that separates compounds within a mixture for quantification, is a widely used 

and efficient method at the time of this study [22, 24]. Although HPLC is known for its 

accuracy and sensitivity, it has several disadvantages. The HPLC method is time-

consuming, requires extensive sample preparation, and demands costly maintenance, 

including expensive reagents, specialized equipment, and skilled personnel, particularly 

when analyzing complex protein mixtures. The initial equipment cost of a high throughput 

system, such as the one used in this study, can range from $40,000 - $120,000 [69]. The 

estimated cost in 2025 is $1.89 per sample [18]. Approximately 13 minutes per sample is 

required for HPLC analysis, not including the time needed to grind and prepare samples. 

These factors make HPLC less practical for high-throughput or routine analysis. Given 

these limitations, there is a growing need in the animal feed industry for more efficient and 

practical methods to measure TIs. The creation and adoption of a near infrared reflectance 

spectroscopy (NIR) calibration for quantifying TIs on an industrial scale would allow for 

a more time-efficient evaluation of a soybean seed and meal.  
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Near-infrared reflectance spectroscopy (NIR) offers a promising alternative for 

industrial-scale quantification of TIs. Benchtop models, such as the one used in this study, 

range from $15,000 - $60,000 [70]. NIR is a secondary analytical technique that quickly 

identifies and evaluates chemical compositions of a substance [71]. This is achieved by 

emitting near-infrared light (700 -2500nm) onto a sample, where the wavelengths are 

absorbed based on the C-O, C-H, and C-N chemical bonds present, and the resulting 

spectral data are then used to determine composition of various chemical compounds based 

on pre-existing calibrations [72]. NIR spectroscopy is a non-destructive, fast, and cost-

effective method for analyzing agricultural products quality, requiring minimal sample 

preparation and providing results in approximately 20 seconds, thereby reducing the need 

for costly and time-consuming laboratory testing.  

It was first developed in 1946 as part of a project funded by the US Department of 

Agriculture to develop a method for grading eggs [73]. Since then, it has become a staple 

instrument used in breeding programs to evaluate lines for advancement based on desired 

traits and in the food processing industry to evaluate quality of a product [74]. NIR’s 

application in agriculture has expanded with successful calibrations for various compounds 

including moisture, protein, and oil content, demonstrating its versatility and efficiency 

[75]. For soybean quality assessment, AACC International (formerly the American 

Association of Cereal Chemists) currently recommends the NIR method for analyzing 

protein, crude fat, and moisture content in soybean seeds [76]. 

The specific wavelengths utilized and available calibrations for NIR analysis vary 

depending on the manufacturer and the instrument used. In this study, raw spectra data 

were collected using a DA7250 NIR instrument manufactured by Perten Instruments. The 
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DA7250 NIR can predict the concentration of a sample in under 10 seconds by utilizing a 

samples absorption within the 950-1650 nm wavelength range. To our knowledge, no 

calibration specifically designed for the determination of TI in whole soybean seeds and 

soybean meal has been developed for the DA7250 or similar NIR models. Developing 

accurate calibrations for this instrument would significantly reduce the time required to 

measure TI concentrations in whole seeds and processed meals, thereby leading to a more 

efficient production process.  

As such, the objectives of this study were to (a) to develop a DA7250 NIR 

calibration for the accurate and rapid prediction of TI concentration in whole soybean seeds 

to be used by breeding programs for evaluating lines potential, and (b) to develop a 

DA7250 NIR calibration for the accurate and time-saving prediction of TI concentration in 

soybean meal, enhancing efficiency for industrial feed producers.  

2. Materials and Methods 

2.1 Plant Material 

2.1.1 Whole Seed 

A total of 300 soybean plant introductions (PI) were selected from a diverse USDA 

soybean germplasm collection (Singer et al., 2022). The 300 samples consisted of soybean 

in maturity groups 4 and 5, representing diverse origins (China, Japan, USA, Russia, Nepal, 

Korea, Vietnam, and Morocco) [77] They were grown in 3 m two-row plots with 76 cm 

row spacing and harvested in Blacksburg, Virginia in 2020 and 2021. The 300 samples 

were selected to represent a diverse range of trypsin inhibitor (TI) concentrations, including 

low, mid, and high concentrations of KTI, BBTI, and Total TI (TTI) based on data obtained 

by HPLC analysis following Rosso et al., 2018. TTI was calculated as the sum of KTI and 
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BBTI concentrations per sample. The inclusion of these samples allowed for a model 

creation that represented naturally occurring TI ranges in soybeans. 

2.1.2 Meal Preparation 

For analysis of soybean meal, meal samples were prepared from the 300 PI lines. 

First, the starting moisture content of each sample was determined by placing 3 g of whole 

seed in an oven set to 103 ℃ for 72 hours. After each sample cooled, the final mass was 

recorded, and moisture content calculated. The whole seeds were then cracked and dehulled 

by placing 20 g of each sample in a hopper with a roller mill. The moisture content for the 

remaining soybean meat was readjusted to 15% using the following equation: 

          0.176 * (X) – 1.176 * (Y) * (X) = Z 

          X = Dehulled mass (grams) 

          Y = Moisture content in decimal form (not percentage) 

          Z = DI water to be added (milliliters) 

Following the addition of the determined amount of water, the samples were then 

set in an incubator at 65 ℃ for 15 minutes (Okedigba et al., 2023). The samples were then 

added to a roller mill for the creation of flakes. Solvent extraction was performed on the 

resulting flakes. Each sample was run on a Dionex ASE 350, set to the following method: 

65 ℃, static time 15 minutes, 3 cycles, solvent B-Hexane. After the completion of the run, 

the resulting samples were set under a fume hood overnight to allow for evaporation of the 

solvent. Each sample was then stored in an airtight bag.  

2.2 Spectral Methodology 

Approximately 50 g of whole soybean seeds were selected from the 300 lines. Each 

of the 300 samples were individually placed in the small seed breeding tray and scanned 
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on the Perten DA7250 NIRS instrument (Perten Instruments). The spectral data recorded 

for each sample consisted of 141 datapoints collected across a wavelength range of 950 – 

1,650 nm (Operation and Handling - DA 7250TM NIR | PerkinElmer, n.d.). A complete 

spectral dataset from the 300 samples was then exported from the instrument to be used for 

model creation. The same method was repeated with approximately 50 g of soybean meal 

and the spectra data exported.  

2.3 Trypsin inhibitor quantification by HPLC 

The HPLC method used to quantify TI in both the untreated seed and the meal was 

conducted following the procedure previously developed by Rosso et al. (2018). Briefly, 

10 mg of finely ground soybean seed powder was mixed with 1.5 mL of 0.1 M sodium 

acetate buffer (pH 4.5). Samples were vortexed and shaken for 1 h at room temperature. 

The sample was centrifuged at 12,000 rpm for 15 min. One-mL of the supernatant was 

filtered through a syringe with an IC Millex-LG 13-mm mounted 0.2-mm low protein 

binding hydrophilic millipore (polytetrafluoroethylene [PTFE]) membrane filter (Millipore 

Ireland). The TI in solution was separated on an Agilent 1260 Infinity series (Agilent 

Technologies) equipped with a guard column (4.6 x 5 mm) packed with POROS R2 10-

mm Self Pack Media and a Poros R2/H perfusion analytical column (2.1 x 100 mm, 10 

um). The mobile Phase A consisted of 0.01% (v/v) trifluoroacetic acid in Milli-Q water, 

and the mobile Phase B was 0.085% (v/v) trifluoroacetic acid in acetonitrile. The injection 

volume was 10 uL and the detection wavelength was 220 nm.  

2.4 Model Creation, Cross-validation, and Statistical analysis 

The method for model creation, cross-validation, and statistical analysis followed 

the procedure reported by Lord et al., 2021 [78]. The CAMO Unscrambler X software 
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(CAMO Analytics AS) was used for the spectroscopic data pretreatment, model creation, 

and internal cross-validation of model. A representative subsample of 124 seed and 112 

meal samples were selected using R (R Core Team, 2024), ensuring an equal distribution 

of low, mid, and high concentrations of each of the six TI values (mg/g): STTI: seed total 

trypsin inhibitor, SKTI: seed Kunitz trypsin inhibitor, SBBTI: seed Bowman-Birk trypsin 

inhibitor, MTTI: meal total trypsin inhibitor , MKTI: meal Kunitz trypsin inhibitor, and 

MBBTI: meal Bowman-Birk trypsin inhibitor. The spectroscopic data for each of the six 

datasets was then pretreated first with standard normal variation, followed by detrending 

which corrected for light scatter and particle size. Models were created using the 

transformed data and partial least squares regression (PLSR) based on previous studies [34, 

35].The number of PLSR components, 10, was determined based on the number of factors 

that minimized the predicted residual error sum of squares. To perform a 10-fold cross-

validation, the samples were randomly divided into 10 equal segments, each consisting of 

11 or 12 samples. Unscrambler performed cross-validation by holding out the samples 

randomly placed in a segment. The model was then recalibrated without the selected 

samples and the recalibrated model was used to predict the values of the withheld samples. 

This was repeated for each segment, until all samples had been withheld. Each model 

resulted in an R2 and a root-mean-square-error (RMSE) value for the calibration and cross-

validation of each model. The R2 demonstrates statistically how well the TI concentrations 

determined by HPLC match the concentrations predicted from the spectral model. The 

RMSE values represent the average error present within the model[81]. 

 

3. Results 
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3.1. Sample Concentration of Trypsin Inhibitor 

As expected, the seed total trypsin inhibitor (STTI) subsample had the highest 

concentration of TI, as its seeds were raw and without any heat treatment. The total TI in 

seeds ranged from 2.62 – 13.13% of the total seed content (Table 1). TI concentration in 

soybean varieties have been reported to range from 0.07-18.7%, with anything less than 

6% being considered low and greater than 10% high concentration [82]. Therefore, the 

broad range of TI concentrations in our subsample set effectively captured the diversity 

found in soybean germplasm, providing a robust basis for calibration model development. 

However, the preparation of soybean meal resulted in a notable decrease in total TI 

concentration by at least 2 mg/g across all samples, reflecting the effectiveness of 

processing in reducing antinutritional factors. The reduction in TI was expected, given the 

heat treatment applied during meal preparation, which is known to denature these proteins.  

3.2. Calibration Model Performance 

The calibration and validation statistics for each model are presented in Table 2, 

and the model fit is shown in Figure 1. The STTI and SKTI validation models both resulted 

in a 97% rate of accuracy, based on the R2 values. Given that the STTI range was 2.62 – 

13.13% and the model's RMSE of 1.579, indicating a 13.7% error rate in the validation 

model. This is considered a moderate range of error and may be acceptable depending on 

the intended application of the model. The SKTI validation model had a more acceptable 

error rate of 10.3% calculated from the reported RMSE value of 0.74. The meal total trypsin 

inhibitor (MTTI) resulted in a moderately successful validation model as well with an 86% 

accuracy rate and a moderate error rate of 15%.  
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In contrast, the seed and meal Bowman-Birk trypsin inhibitor (SBBTI and MBBTI) 

models performed poorly, with validation R² values of only 0.017 and 0.016, respectively. 

As shown in Figure 2, BBTI averaged 47% of STTI and 27% for MTTI composition. 

Additionally, the low performance for the MKTI model may be due to the reduced 

concentration of TI by the applied heat treatment, reducing the levels of KTI present to 

values undeterminable by the NIR instrument used in this study. 

The summary of the spectral data’s contribution to the successful models is shown 

in Figure 3. In the three graphs, upward peaks represent a portion of wavelength that had a 

positive correlation to the model creation. The downward peaks have a negative correlation 

and interference with the model creation. In each of the successful models, the wavelength 

range of 1450-1470 nm was significant, indicating that the chemical structure of TI may 

absorb this range of infrared wavelengths. The wavelength range 1410-1430nm had a 

negative correlation with the model creation for both STTI and SKTI. This close range 

between the negative and positive peak may also be a reason for the error rate in the 

validation models. The STTI model had a high peak at 1390 – 1410nm, not present in the 

other models.  

4. Discussion 

The model statistics shown in Table 2 suggest that the NIR calibration models for 

STTI, SKTI, and MTTI can be reliably used for rapid TI quantification in soybean breeding 

and industrial applications. In contrast each attempt at a BBTI model was unsuccessful, 

suggesting that the chemical composition of BBTI may not be suitable for accurate NIR 

prediction of BBTI concentrations. The molecular size of BBTI is soybeans is 

approximately 8 kDa [32-34], which is much smaller than that of KTI (approximately 



27 

 

20 kDa). In addition to its smaller molecular size, BBTI consists of seven disulfide bonds, 

while KTI has only two [84].  

Other organic compounds consisting of multiple disulfide bonds, similar to BBTI, 

have been reported to correspond peaks around 1700 nm [86], which lies beyond the 

spectral range of the DA7250 instrument (900 nm – 1650 nm). Additionally, the low 

performance of BBTI may have negatively impacted the overall accuracy of the STTI 

calibration model, contributing to the 4% decrease between STTI and SKTI. Despite the 

poor performance of the MKTI and MBBTI models alone, the MTTI models may have 

been successful in part due to the higher combined concentration of the total TIs compared 

to the lower concentrations of the individual TI samples.  

The wavelength range identified in Figure 3, does correlate to a wavelength range 

previously reported in a study that created an NIR calibration model on another instrument 

for soy cakes [87]. In this study by Hoffmann, they identified two wavelength ranges 

related to TI that are beyond the range analyzed by the Perten DA7250 (1640-1830nm and 

2100 – 2300nm). A study performed in 2009 also identified peaks in wavelengths greater 

than 1650nm for heat-treated trypsin inhibitor activity [88]. This suggests that the error 

rates and the unsuccessful attempts to create a model for SBBTI, MKTI, and MBBTI may 

once again be due to the limitations of the instrument used in this study. However, given 

the popularity of the Perten DA7250 instrument, our models are expected to be broadly 

adopted by soybean breeders and meal processors.  

In conclusion, three models – STTI, SKTI, and MTTI were successfully developed 

and validated. The novelty of this study’s findings offer a rapid and cost-effective 

alternative to traditional HPLC methods that was not previously available. Although 
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methods such as HPLC will still remain necessary for precise quantification of TI within a 

seed or meal sample, the Perten DA7250 instrument provides a valuable tool for quick 

evaluation of a soybean seed for a breeding program and the meal for an industrial feed 

producer. Future directions include expanding model development to other commonly used 

benchtop NIRs for further accessibility. Additionally, further research focused on 

developing accurate models for BBTI quantification using NIR with spectral ranges 

accommodating BBTI’s molecular structure would be beneficial. Soybean breeding 

programs will benefit from the rapid assessment of TI content, enabling them to efficiently 

screen and focus resources on varieties that meet their objectives, thereby avoiding 

investment in non-viable lines. Within the industry sector, the adoption of an NIR model 

for estimating total TI in meal samples will allow for a more time-efficient and cost-

effective evaluation of their production line and final product quality control.  
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Tables 

Table 1. TI concentration determined by HPLC in the six models; seed total trypsin 

inhibitor (STTI), seed Kunitz trypsin inhibitor (SKTI), seed Bowman-Birk trypsin inhibitor 

(SBBTI), meal total trypsin inhibitor (MTTI), meal Kunitz trypsin inhibitor (MKTI), and 

meal Bowman-Birk trypsin inhibitor (MBBTI). 

TI Model Mean %1 Range %1 SD2 CV3 

STTI 8.39 2.62-13.13 1.87 0.22 

SKTI 4.4 0.49-7.78 1.06 0.24 

SBBTI 3.99 0.34-7.79 1.35 0.33 

MTTI 4.02 0.38-10.25 1.55 0.37 

MKTI 2.98 0.24-10.76 1.26 0.472 

MBBTI 1.14 0.0-4.27 0.72 0.63 

 

 

1 Mean and range reported in mg/g of sample (%) 

2 SD: standard deviation 

3 CV: coefficient of variance  
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Table 2. Calibration and validation for the TI models, with R2 representing model accuracy 

and RMSE the average error rate. 

      Calibration   Validation 

TI Model     Sample Size  R2 1 RMSE2  R2 RMSE 

 STTI     124 0.937 1.46 0.968 1.579 

 SKTI 124 0.979 0.676 0.975 0.741 

 SBBTI 124 0.027 1.269 0.017 1.287 

 MTTI 112 0.892 1.398 0.864 1.56 

 MKTI 112 0.059 1.116 0.052 1.126 

 MBBTI 112 0.021 0.641 0.016 0.648 

 

 

 
1 R2: coefficient of determination 
2 RMSE:  root-mean-square-error 
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Figures 

Figure 1. Relationship between the predicted (red) and the reference (blue) values and fit 

of (a) STTI, (B) SKTI, and (C) MTTI models. 
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Figure 2. Percentage of KTI and BBTI content for (A) whole seed and (B) meal samples 
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Figure 3. Absorption of each wavelength and its contribution to the model creation: (a) 

STTI (b) SKTI (c) MTTI. Red circles highlight wavelength ranges with significant model 

impact. 
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Abstract 

Soybean [Glycine max (L.) Merr.] is a key livestock feed, but the presence of trypsin 

inhibitors (TIs), an antinutritional factor essential for pest defense, can cause 

gastrointestinal issues and limit animal growth. To address this, we developed the low-TI 

soybean line VT5-26 by knocking out two genes, KTI1 and KTI3, in Willams82 (WM82) 

using CRISPR/Cas9 gene editing. This study aimed to confirm that, following propagation, 

1) VT5-26 retained the intended gene edits and low TI levels and 2) these edits did not 

negatively impact agronomic traits, biotic stress responses or seed quality compared to 

WM82. VT5-26, WM82, and a commercial variety (AG 3803) were planted in Blacksburg 

and Warsaw, VA, in the growing seasons of 2023 and 2024. The results confirmed stable 

inheritance of the KTI1 and KTI3 edits and consistently low TI levels in VT5-26. No 

significant differences were observed between VT5-26 and WM82 in plant height, lodging, 

maturity, or yield. VT5-26 also exhibited similar response to insect feeding and soil-born 

pathogens. Notably, VT5-26 demonstrated significantly improved nematode resistance to 

soybean cyst nematode (279 vs. 384 cysts/plant). A 1% decrease in seed protein content in 

VT5-26 compared to WM82, although statistically significant, was expected due to the 

reduction of TI, a proteinaceous compound. These findings confirm the successful 

knockout of KTI1 and KTI3 without negatively affecting agronomic performance or biotic 

stress response. The results validate CRISPR/Cas9 as a precise and effective tool to reduce 

TI in soybean seed, paving the way to the development of crops better suited to meet global 

food production challenges. 
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1.  Introduction 

Soybean [Glycine max (L.) Merr.] is one of the most valuable row crops globally, 

widely cultivated for its high protein and oil content. Its nutritional profile includes a 

complete set of amino acids, combined with essential vitamins and minerals, making 

soybean a foundational ingredient staple in animal feed formulation [39], [58]. In the 

United States, approximately 70% of soybeans produced are destined for animal feed, 

amounting to 33.12 million tons in 2021 [59]. Despite these nutritional benefits, soybean 

contains antinutritional factors, such as trypsin inhibitors (TI) that inhibit the absorption 

and digestibility of nutrients in livestock [37], [39], [38], [60]. High intake of TI can cause 

severe health implications in animals such as decreased growth rates because of the limited 

protein and nutrient absorption. In severe cases, overconsumption of TI may lead to the 

enlargement of the pancreas, liver, intestines, and even result in pancreatitis [40], [41], 

[61], [42]. 

TI is a naturally occurring protein in legumes that strongly binds to trypsin, a digestive 

enzyme in animals, effectively blocking its active site and hindering the digestion process 

[42], [62]. High dietary intake of TI has been associated with reduced growth rates in 

animals due to impaired nutrient assimilation. In severe cases, chronic consumption can 

lead to hypertrophy of the pancreas, liver, and intestines, and has been linked to 

inflammation and pancreatitis [40], [42], [61], [89]. Soybean has two types of TI: Kunitz 

trypsin inhibitor (KTI) [43] and Bowman-Birk trypsin inhibitor (BBTI) [62], [45], [63]. 

KTI, a monomeric protein with 181 amino acids with a molecular weight of 21.5 kDa, is 

more abundant than BBTI and forms a strong, irreversible complex with trypsin [44]. In 
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contrast, BBTI, a smaller 7-8 kDa protein with various isoforms, is present in lower 

quantities, and inhibits both trypsin and chymotrypsin [65], [64], [46].  

To negate the antinutritional effects of TI in soybeans, the raw soybean seeds are heated 

and processed into meal. The benefits of heating soybeans were first observed in 1917, and 

the practice was widely adopted to improve the nutritional value even though the 

mechanism were not initially understood [48]. In recent years, heating raw soybean to 

121℃ for 15 minutes is the industry’s standard practice to deactivate TI in soy meal [47]. 

While effective, this process is energy-intensive, expensive, and can lead to the degradation 

of heat-sensitive nutrients, resulting in protein losses of up to 5–20%. Moreover, 

overprocessing can further reduce feed quality, highlighting the need for soybean varieties 

with inherently lower TI content. 

Despite its antinutritional properties, TI plays a vital role in the soybean plants’ natural 

defense against pests. and it is widely expressed throughout soybean tissues [49]. This dual 

role makes breeding for low-TI soybean particularly challenging, as reducing TI levels can 

compromise pest resistance and overall field performance. To address this issue, the 

Virginia Tech Soybean Breeding program developed a low-TI line using CRISPR/Cas9 

technology. Using Williams82 (WM82) as the genetic background, two seed-specific 

genes KTI1 and KTI3, were knocked out to create a low-TI line, VTI5-26 (Wang et al., 

2023) . Because KTI1 and KTI3 are exclusively expressed in seeds, their removal is not 

expected to affect TI expression in vegetative tissues, thus preserving the plant’s defensive 

integrity. 

This targeted approach offers several key advantages: (1) it minimizes the need for 

post-harvest thermal processing, potentially reducing energy costs and nutrient loss; (2) it 
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enhances the nutritional quality and digestibility of soybean meal; and (3) it presents a 

scalable solution to improve feed efficiency across the livestock industry. In this context, 

the development of VTI5-26 represents a significant advancement in soybean improvement 

efforts, leveraging genome-editing tools to reconcile nutritional goals with agronomic 

resilience. 

The current study aims to evaluate the stability and agronomic performance of VTI5-

26 across multiple growing environments. Specifically, our objectives were to (1) confirm 

the stable inheritance of the KTI1 and KTI3 knockouts and the persistence of low TI levels 

following propagation, and (2) assess whether these genetic edits impact key agronomic 

traits, biotic stress responses, or seed quality in comparison to the wild-type WM82 and a 

commercial variety. Field trials were conducted in 2023 and 2024 at two contrasting 

locations in Virginia, Blacksburg and Warsaw, to capture environmental variability and 

ensure robust trait evaluation. Results from these trials will help determine the suitability 

of VTI5-26 as a commercially viable, low-TI soybean cultivar and validate CRISPR/Cas9 

as a powerful tool in modern plant breeding to address complex nutritional and agronomic 

challenges. 

2. Materials and Methods 

2.1 Plant Materials 

The low-trypsin inhibitor soybean line, VTI5-26, was developed by knocking out 

two seed-specific genes, KTI1 and KTI3, in the Williams 82 (WM82) genotic background 

using CRISPR/Cas9 genome editing technology (Wang et al., 2023). WM82 is widely used 
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soybean cultivar released in 1972, developed from a cross of ‘Wayne’ × I57-0034 by the 

U.S. Regional Soybean Laboratory and the Illinois Experimental Agricultural Station [90]. 

2.2 KTI Quantification 

The KTI concentration in VTI5-26 and W82 seeds harvested in 2023 and 2024 was 

quantified using the a high-performance liquid chromatography (HPLC) method developed 

by Rosso et al. (2018) [18]. Briefly, 10 mg of finely ground soybean seed powder was 

extracted with 1.5 mL of 0.1 M sodium acetate buffer (pH 4.5). by vortexing and shaking 

at room temperature for 1 hour. The mixture then was centrifuged at 12,000 rpm for 15 

minutes. A 1 mL aliquot of the supernatant was filtered through 0.2-μm low-protein 

binding hydrophilic Millipore (polytetrafluoroethylene [PTFE]) membrane (Millipore 

Ireland). KTI separation and quantification was performed using an Agilent 1260 Infinity 

series HPLC system (Agilent Technologies) fitted with a guard column (4.6 × 5 mm) and 

a Poros R2/H perfusion analytical column (2.1 × 100 mm, 10 μm). The mobile phase 

consisted of Phase A (0.01% [v/v] trifluoroacetic acid in Milli-Q water) and Phase B 

(0.085% [v/v] trifluoroacetic acid in acetonitrile). The injection volume was 10 μL, and 

detection was carried out at a wavelength of 220 nm. 

2.3  Evaluation of Agronomic Performance, Seed Quality  

Field evaluations of VTI5-26 were conducted during the 2023 and 2024 growing 

seasons at two locations in Virginia: Blacksburg and Warsaw. Trials were conducted in a 

randomized complete block design (RCBD) with three replications. The experimental lines 

included VTI5-26, WM82 (wild-type), and AG3803 (a commercial check variety). Each 

plot consisted of four rows (76.2 cm spacing), measuring 3.6 m long in Warsaw and 4.8 m 
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in Blacksburg. The inner two rows were designated for agronomic traits and seed harvest, 

and the outer rows were used for pest resistance assessments.  

Agronomic traits included: 

• Maturity (MAT): Defined as the date when 95% of pods exhibited their mature pod 

color (Fehr, Caviness, and Vorst, 1977). 

• Plant Height (HT): Measured in centimeters from the soil surface to the apex of the 

plant at maturity (Shapiro & Flowerday, 1987). 

• Lodging (LOD): Scored visually on a 1–5 scale, with 1 indicating fully erect plants and 

5 indicating plants completely lodged. 

Seed quality (QUAL) was evaluated using a 1–5 rating scale, where 1 indicated 

excellent quality and 5 indicated poor quality, based on visual inspection for seed 

development, wrinkling, brightness, and damage. 

Protein and oil content were analyzed using a Perten DA7250 near-infrared reflectance 

spectroscopy (NIRS) instrument, with values reported on a dry weight basis. Seed yield 

(YLD) was calculated based on harvested seed weight, adjusted to 13% moisture, and 

converted to bushels per acre (60 lbs/bu) based on plot dimensions. Seed size was 

expressed as the average weight (g) of a 100-seed sample. 

2.4 Evaluation of Pest Resistance 
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Pest resistance evaluations focused on three key insect pests: stink bugs (Halyomorpha 

halys), Japanese beetles (Popillia japonica), and Mexican bean beetles (Epilachna 

varivestis). 

• Leaf feeding damage (LFD): assessed at the R1 growth stage. Five leaves were 

randomly selected from the interior two rows of each plot and visually rated for damage 

using a standardized scale that estimated missing leaf tissue. An average LFD score was 

then calculated for each plot. 

•  Pod feeding damage (PFD): evaluated at R6 stage, while pods/beans were still green. 

A total of 100 pods were randomly collected from each plot, opened, and inspected for 

feeding damage, which was identified by a black mark on the pod corresponding to 

misshapen bean. The percentage of damaged pods was recorded for each plot. 

2.5 Evaluation of Soybean Cyst Nematode Resistance 

The soybean lines were evaluated for resistance/susceptibility to the soybean cyst 

nematode (SCN), Heterodera glycines, specifically HG Type 7 (race 3), originally 

collected from a field at the University of Minnesota Southern Research and Outreach 

Center (UMN SROC), Waseca, Minnesota. Before the experiment, the nematode 

population was cultured on the susceptible soybean cultivar ‘Sturdy’ for approximately 45 

days. SCN eggs were extracted from the roots and used to prepare an egg suspension for 

inoculation. 

The SCN development assay was conducted on soybean plants grown in cone-

tainers (4 cm diameter × 13.5 cm height) in a growth room at the UMN SROC. Each cone-

tainer was filled halfway with autoclaved soil (80% sand, 20% field clay loam), inoculated 
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with 1,500 eggs in 2.5 mL of water, and then topped with additional soil to about 2 cm 

below the rim. A second inoculation of 1,500 eggs in 2.5 mL of water was applied to the 

soil surface, followed by sowing one soybean seed per cone-tainer and covering it with 

about 1 cm of soil. Twelve replicates were used per soybean line, with ‘Williams 82’ 

included as the susceptible control. 

The cone-tainers were arranged randomly on a rack in the growth room, maintained 

at 25 °C with a 16-hour photoperiod, and watered using a sprinkler irrigation system. After 

35 days, cysts (females) were extracted from the roots and soil using standard protocols. 

Briefly, the soil and roots were transferred to a beaker with water. The roots were removed, 

and females were washed onto 850-µm-aperture sieve nested on 250-µm-aperture sieve. 

The soil suspension was also poured over the sieves to recover cysts. After rinsing, cysts 

retained on the 250-µm-aperture sieve were collected and separated from debris by 

flotation-centrifugation in 76% sucrose solution. Cysts per plant were counted under a 

dissecting microscope. The Female Index (FI) for each plant was calculated as: FI = 

(Number of females on a plant × 100) / (Mean number of females on Williams 82) [91]. 

2.6 Evaluation of Disease Resistance 

To test the tolerance of soybean cultivars VT5-26, AG 3803, and Williams82 

(susceptible check), a variety of soybean pathogens were selected for screening, including 

Fusarium virguliforme, Pythium sylvaticum, Phytophthora sansomeana, Rhizoctonia 

solani AG4, Macrophomina phaseolicola and Diaporthe longicolla.  Pathogen Inoculum 

for all isolates, except Diaporthe, was prepared by growing the corresponding isolates on 

sterile millet in a 500 mL flask. Briefly, millet was soaked in water overnight in distilled 

water, strained, and transferred to flasks. Flasks were covered with foil and autoclaved for 
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35 minutes. Flasks were allowed to cool overnight and then autoclaved a second time. Five 

8 mm plugs were cut from each culture from their respective isolate and aseptically 

transferred into the flasks containing the millet. The millet inoculum was incubated at room 

temperature for 14 days while being mixed regularly to establish complete colonization 

and facilitate the separation of grains.  

Seedling assays were prepared in 473 mL capacity foam cups with 8-mm drainage 

holes at the bottom. The cups were filled from the bottom with 200 mL of vermiculite, 4 g 

of inoculated millet, 150 mL of vermiculite, five seeds of the same cultivar (AG3803, VT5-

26, or WM82), then 75 mL of vermiculite. Plants were watered every other day and 

maintained in a growth chamber with a light regimen of 16 h light (300 mE) and 8 h dark, 

at a temperature of approximately 25º C and 80% humidity for 16 days. Every isolate had 

five replicates per experiment, per cultivar, along with two types of controls: non-

inoculated sterile millet and non-millet, to monitor any effects of the millet on the 

seedlings. At the end of the experiment, the germination rate was recorded, and plant roots 

were carefully rinsed with tap water to remove any debris. The shoot mass, and root mass 

was then measured in grams using a weighing scale. Root length was collected using APS 

Assess 2.0 (American Phytopathological Society, St. Paul, MN), an image analysis 

software. Root samples were then collected and plated to confirm the identity of the 

pathogen.  

In the case of Diaporthe longicolla, a toothpick inoculation as described in Ghimire 

et al. (2019) [92] was conducted by plating an isolate of Diaporthe longicolla, along with 

sterile toothpicks on potato dextrose agar. Plates were stored at room temperature for 18 

days to allow for the isolation to completely colonize the toothpicks. Soybean seeds of the 
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same three cultivars (AG3803, VT5-26, and WM82) were maintained in non-millet 

vermiculite for 18 days before inoculation until the formation of the first trifoliate. The 

toothpicks were then inserted into the stem of the soybean plants (V2-V3) between the 

unifoliate and trifoliate and sealed with petroleum jelly to prevent the stem from drying 

out. Plants were placed back in the growth chambers in the same growth conditions to the 

experiment above for 4 weeks before each plant’s lesion size was measured in millimeters 

using a caliper. Stem samples were then collected and plated on water agar to confirm the 

isolate. 

2.7 Statistical Analysis 

The data collected in this study were statistically analyzed using RStudio (version 

4.4). An analysis of variance (ANOVA) was performed to assess differences among 

genotypes for all traits. least square means (LSD) and coefficient of variation (CV) were 

calculated to measure the relative variability of the data relative to the grand mean value. 

Tukey’s Honest Significant Difference (HSD) test was used for multiple comparisons, with 

significance determined at α = 0.05. 

3. Results 

3.1 KTI Concentrations  

KTI concentrations were quantified from composite seed samples of VT5-26 and 

W82 harvested in 2023 and 2024. VT5-26 had KTI levels were 0.158 mg/g in 2023 and 

0.156 mg/g in 2024. In contrast, W82 had significantly higher KTI concentrations of 5.817 
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mg/g in 2023 and 6.935 mg/g in 2024. These results confirm the successful and stable 

knock-out of KTI1 and KTI3 genes in VTI5-26 across two growing seasons. 

3.2  Agronomic Performance and Seed Quality  

Field trials conducted in 2023 and 2024 assessed agronomic performance and seed 

quality of VT5-26 in comparison with WM82 and the commercial cultivar AG3803 (Table 

1). VT5-26 matured at the same rate as WM82 and about 15.0 days later than the check 

AG3803. VT5-26 was approximately 2.54–5.08 cm taller than both checks. Lodging scores 

remained low and consistent across all genotypes, with VT5-26 averaging around 2.0, 

similar to the test mean and reference lines. 

Seed yield performance varied by year. In 2023, VT5-26 outperformed WM82 by 

4 bu/ac, 2023 however, in 2024, yielded 5 bu/ac less. Across both years, no statistically 

significant differences in yield were observed between VT5-26, WM82, and AG3803. Seed 

quality ratings remained consistent across all three lines in both years, with each genotype 

averaging a two-year score of 1.75, indicating visually high-quality seed with minimal 

wrinkling or discoloration. 

In terms of seed composition, VT5-26 had a protein content of 40.3% in 2023, 

which was similar to WM82’s 40.8%, and slightly higher than AG3803 (39.6%). In 2024, 

protein content in VT5-26 was slightly reduced to 39.6%, while WM82 remained higher 

at 40.7%. Although the two-year average protein content for VT5-26 (39.95%) was only 

0.8% lower than WM82, this difference was statistically significant. Oil content was 

consistent across both years and all genotypes, with VT5-26 averaging 20%, similar to both 

checks.  
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3.3  Pest Resistance 

Pest pressure was higher in 2023 than in 2024, resulting in increased PFD during 

the R6 stage (Table 1). While in both years VT5-26 exhibited more pod and leaf feed 

damage compared to both checks., However, these differences were not statistically 

significant.  

3.4   Soybean Cyst Nematode Resistance 

Significant improvements were observed in soybean cyst nematode (SCN) 

resistance. VT5-26 showed an average of 279 cysts per plant, significantly fewer than 

WM82 (384 cysts per plant), representing a reduction of 105 cysts across 12 replications 

(Table 2). 

3.5  Disease Resistance  

Under Macrophomina phaseolina inoculation, VT5-26 showed increased shoot 

mass (6.66 g) compared to WM82 (5.80 g) and AG3803 (5.26 g), but reduced root mass 

(0.97 g) relative to WM82 (1.59 g) and AG3803 (1.46 g). Germination rate was also lower 

in VT5-26 (76%) compared to 92% for both WM82 and AG3803. Despite these observed 

differences, no statistically significant differences were detected for any of these traits 

(Table 3). 

Under Rhizoctonia solani screening, shoot mass for VT5-26 (7.81 g) was comparable 

to WM82 (7.89 g), while AG3803 showed higher biomass (10.24 g). Root mass was lower 

in VT5-26 (3.29 g) than in WM82 (4.01 g) and AG3803 (5.32 g). Interestingly, VT5-26 

showed a higher germination rate (84%) than WM82 (76%) but was slightly lower than 
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AG3803 (88%). As with Macrophomina, none of these differences were statistically 

significant across the five replications. 

4. Discussion  

The results of the KTI quantification and gene sequencing confirm the stability and 

effectiveness of the CRISPR/Cas9-induced deletions of KTI1 and KTI3 in the VT5-26 

soybean line. The deletion of KTI1 and KTI3 resulted in an approximately 98% reduction 

of KTI expression in the seed of VT5-26 compared to wild type WM82. The findings 

support the conclusion that the edition of these two seed-specific genes did not significantly 

impact the agronomic performance or seed quality of VT5-26 compared to WM82. While 

there was a statistically significant reduction in protein content, less than 1% lower than 

W82, this minor decrease was expected due to the removal of KTI, a seed storage protein. 

This minor decrease in protein is negligible when compared to the estimated 15% loss of 

digestible protein that occurs during industrial heat treatment to deactivate TI [93].  

Moreover, the protein eliminated through gene editing is largely non-digestible by 

livestock, further reinforcing the nutritional advantage of the low-TI trait. A slight, though 

not statistically significant, increase in leaf and pod feeding damage was observed in VT5-

26 compared to the control lines. Trypsin inhibitors are known to contribute to plant 

defense by inhibiting insect digestive proteases [94]. While the gene deletions specifically 

targeted the KTI expression in the seed, it is possible that they may have subtly influenced 

gene expression in other tissues, particularly in leaves. However, because the observed 

increase in feeding damage was not statistically significant, the low-TI trait appears to 
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preserve overall pest resistance, indicating that seed-specific gene deletions do not 

compromise the plant’s above-ground defenses. 

Interestingly, there was a statistically significant difference in resistance to SCN, 

with VT5-26 having an average of 105 less cysts per plant compared to WM82. Although 

all lines in the study exceeded the threshold for SCN susceptibility (20 cysts per 100–200 

cc of soil  [95], the marked reduction in VT5-26 suggests a possible link between SCN 

response and the deleted KTI1 and KTI3 genes or their downstream regulatory effects. 

While previous studies have shown that overexpression of TI in roots can enhance SCN 

resistance, the role of reduced seed TI expression in nematode resistance remains unclear. 

These findings warrant further investigation into the potential involvement of seed-derived 

TIs in root defense mechanisms. 

VT5-26 also showed modest, though not statistically significant, differences in 

response to fungal pathogens Macrophomina phaseolina and Rhizoctonia solani, which 

cause seedling blight, root rot, and stem rot (Marquez et al., 2021; Crop Protection 

Network, 2019). While variations were observed in shoot mass, root mass, and germination 

rate, these differences did not reach significance. Previous studies have suggested a 

potential relationship in TI expression, specifically Bowman-Burke Trypsin Inhibitor, and 

the plants’ immune defense against fungal pathogens [96], [97]. While the function of 

protease inhibitors such as TI in the immune system remains unclear, our findings raise the 

possibility of a relationship between KTI and fungal disease resistance.  
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5    Conclusion  

The industrial-scale denaturation of trypsin inhibitors (TI) to improve soybean meal 

digestibility is both costly and time-consuming, that can compromise protein quality. VT5-

26 demonstrated no statistically significant difference in agronomic performance, pest and 

disease resistance compared to the wild-type WM82, highlighting its potential as a viable 

low-TI alternative. By reducing TI specifically in the seed without affecting TI levels in 

other tissues, VT5-26 offer growers and processors a promising solution that could enhance 

soybean meal protein quality by minimizing the need for heat denaturation without 

compromising field performance. 

Additionally, the development of VT5-26 using CRISPR/Cas9 and the results of 

this study demonstrated the effectiveness and potential of gene-editing technology for crop 

varietal improvement. This study provides proof of concept for using gene editing to 

improve seed quality traits while preserving agronomic and defensive traits. Future efforts 

will focus on introducing the low-TI trait into elite, high-yielding germplasm to expand its 

use in commercial production and continue meeting the evolving needs of soybean 

producers and processors. 
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Tables 

 

Table 1. Performance of VTI5-26 in the Virginia Tech field 

trials (2023-2024) 

  

YEAR NAME 
MAT† 

(days) 

HT‡ 

(cm) 
LOD₴ 

YIELD 

(bu/ac) 
QUAL₺ 

PROTEIN OIL LFD PFD 

(%) (%) (%) (%) 

2023 (2 LOC*) 

VTI5-26 
17.3 101.6 2.1 40.3 1.5 

40.3 21.1 
9.6 55.3 

WM82 

(Check) 
16.6 

102.3 2.1 36.6 1.5 
40.8 20.6 

9.7 47.3 

AG 

3803 

(Check) 

26.8 
101.6 2.5 45.8 1.5 

39.4 20.4 

6.9 42.6 

LSD** 3.9 
9.9 0.8 18.7 0.0 

0.6 0.9 
3.9 10.5 

CV*** 15.3 
20.0 32.1 37.2 0.0 

1.3 3.8 
36.9 17.7 

GRAND 

MEAN 
20.3 

101.8 2.25 40.9 1.5 
40.1 20.7 

8.7 48.4 

2024 (2 LOC) 

VTI5-26 16.3 
104.9 2.0 50.2 2.0 39.6 20.3 8.1 27.3 

WM82 

(Check) 

16.2 102.3 1.3 55.9 2.0 40.7 20.4 5.4 22.5 

AG 

3803 

(Check) 

31.2 
100.3 1.8 62.9 2.0 39.7 20.5 

6.5 22.3 

LSD** 1.4 
5.3 0.8 11.0 0.0 0.8 0.7 5.1 6.6 

CV*** 
5.5 10.6 37.2 15.9 0.0 1.6 2.8 63.0 56.2 

GRAND 

MEAN 

21.2 102.3 1.7 56.4 2.0 40.0 20.3 6.7 5.0 

2023 & 2024 

VTI5-26 
16.8 b 103.1 a 2.0 a 45.2 a 1.75 a 39.9 b 20.6 a 8.8 a 41.3 a 

WM82 

(Check) 

16.4 b 102.3 a 1.7 a 46.3 a 1.75 a 40.7 a 20.4 a 7.6 a 34.9 ab 

AG3803 

(Check) 

29.0 a 100.8 a 2.2 a 54.3 a 1.75 a 39.9 b 20.4 a 6.7 a 32.5 b 

LSD** 
2.6 6.3 0.6 9.5 0 0.63 0.6 3.4 7.2 

CV*** 
12.7 16.0 31.8 19.4 0 1.5 3.3 44.0 19.7 

GRAND 

MEAN 

20.7 102.1 1.9 48.6 1.75 40.0 20.5 7.7 36.2 

 
LOC*: Location     

LSD**: Fisher’s least significant difference with the significant difference at the 0.05 

probability level 

CV***: Coefficient of variation   

MAT†: Maturity index  

HT‡: Height, cm     

LOD₴: Lodging 

QUAL₺: Seed quality  

LFD: Leaf feeding damage  

PFD: pod feeding damage   

Statistical Significance: indicated by a, b  
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Table 2. Performance of VTI5-26 in Soybean Cyst Nematode 

Screening (2024) 

NAME NCC 

WM82 384 

VTI5-26 279 

AG3803 129 

LSD** 40.0 

CV*** 19.1 

GRAND MEAN 263.6 

LSD**: Fisher’s least significant difference with the significant difference at the 0.05 probability level                                                                                

CV***: Coefficient of variation                                                           NCC: Cyst count per plant 
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Table 3: Performance of VTI5-26 in Disease Resistance Screening 
PATHOGEN NAME SHOOT MASS (g) ROOT MASS (g) GERMINATION (%) 

 
Macrophomina 
 
 
 
  

VTI5-26 6.66 a 0.97 a 76.00 a 
WM82 5.80 a 1.59 a 92.00 a 
AG3803 5.26 a 1.46 a 92.00 a 
LSD** 2.95 0.89 25.00 
CV*** 27.68 36.74 16.04 
GRAND 
MEAN 

5.91 1.35 86.00 

 
Rhizoctonia 
 
 
 
  

VTI5-26 7.81 a 3.29 a 84.00 a 
WM82 7.89 a 4.01 a 76.00 a 
AG3803 10.24 a 5.32 a 88.00 a 
LSD** 5.84 2.96 46.00 
CV*** 37.36 38.96 30.91 
GRAND 
MEAN 

8.65 4.21 82.00 

LSD**: Fisher’s least significant difference with the significant difference at the 0.05 probability level 
CV***: Coefficient of variation   
Statistical Significance: indicated by a, b  
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Abstract 

Natto is a traditional Japanese fermented soybean dish, requiring varieties with unique traits such 

as water absorption (WA), seed coat deficiency (SCD), light cooked color (CC) and optimum 

protein and oil balance. However, genetic control of these traits remains largely unexplored. This 

study aimed to identify genetic loci associated with natto quality-specific traits in soybean to guide 

breeding efforts for improved varieties. We evaluated 146 natto soybean accessions across three 

locations over two years. The genotypic data included 26,927 SNPs from publicly available 

sources. A genome-wide association study was performed, significant SNPs were identified for all 

five traits, WA, CC, SCD, protein and oil. We uncovered four, six, and two novel SNPs for WA, 

CC, and SCD respectively. Additionally, nine novel SNPs associated with protein and four SNPs 

for oil were identified. The candidate genes for the natto quality traits were largely associated with 

stress responses. These findings provide valuable markers for developing high quality natto 

soybeans to meet producer and consumer demands.  
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1 Introduction 

Soybean (Glycine max. [L] Merr.) is highly valued for its protein content, making it one of 

the world’s largest row crops with global production reaching approximately 350 million metric 

tons annually [51]. While the majority of this production is destined for animal feed and biofuel, 

13.91 million tons are consumed by humans as an increase of nearly 5 million tons from 2010 [50]. 

In addition, individual human consumption of soy was increased from 1.29 kg per capita in 2010 

to 1.77 kg per capita in 2021 [51]. A large portion of food-grade soy is consumed in the form of 

traditional soyfood such as tofu, soy milk, and natto.  

  Natto is a traditional Japanese dish made by steaming soaked soybeans (Glycine max.[L]) 

and fermenting them with the bacteria, Bacillus subtilis [52]. Notorious for its stringy, slimy 

texture and strong ammonia smell, natto has been a staple in the Japanese diet for at least 500 

years. Despite its unusual appearance, natto is well known for its numerous health benefits 

including prevention of heart disease and the strengthening of bones and immune systems [53], 

[98]. A 100 g serving provides 211 calories and 19 g of protein, making it a nutritious and filling 

source of energy [54]. Beyond its high protein content, natto provides many bioactive compounds 

and essential nutrients such as vitamin K, isoflavones, biogenic amines and nattokinase [54]. 

Nattokinase, a naturally occurring enzyme and active ingredient extracted from natto [55], has 

been touted as a natural alternative for lowering blood pressure, acting as an anticoagulant, 

improving retina performance and reducing inflammation [56]. 

In recent years, natto has gained popularity beyond Japan’s borders, entering the health 

food scene in other countries, driving increased demand and production [57]. This growing interest 
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has highlighted the need for continued advancement in soybean variety development to meet 

evolving consumer preferences and production requirements.   

The breeding and selection of soybean lines for natto production requires the evaluation of 

many phenotypic traits that are not typically the focus of breeding programs. These traits are 

primarily related to seed composition and natto appearance, aligning with the preference of 

Japanese consumers and the natto manufacture [99], [100]. In terms of appearance, Japanese 

consumers prefer small seeds with a light color after steaming. To ensure proper fermentation, the 

soybean seed must have high water absorption for optimum steaming, and a low protein-high oil 

content. Additionally, a low seed coat deficiency is also important to maintain the seed integrity 

after soaking, cooking and fermentation.  

This study is novel, as no GWAS has been previously conducted for the natto quality-

specific soybean traits of water absorption (WA), cooked color (CC) and seed coat deficiency 

(SCD). The identified SNPs for these traits would facilitate the breeding and selection of high-

quality natto lines that meet the expectations of both manufacturers and consumers.  

2 Materials and Methods 

2.1 Materials 

Accessions were selected by filtering US-GRIN germplasm for small-seeded soybean 

(<10g/100 seed) with a yellow seed coat and yellow hilum across maturity groups IV, V, and VI. 

A total of 200 accessions were planted in Blacksburg, VA, Fayetteville, AR, and Portageville, MO 

in 2021 and 2022. They were planted in four row plots in a random complete block design (RCBD). 
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The center two rows were harvested and used for phenotypic data collection. Due to field 

conditions and weather, ultimately 146 accessions were successfully harvested and phenotyped.  

2.2 Phenotypic Data Collection 

One sample of each replication from each location was evaluated for the traits of WA, CC, 

SCD, protein and oil content. To determine WA, 20g of seed were submerged in 100 ml of 

deionized (DI) water for 14 hrs. After soaking, the seeds were drained, patted dry, and their final 

weight was recorded. WA was then calculated as percentage using the initial weight and final 

weight. Protein and oil content of the seed was measured using pre-established calibrations on the 

Perten DA7250 NIR Analyzer. The beans were soaked for 14 hrs. in DI water and then drained 

and patted dry. The seeds were then steamed in a autoclave for 20 minutes. Immediately after the 

autoclave cycle, the color of 10 beans of each sample was measured using a spectrophotometer 

(model, etc.). The average cooked color (CC) of the 10 samples was calculated and recorded in 

units of au. To determine SCD, 100 high-quality seeds were selected after removing any 

discolored, disfigured, damaged, or diseased seeds. The seeds were then soaked in 50 ml of a 1% 

bleach solution for 10 minutes. Seeds displaying a cracked, blistered or removed seed coat were 

counted and recorded as deficient [101].  

2.3 Genotypic Data  

The SNP marker data of 146 accession lines were obtained from the SoySNP50K SNPs 

data repository (Song et al., 2015). A total of 42,291 initial SNPS were acquired and then filtered 

by missing genotypes and low minor allele frequency (MAF <0.05), resulting 26,927 SNPs used 

in final analysis. 
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2.4 Genome-Wide Association Analysis and Candidate Gene Identification 

All genomic analyses were performed in RStudio. Associations between the phenotypic 

and genotypic data sets were analyzed using the rrBLUP package. A modified Šidák correction 

(αsid = 1−(1−α)(1/m)) was utilized to identify significant associations. The effective number of 

markers (Meff) was calculated as 462 using the poolr package in R with the Li and Ji method (Li 

and Ji, 2005). Meff was used in place of m, and thus, the adjusted significance threshold was 

−log10(P) > 3.97 at α = 5% and a suggestive threshold at −log10(P) > 3.27 at α = 25%, respectively. 

Frequency histograms of each trait were generated using the ggplot2 package. Manhattan plots 

and QQ plots were generated using the qqman package.  

Gene identification was performed using gene models from the Glyma.Wm82.a2.v1 

(Williams 82) dataset, accessed through Soybase.org. Genes that flanked the significant SNPs 

within 10kb on either side were reported as candidate genes. TAIR homolog, PANTHER and GO 

databases were used to report gene descriptions when applicable.  

3 Results 

3.1 Phenotype Data 

Trait evaluation showed that WA, CC, and protein had normal distribution across the 146 

accessions over two-years (Figure 1). The mean range of WA across the two years and three 

locations was 53.35% - 163.93% (Table 1). While CC had a normal distribution, the mean range 

was only 63.26 au – 67.08 au. Protein displayed the expected mean range in soybean, of 39.66% - 

46.76%. In contrast, SCD displayed a left skewed distribution with most accessions having low 

SCD values, showing a more durable seed coat (Figure 1). Of the 146 accessions, seven displayed 
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0% SCD and 35 displayed less than 10%. The mean SCD ranged from 0% - 37% (Table 1). Oil 

content had a non-symmetrical distribution, with a cluster around 10% and a larger cluster around 

17% (Figure 1). However, the mean oil concentration of the two years ranged from 13.22 % - 

18.96 %. From the 146 asseccions, five lines that performed well in three or more traits were 

identified for potential natto breeding lines (Table 2).  

3.2 Significant SNPs and Candidate Genes for Natto Quality Traits (WA, CC, and SCD) 

Four significant SNPs were associated with WA (Figure 2), linked to four candidate genes. 

Three SNPs are located on Chrom 7 (Glyma07g14330, Glyma07g14010, and an unknown) and 

one on Chrom 12 (Glyma12g31350 and Glyma12g31360). The candidate gene models on Chrom 

7 are involved in mitochondrial transcription termination and fatty acid hydroxylase. The two 

candidate gene models on Chrom 20 are involved in tetratricopeptide and leucine rich repeat 

terminals.  

For CC, two significant SNPs (Figure 2) were identified, linked to two candidate genes. Of 

the SNPs, one is located on Chrom 2 (candidate gene unknown) and the other on Chrom 18 

(Glyma18g52120 and Glyma18g52130). The two candidate gene models associated on Chrom 18 

are related to catalytic activity and amino acid binding.  

 Six significant SNPs were associated with the trait SCD (Figure 2), linked to three 

candidate genes. The SNPs were located on five different chromosomes, with one SNP on Chrom 

3 (Glyma03g04960), one on Chrom 4 (Glyma04g40750), one on Chrom 7 (candidate gene 

unknown), two on Chrom 12 (Glyma12g16486 and candidate gene unknown), and one on Chrom 

18 (candidate gene unknown). The three known candidate gene models are involved in seed 

storage proteins, nucleic acid binding and disease resistance proteins.  
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3.3 Significant SNPs and Candidate Genes for Seed Composition Traits (Oil and Protein) 

A total of 25 significant SNPs were identified across the five evaluated traits (Figure 3), 

associated with 22 known candidate genes and 7 unknown genes. For protein content, nine 

significant SNPs were associated with eleven candidate genes. Of these SNPs, one was located on 

Chrom 2 (Glyma.02G059000), one on Chrom 3 (Glyma.03G009600 and Glyma.03G009700), two 

on Chrom 8 (Glyma.08G196200 and Glyma.08G196400), one on Chrom 10 (Glyma.10G058701), 

one on Chrom 13 (Glyma.13G072000), one on Chrom 14 (Glyma.14G028600), one on Chrom 18 

(Glyma.18G061600 and Glyma.18G061700) and one on Chrom 20 (Glyma.20G176800). These 

candidate gene models are involved in various metabolic processes such as biosynthetic oxidation-

reduction and catabolic processes, as well as DNA transcription and binding activities.  

Regarding seed oil, four significant SNPs (Figure 3) were associated with two known and 

two unknown candidate gene models. One SNP was identified on Chrom 2 (candidate gene 

unknown), one on Chrom 19 (Glyma.19G219700) and two on Chrom 20 (Glyma.20G055200 and 

one unknown). The known candidate gene models are involved in the carbohydrate metabolic 

process and zinc ion binding.  

4 Discussion 

4.1 Phenotype  

The accessions in the study displayed a normal distribution for WA, CC, and protein content. 

SCD was unbalanced, with a larger sample set displaying a low percentage of deficient seed coats, 

indicating strong seed coat integrity. Five accessions were identified as potential natto breeding 

lines (Table 2). PI506736 performed well in all traits but oil. It had a high-water absorption 
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(132.73%) a light CC (63.76 au) a low SCD (5.2%) and low protein (39.66%). However, it has 

low oil content at 16.08% [103]. PI471931 had the highest oil content (18.97%) and performed 

well in WA (138.77%), and CC (64.94 au). The SCD (16.17%) was higher than other accessions 

and the protein content (40.29%) is mid-range for soybeans. PI408340 had a high WA (44.11%), a light 

CC (64.68 au) and a low SCD (2.80%). However, its protein content was midrange (40.68%) and oil was low 

(16.50%).  

4.2 Significant SNPs and Candidate Genes for Natto Quality Traits (WA, CC, and SCD) 

For the trait of WA, essential to the cooking process of natto, four significant SNPs and 

four candidate genes were identified within 10kbp of the SNPs. Three SNPs are located on 

chromosome 7 with two candidate genes and one on chromosome 12 with two candidate genes. 

Notably, SNPs associated with WA have not been previously studied or identified. A trend was 

observed with each of the candidate genes being related to the plants’ stress response. The first 

SNP (ss715596075) was associated with a candidate gene Glyma07g14330 involved in the 

function of mitochondrial transcription termination factor proteins. This family of proteins 

regulates organellar gene expression and plays a key role in stress responses [104]. The second 

SNP (ss715596035) identified on chromosome 7 also had a candidate gene (Glyma07g14010) 

involved in stress responses, as a part of the fatty acid hydroxylase superfamily. This superfamily 

plays a crucial role in the biosynthesis of suberin, a fatty acid the creates a waxy waterproof coating 

on plant tissues, specifically roots and seeds [105], providing a natural defense against 

waterlogging. The final SNP (ss715612503) was associated with two candidate genes 

(Glyma12g31350 and Glyma12g31360).. These genes are involved in the function of encoding 

tetratricopeptide repeats and leucine rich repeats, respectively. Tetratricopeptide repeat proteins 

are essential for cytokinesis and plasma membrane repair, while leucine rich repeats are vital for 
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plant development, growth, and stress responses. The involvement of candidate genes with stress-

related functions is reasonable when considering that the prolonged submergence and 

waterlogging of a seed would essentially leave them non-viable. Additionally, 29 suggested SNPs 

were identified, with candidate gene functions in multiple representations of leucine-rich repeat 

receptors and heat-shock proteins. 

The trait of CC, where a lighter is preferred by natto manufacturers and consumers, was 

associated with only two significant SNPs. The SNP (ss715581851) on chromosome 2 resulted in 

no candidate genes, however, two candidate genes were within 10kbp of the SNP (ss715632355) 

on chromosome 18. The most notable candidate gene, Glyma18g52130, is involved in catalytic 

activity, a process that accelerates biochemical reactions, which can be initiated by increased 

temperatures during cooking process. In this study, CC had limited variation ranging from 63.26 

au – 67.08 au (Table 1), which may have influenced the identification of only a few significant 

SNPs. Additionally, 19 suggestive SNPs identified, with candidate gene functions involved in 

drought response proteins and drug transmembrane transporter activity. 

For the trait of low SCD, which is essential to natto beans maintaining their shape after 

soaking, cooking and fermentation, six significant SNPs were identified on five chromosomes (3, 

4, 7, 12, and 18). A previous study of SCD identified SNPs on chromosome 20, none of which 

were reported in this study [101]. However, only three of the six significant SNPs were associated 

with a candidate gene located within 10kbp distance. SNP ss715586760 was associated with the 

candidate gene Glyma03g04960, which is involved in the function of seed storage proteins. These 

proteins serve as the main nutrient source for germinating seedlings. The storage proteins 

previously identified in the seed coat are chitinase, which are essential for plant defense 

mechanisms, specifically in response to pathogens [106], [107]. Of the other two genes of note, 
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Glyma04g40750, is involved in nucleic acid binding. These proteins have been previously 

associated seed coat color as well as seed development and responses to environmental stimuli 

[108]. The final candidate gene Glyma12g16486 encodes disease resistance proteins. Because seed 

coat’s role is to protect the seed until germination conditions are suitable, the three candidate genes 

identified for SCD are all related to either the appearance of the seed coat or the performance of it 

under adverse conditions. Additionally, 19 suggested SNPs were identified with the candidate gene 

functions centered around DNA binding, ADP binding, GTP binding, etc.. 

 

4.3 Significant SNPs and Candidate Genes for Seed Composition Traits (Protein and Oil) 

The nine significant SNPs and eleven candidate genes associated with protein content of 

the seed had not been previously reported. Previous studies have also identified significant SNPs 

for protein on chromosomes 2, 3, 8, 13, and 20 [109], but SNPs on chromosomes 14 and 18 

identified in this study were not previously reported for protein content.  

Each SNP, candidate gene, and gene function are listed in Table 3. The SNP on Chrom 2 

(ss715583586) is associated with a candidate gene involved in the isoprenoid biosynthesis process. 

This process is important for antioxidation in plants, specifically with carotenoids in soybeans, 

which has been shown to be positively correlated with seed protein content [110], [111]. Two 

SNPs (ss715587009 and ss715599749) and their associated candidate genes (Glyma.03G009600 

and Glyma.08G196200) are involved in the oxidation-reduction process. This process is 

responsible for the formation of sugars (carbohydrates) which are crucial for the protein folding, 

stabilization and trafficking [112]. Two separate SNPs (ss715617991 and ss715638161) on 

different chromosomes were associated with the candidate genes Glyma.14G028600 and 
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Glyma.20G176800, respectively, and are both involved in DNA binding transcription activity, 

which regulates gene expression. Because protein content can be negatively affected by 

environmental stressors such as heat stress, drought stress, etc. [113], the genotype by environment 

interaction may influence gene expression and, consequently, protein content. Another SNP 

(ss715631691) w was associated with the candidate gene (Glyma.18G061700) and is reported to 

be involved in flavin adenine dinucleotide binding, which plays a crucial role in the function of 

enzymes related to soybean metabolism and stress responses [114].  

Notably, two SNPs significant for protein content were linked to two candidate genes with 

functions that would be negatively associated with protein but positively associated with oil. The 

gene Glyma.03G009700 associated with SNP ss715587009 codes for lipid catabolic process, 

breaking down lipids into fatty acids. An increase in fatty acids would increase oil content. 

Additionally, gene Glyma.13G072000 (ss715616659) codes for acyltransferase activity, a function 

known to increase soybean oil content [115]. While these three genes favor increased oil 

production, they remain significant for protein content as oil and protein have a well-established 

negative correlation [116]. Therefore, the identification of these genes can be beneficial for low 

protein content as a desired trait for natto soybean breeding. Additionally, 24 suggested SNPs were 

identified with candidate gene repeatedly displaying DNA binding, nuclease activity, hydrolase 

activity, etc.  

Regarding seed oil, four significant SNPs were identified but only two had a candidate gene 

located within 10kbp of the SNP (Table 1). The significant SNPs are located on chromosomes 2, 

19, 20, and 20. Although SNPs associated with oil production have been identified previously on 

chromosome 2 and 20, none of the SNPs identified in this study have been previously reported 

([109], [117]. SNP ss715635641 was associated with candidate gene Glyma.19G219700 () which 
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is involved in the carbohydrate metabolic processes (Das, Rushton and Rohila, 2017). This process 

is crucial for many functions such as energy production, seedling growth, as well as drought and 

heat responses. Oil content, just as previously mentioned in protein, is influenced by the genotype 

by environment interactions. Increased heat and drought stress would likely reduce oil production, 

suggesting the significance of this SNP and its candidate gene (Li et al., 2024). The second SNP, 

SNP ss715636739, and it’s associated candidate geneGlyma.20G055200, () is involved in zinc ion 

binding. Zinc finger proteins have been shown to enhance oil production in transgenic soybean 

plants through the increased activation of lipid-biosynthesis related genes [120]. Additionally, 19 

suggested SNPs identified with candidate genes functions repeatedly reported as translationally 

controlled tumor proteins, leucine-rich repeat receptors, and acid-amine acid ligase activity. 

 

5 Conclusions  

Significant SNPs were identified for each of all five traits in the study and five accessions 

identified for use in natto breeding. The traits of WA, CC, and SCD are novel but essential for 

natto production. Regarding WA candidate genes with functions related to stress responses, 

membrane repairs, and waxy waterproof coating of plant tissues, all of which would be important 

to protect the seed under extended water submergence. The candidate gene encoding cooked color 

was responsible for accelerating biochemical reactions under increased temperature, such as 

during cooking. SCD candidate genes were also related to functions of stress and disease defense, 

which is critical for maintaining seed coat integrity. While protein and oil have been extensively 

studied, novel SNPs were identified in this study-some of which aligned with previously reported 

chromosome regions. The candidate gene functions for protein and oil were related to processes 

critical for production and responses to environmental stressors which can greatly impact both 
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protein and oil content. The SNPs identified in this study will facilitate the of natto soybean 

varieties for the international markets and beyond.  
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Tables 

 

Table 1. The average range of phenotypic data across the two years and three locations. 

Trait Range 
Mean SD1 CV2 

WA 53.35% - 163.93 % 
139.74 15.16 10.85 

CC 63.26 au - 67.08 au  
65.35 2.24 3.43 

SCD 0% - 37% 
16.61 16.12 97.00 

Protein 39.66% - 46.76% 
43.69 1.99 4.55 

Oil 13.22% - 18.96% 
16.12 3.06 18.99 

 
1SD: standard deviation 
2CV: coefficient of variation 
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Table 2: The accessions identified as potential natto breeding lines based on their performance in 

four or more traits.  

Line WA1 (%) CC2 (au) SCD3 (%) Protein (%) Oil (%) 

PI506736 132.73 63.76 5.20 39.66 16.08 

PI594653 139.55 65.67 9.20 40.10 15.37 

PI471931 138.77 64.94 16.17 40.29 18.97 

PI408340 144.11 64.68 2.80 40.68 16.50 

PI594568B 132.80 65.14 10.20 40.89 17.15 

1 WA: Water absorption 

2Cooked Color 

3 SDC: Seed coat deficiency 
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Table 3. A list of each significant SNP, candidate gene and gene function for each of the five traits. 

The significance threshold was −log10(P) > 3.97. Listed in this table is the SNP, chromosome 

(chr), position (pos), the allele from the WM82 alignment, the alternative allele associated with 

the SNP. Candidate genes were listed if located within 10kbp of the SNP.  

 

 

 

Trait chr pos SNP WM82 Allele Alternate Allele Gene Gene Function

Protein 2 5303576 ss715583586 T C Glyma.02G059000  isoprenoid biosynthetic process

3 959652 ss715587009 A G Glyma.03G009600 obsolete oxidation-reduction process

Glyma.03G009700 lipid catabolic process

8 15811173 ss715599749 A G Glyma.08G196200 obsolete oxidation-reduction process

8 15835838 ss715599751 C T Glyma.08G196400 Tudor/PWWP/MBT superfamily protein

10 5424024 ss715608261 T C Glyma.10G058701 heparan-alpha-glucosaminide N-acetyltransferase protein

13 17304314 ss715616659 A G Glyma.13G072000 acyltransferase activity

14 2077690 ss715617991 T C Glyma.14G028600 DNA binding transcription factor activity

18 5597675 ss715631691 A G Glyma.18G061600 transmembrane protein, putative

Glyma.18G061700 flavin adenine dinucleotide binding

20 41389061 ss715638161 T C Glyma.20G176800 DNA binding transcription factor activity

Oil 2 39122328 ss715582360 G A na

19 47194890 ss715635641 C T Glyma.19G219700 carbohydrate metabolic process

20 12922198 ss715636739 A G Glyma.20G055200  zinc ion binding

20 16712510 ss715639021 T C na

WA 7 11434129 ss715596103 A C na

7 11584261 ss715596075 T C Glyma07g14330 Mitochondrial transcription termination protein

7 11932808 ss715596035 A G Glyma07g14010 Fatty acid hydroxylase superfamily

12 34910570 ss715612503 G A Glyma12g31350 Tetratricopeptide repeat

Glyma12g31360 Leucine rich repeat N-terminal domain

SCD 3 5054960 ss715586760 C A Glyma03g04960 seed storage proteins

4 49828162 ss715588770 A G Glyma04g40750 nucleic acid binding

7 29123440 ss715597044 A G na

12 15521347 ss715611569 T G na

12 15895016 ss715611585 C T Glyma12g16486 disease resistance protein

18 17662865 ss715629369 C T na

Color 2 28871127 ss715581851 T C na

18 56545059 ss715632355 T G Glyma18g52120 amino acid binding

Glyma18g52130 catalytic activity
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Figures 

 

 

Figure 1. The frequency distribution of each trait from 2021 and 2022. The traits WA, SCD, CC, 

Oil and Protein were measured in percentage. Color was measured in absorbance units (AU).  
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Figure 2. Manhattan plots showing the significant and suggestive SNPs for the three natto quality 

traits and the associated QQplots. A. The red line represents the significance threshold (−log10(P) 

> 3.97) and the blue line represents the suggestive threshold (−log10(P) > 3.27).  
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Figure 3. Manhattan plots showing the significant and suggestive SNPs for the seed composition 

traits (Oil and Protein) and the associated QQplots. The red line represents the significance 

threshold (−log10(P) > 3.97) and the blue line represents the suggestive threshold (−log10(P) > 

3.27).  
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