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Abstract

Soybean seeds have long been regarded as “storehouses of high-quality proteins”. The
breakdown of dietary proteins by digestive proteases is essential for achieving adequate
protein digestibility in animals and humans. However, plants have evolved a diverse array
of protease inhibitors that regulate or restrict protease activity. In soybean, these inhibitors
are concentrated primarily within the 2S protein fraction. Trypsin inhibitors (TIs) of Kunitz
trypsin inhibitor (KTI) and Bowman–Birk inhibitor (BBI) are the most impactful due to
their strong anti-tryptic activity, which interferes with digestive proteases in humans and
animals. Elevated TI levels render raw soybeans unsuitable for direct food or feed use
unless thermal or processing inactivation treatments are applied. Elimination or reduction
in KTI and BBI using classical and biotechnology-based breeding efforts is a promising
strategy. Soybean germplasm harboring BBI null alleles has not been reported. Breeding
only for low or null KTI content in soybean would not be sufficient for practical applications.
Hybridizing IT105782 × PI 547656 and using the reported Kompetitive Allele-Specific
PCR (KASP) markers represents an effective classical breeding strategy. Simultaneous
CRISPR/Cas9-mediated knockout of key KTI and BBI genes is expected to enable the
development of soybean lines with substantially reduced TI levels, an outcome that cannot
be readily achieved through classical introgression of null alleles, as naturally occurring
null BBI alleles have not yet been identified. Moreover, this approach avoids the linkage
drag associated with donor-derived null KTI alleles. However, this approach remains
challenging due to functional redundancy and compensatory effects among KTI and BBI
family members, extensive sequence homology among KTI and BBI genes that complicates
the minimization of off-target effects, and the genotype dependency of Agrobacterium-
mediated soybean transformation. Microtiter plate AACCI/AOCS could be one practical
option for measuring TIA in breeding programs in terms of precision. Potential trade-offs
associated with reduced trypsin inhibitor levels, including possible effects on plant defense
and stress resistance, should be investigated in future studies, as these aspects have received
little attention in previous research.

Keywords: antinutrient; chymotrypsin; digestive proteases; trypsin; protease inhibitors;
sustainable agriculture

1. Introduction
Soybean contributes significantly to both human and animal nutrition because its

protein contains all essential amino acids in adequate amounts to support growth and
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maintenance. By-products such as soybean oil, soy meal, and various soy-based foods,
including soy milk, tofu, edamame, and tempeh, remain significant dietary staples for
many populations [1]. A comprehensive list of fermented and non-fermented soy foods
was provided in a recent review by Singer et al. [2]. Soybean meal, the major co-product
of soybean oil extraction, plays a critical role in the global food supply as a protein-rich
ingredient, accounting for approximately 97% of its use in the animal feed industry and
3% in human consumption [3,4]. In human nutrition, soy protein is chiefly provided as
isolated soy protein (ISP), which is the highest-purity commercial soy protein product,
with a minimum dry-matter protein content of 90% [5]. Not only nutritional roles but
also health benefits have been reported for soybeans, as they are a concentrated source
of bioactive compounds such as isoflavones, saponins, and phenolic compounds with
antioxidant, anti-pathogen, anti-inflammatory, and anticancer effects [6]. Among these,
soybean isoflavones, as bioactive non-nutritive compounds, have been associated with a
reduced risk of breast and prostate cancer [7]. The FDA permits health claims indicating
that consuming approximately 3–4 oz of tofu, 8 oz of soymilk, or comparable amounts
of soy protein may help lower the risk of coronary heart disease and breast cancer [8].
Moradi et al. [9] conducted a systematic review and meta-analysis of forty-six randomized
controlled trials evaluating the effects of isolated soy protein, isolated soy isoflavones, and
soy protein containing isoflavones on serum lipid profiles in postmenopausal women. The
authors reported significant reductions in serum triglycerides (TG), total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C),
and apolipoprotein B (Apo-B) among participants consuming soy products. They further
concluded that ISP exerted greater effects on lowering LDL-C, TG, and HDL-C compared
with isolated isoflavones or soy protein containing isoflavones.

Because of the limited digestibility of soybean in its whole or flour form, approximately
85% of globally produced soybean protein is used in animal feed [10]. Soybean accounts
for the greatest proportion of cultivated land among plant protein sources used for animal
production [10]. Owing to its optimal amino acid composition and high bioavailability,
soybean is the major high-quality vegetable protein for the animal feed industry and is
the predominant protein ingredient in pig and poultry diets because of its high nutrient
digestibility [11]. In addition to animal feed, soybean has a major impact on the nutrition
of aquatic animals. The distinct nutritional requirements of aquafeeds, characterized by
higher protein and lower carbohydrate levels compared with other animal feeds, position
soybean as a sustainable protein source in aquaculture and especially a viable, economical
alternative to fishmeal [12–14].

Despite its numerous benefits, soybeans contain several antinutritional compounds,
including saponins, tannins, oligosaccharides, allergens, phytate, trypsin inhibitors (TIs),
lectins, ureases, and lipoxygenases, which can limit its consumption. Among these, TI
and lectins are considered the most significant [15]. Although TIs are among the most
important antinutritional factors in soybean seeds, and numerous studies have addressed
their reduction through diverse breeding strategies, a comprehensive resource that serves
as a complete, end-to-end guide for breeding program design, encompassing both clas-
sical and modern molecular approaches, remains lacking. This review fills that gap by
providing an integrated and breeding-oriented framework for soybean TI improvement.
Its novelty lies in the consolidation of KTI/BBI genetic knowledge with marker-assisted
selection, genome editing technologies, and phenotyping methodologies into a single,
cohesive reference to support strategic breeding planning. We present (i) a comprehen-
sive compilation of low-KTI plant introductions (PIs) that can be used as donor parents,
along with their genetic backgrounds and available molecular markers to facilitate their
integration into conventional breeding programs; (ii) a curated list of major KTI and BBI
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candidate genes that can be targeted to reduce TI activity using molecular approaches,
particularly CRISPR/Cas-based genome editing; and (iii) a detailed overview of methods
for measuring trypsin inhibitor activity (TIA), enabling breeders to select the most appro-
priate phenotyping approach based on the scale of their program, laboratory facilities, and
budget. The compiled information on PI sources and TI measurement methods is both
comprehensive and novel, as such an integrated resource is not currently available in the
literature. We also critically evaluate the reported molecular markers and propose effective
options for different KTI genes.

2. Literature Search Strategy
This review includes studies retrieved from multiple databases, including Google

Scholar, Scopus, ScienceDirect, SpringerLink, PubMed, and Web of Science, without restric-
tion on publication date. Literature selection focused on studies related to soybean trypsin
inhibitors and breeding approaches for their reduction. The search strategy was based
on the following keywords: “soybean protein”, “trypsin”, “trypsin inhibitor”, “trypsin
inhibitor measurement”, “molecular marker”, and “protease inhibitors”. Only full-text
articles published in English and in peer-reviewed journals were considered. Conference
abstracts, non-peer-reviewed reports, and unpublished data were excluded unless suffi-
cient methodological details and validated experimental results were available. Studies
were further evaluated based on their relevance, methodological quality, and contribution
to understanding breeding and biotechnological approaches targeting trypsin inhibitors
in soybean.

3. Serine Proteases
Proteases, which catalyze the hydrolysis of peptide bonds in protein substrates, are

essential for cellular metabolism and contribute to numerous biochemical processes by
regulating the size, structure, and composition of critical proteins [16]. Uncontrolled
protease activity (protein breakdown) is harmful for plant growth. Regulation of this
protease activity by intracellular protease inhibitors is, therefore, of utmost importance [17].
Proteases are commonly categorized into five major families, including serine, cysteine,
metallo, aspartic, and threonine proteases [8]. Cysteine proteases, serine proteases and
aspartic proteases are the most abundant and investigated proteases, which are involved in
the entire life cycle of plants [16].

Plant serine proteases participate in a wide range of physiological processes, includ-
ing microsporogenesis, responses to pathogen attack, and tissue differentiation. These
enzymes typically range from 20 to 120 kDa in molecular mass, with most falling within the
60–80 kDa range. They exhibit maximal activity under alkaline conditions (pH 7–11) and at
temperatures up to approximately 50 ◦C. Representative serine proteases include trypsin,
chymotrypsin, elastase, chymase, cathepsin G, plasmin, thrombin, and subtilisin [16].

Plant serine proteases utilize a catalytic serine residue (Ser195) as the nucleophile.
Their catalytic mechanisms typically involve an additional proton-donor residue [16].

The catalytic serine residue (Ser195) constitutes the primary target of serine protease
inhibitors. Compounds such as diisopropyl fluorophosphate and phenylmethylsulfonyl
fluoride are well-established inhibitors of serine peptidases [16]. Classical inhibitor families
include the Kunitz-type inhibitors (e.g., bovine pancreatic and soybean trypsin inhibitors),
Bowman–Birk inhibitors, potato type I and II inhibitors, and Kazal-type inhibitors such as
pancreatic secretory trypsin inhibitors [8].
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4. Soybean Protein and Trypsin Inhibitors
Soybean seed proteins are commonly described using two complementary classifi-

cation systems: (i) the classic Osborne solubility scheme that groups soybean proteins
into four fractions including albumins (water-soluble), globulins (salt-soluble), prolamins
(alcohol-soluble), and glutelins (dilute acid/alkali-soluble) [6], and (ii) the sedimentation-
coefficient classification that categorizes proteins into 2S, 7S, 11S, and 15S fractions [18].
Globulins constitute the predominant fraction of soybean proteins (90%) and are classified
into 11S globulin (glycinin) and 7S globulin (β-conglycinin, β-CG) according to their sedi-
mentation coefficients. β-CG is a 7S trimeric glycoprotein with an approximate molecular
weight of 180 kDa. It is composed of three glycosylated subunits (α′, α, and β), which
assemble into various homo- and heterotrimers through hydrophobic and electrostatic
interactions. The 11S protein fraction is dominated by glycinin, a storage protein with a
molecular weight of 300–380 kDa that constitutes more than 30% of the total soybean pro-
tein content. Glycinin is organized as a hexamer formed from five major subunit types [19].
The 15S material represents higher-order aggregates or polymeric forms of 11S glycinin
observed under particular ionic/processing conditions [20].

During gastrointestinal digestion, soybean proteins can be hydrolyzed into a range
of small bioactive peptides. Trypsin, a pancreatic serine protease, is a critical enzyme that
breaks down proteins. Enzyme inhibitors, including trypsin and chymotrypsin inhibitors,
lectins, and α-amylase inhibitors, constitute a minor fraction of soybean proteins and are
predominantly associated with the albumin-rich 2S protein component, which accounts for
20% of soybean protein [15,19,21]. Compared with the 11S fraction, the 7S protein exhibits
greater resistance to trypsin and chymotrypsin digestion in the intestine, largely due to its
propensity to form amyloid-like aggregates [22,23]. Soybeans with high levels of trypsin
inhibitor (TI) tend to have low consumer acceptance, as this inhibits the utilization of fresh
soybeans in food and feed applications.

Reported TI activity in soybean ranges from 18,600 to 74,800 µg inhibited trypsin g−1

soybean meal. Soybean genotypes are classified as high-TI when values exceed 12,000 µg/g
flour, whereas low-TI genotypes exhibit TI contents below 6000 µg/g flour [24]. Recently,
soybean varieties with low or TI-free traits have gained renewed interest among livestock
producers and grain processors due to increases in feed prices and shipping costs [25].
There are two types of antinutrient trypsin/serine protease inhibitors in soybean: 1—Kunitz
trypsin inhibitors (KTIs); 2—Bowman–Birk inhibitors (BBIs) trypsin–chymotrypsin in-
hibitors [6]. KTIs and the much smaller BBIs can act as antinutrients in humans and
animals by forming complexes with trypsin/serine proteases and severely reducing the
digestibility of a legume meal [6]. Binding of KTI and BBI to trypsin is primarily mediated
by a salt bridge formed between the inhibitor’s key Lys or Arg residue and the Asp residue
within the trypsin active site. This specific interaction stabilizes the STI–trypsin complex
and effectively inhibits enzymatic activity [6]. Comprehensive details on these inhibitors
and their mechanisms of trypsin inhibition are presented in the following sections.

5. Kunitz Trypsin Inhibitors (KTIs)
As above mentioned, KTI plays a more prominent antinutrient role than BBI. The

KTI is localized in cell walls, protein bodies, the cytoplasm between the lipid-containing
spherosomes, and the nucleus of the cotyledon and embryonic axis [26,27]. It is a non-
glycosylated, monomeric globulin with an approximate molecular mass of 21.5 kDa and
an isoelectric point near pH 4.5. The polypeptide comprises roughly 170–200 amino acid
residues and contains two conserved disulfide bonds (Cys138–Cys145 and Cys39–Cys86).
Structurally, KTI is characterized by 12 interwoven antiparallel β-strands stabilized by
extensive hydrogen bonding [26,27].
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The interaction between KTI and trypsin is governed by the insertion of KTI’s re-
active loop into the enzyme’s active site. Its reactive site is defined by Arg63 and Ile64,
which interact with trypsin in a 1:1 stoichiometric ratio, resulting in enzyme inhibition [6]
(Figure 1).

Figure 1. Schematic representation of the interaction between the KTI reactive loop (Arg63 and
Ile64) and the catalytic triad (His57, Asp102, and Ser195) and binding site (Asp189) of trypsin. The
three-dimensional structure of the trypsin–KTI complex (PDB ID: pdb_00001avw) was retrieved from
the RCSB PDB and used to analyze interactions between Arg63 and the catalytic triad residues (His57,
Asp102, and Ser195).

6. Bowman–Birk Inhibitors (BBIs)
As indicated above, it was previously believed that TIA in soybean was predominantly

attributable to KTI, whereas BBI contributed to a lesser extent and was also reported to
exhibit positive nutritional attributes [24]. However, recent studies have shown that BBI
contributes more to total protease inhibition than KTI, accounting for approximately 80%
of the total inhibitory activity against chymotrypsin and about 45% of the total inhibitory
activity against trypsin in soybean [28]. BBI may be found in PSVs (protein storage vac-
uoles), in the nucleus and in the cytosol to a minor extent. BBI protects the plant against
herbivores and can function as storage proteins to be used during seed germination [24].

BBI is a 71-amino-acid protein stabilized by seven disulfide bonds. BBI forms a non-
covalent complex with chymotrypsin and trypsin to inactivate it. Specifically, the exposed
hydrophobic and polar regions in BBI’s structure form complementary interactions with the
active site of chymotrypsin and trypsin, leading to the inhibition effect [6,8]. It contains two
distinct inhibitory domains: one spanning Lys16–Ser17 that targets trypsin and a second
located at Leu43–Ser44 that inhibits chymotrypsin [8]. BBI exerts its dual inhibitory activity
through two structurally distinct domains [8]. The N-terminal inhibitory site, centered on
Lys16, interacts with Asp189 of trypsin via hydrogen bonding, thereby blocking access to
the catalytic pocket. The C-terminal site, characterized by the hydrophobic Leu43 residue,
engages the hydrophobic binding pocket of chymotrypsin, resulting in the inhibition of both
chymotrypsin and elastase [8]. Each inhibitory region is composed of two symmetrically
arranged β-sheet lamellae formed by antiparallel β-strands. BBI can form a 1:1 binary
complex with either trypsin or chymotrypsin, as well as a ternary complex involving both
enzymes [29] (Figure 2).

https://doi.org/10.3390/agriculture16131409

https://doi.org/10.3390/agriculture16131409


Agriculture 2026, 16, 1409 6 of 31

Figure 2. Schematic representation of the trypsin and chymotrypsin inactivation of BBI. (a) interaction
between the N-terminal site of BBI (Lys16) with Asp189 of trypsin. (b) interaction between the
C-terminal inhibitory site of BBI (Leu43) with the hydrophobic binding pocket of chymotrypsin.
(c) Ternary complex of BBI with both trypsin and chymotrypsin enzymes. The three-dimensional
structure of the trypsin–BBI complex (PDB ID: pdb_00002bbi) was retrieved from the RCSB PDB and
used to analyze interactions between BBI-chymotrypsin and BBI-trypsin.

7. Inactivation of Soybean Trypsin Inhibitors
Among the antinutritional factors in legumes, trypsin inhibitors represent the most

significant concern [30]. Soybean trypsin inhibitors strongly suppress trypsin activity in
monogastric animals, leading to compensatory pancreatic hypertrophy and hyperplasia,
liver damage and reductions in growth performance [31]. Inactivating these inhibitors
before consumption is critical to restoring protein digestibility and preventing these adverse
effects [31]. Three classes of treatments, including physical processes (thermal, extrusion,
ultrasound, ultrafiltration, radiation, soaking, high hydrostatic pressure, instant controlled
pressure drop), chemical processes (reducing agents, acids and bases, functionalized copoly-
mers) and biological processes (germination, fermentation) have been reported for the
inactivation of Tis in legume seeds [30]. Radio-frequency heating, electric-field–based
methods (ohmic heating and pulsed electric fields), infrared heating, and high-pressure
processing are the novel physical techniques that have been reported recently [6]. The
combination of physical strategies with chemical and biological treatments has also been
explored for TI inactivation in soybeans. Each TI inactivation technique presents distinct
advantages and limitations. Comprehensive details of these treatments have been reviewed
by Luo et al. [6].

Trypsin inhibitors, together with lectins and goitrogens, are heat-labile anti-nutritional
factors. Both serine PIs exhibit appreciable heat stability; however, BBIs demonstrate
greater thermal stability than KTIs [6]. In both traditional household and industry levels,
thermal-based methods (cooking, boiling, autoclaving, microwaving and roasting) remain
the most widely used approach for inactivating Tis [30].

Nutrient loss, altered functional properties, and high energy consumption are notable
disadvantages of thermal-based methods [30]. Heating deactivation of TI in soybean
meal, at 90.5–100 ◦C with the presence of 1% NaOH, not only has a negative effect on the
nutritional value of meal (due to thermal destruction of amino acids) but also increases
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the energy cost of meal production by 25% [25]. In addition, residual TI activity can be
detected in several types of soy-derived products, highlighting the inefficiency of heat
treatment [32].

As mentioned above, current treatments are time-consuming, harmful, costly and not
completely efficient. The genetic improvement could be a sustainable and environmentally
friendly solution to eliminate TIs. To this end, the genetic regulation of KTIs and BBIs,
along with breeding efforts aimed at reducing TIA in soybean, are summarized below.

8. Genes Controlling KTI and Naturally Occurring Null Alleles
Kunitz trypsin inhibitor 1 (KTI1, Gm01g095000) and KTI3 (Gm08g341500) are recog-

nized as two seed-specific trypsin inhibitor (TI) genes in soybean with about 80% sequence
homology [25,33]. Different electrophoretic variants, including Tia, Tiaa1, Tiaa2, Tiab1,
Tib, Tibi5, Tic, Tid, Tie, Tif, and Tig, have been identified for KTi, which is controlled by
co-dominant multiple alleles at a single locus [34,35]. The last identified electrophoretic
form of soybean KTI is kti (null allele) that leads to lacking the Kunitz trypsin inhibitor and
is inherited as a recessive allele [36]. A recent study identified fifty members of the GmKTI
gene family in the soybean genome, suggesting functional redundancy and compensatory
effects among family members. The authors also reported a significant role of the KTI gene
family in biotic stress responses and plant growth and development [21].

More than 80% of total KTI expression is attributed to the KTI3 gene [33]. Soybean
germplasm lines carrying a null Kunitz allele (ti) have been identified and can be used
for gene introgression in breeding programs. To the best of our knowledge, five soybean
accessions harboring a null KTI3 gene have been reported to date. In an earlier report,
two PIs, PI 157440 and PI 196168, were reported as null lines lacking the Kunitz trypsin
inhibitor, as the soybean trypsin inhibitor protein band (SBTI-A2) was completely absent in
their protein profiles, leading to a 30 to 50% reduction in TI activity of the protein extracts
of their seeds [36]. The authors reported that the presence or absence of TI is controlled
by a single locus but provided no further information on the genetic background of these
mutants [36].

Later, Jofuku et al. [37] analyzed the genetic background of a soybean accession with
low TIA (PI 157740) and reported that a frameshift mutation in the KTI3 gene (KTi3−) leads
to dramatically reduced (∼40%) TIA in PI 157740 [37]. The frameshift mutation was because
of the alteration of three nucleotides located at positions +481, +482, and +486, which led to
premature termination during translation of KTI3. In the literature, it has been reported
that PI 157440 and PI 157740 represent the same accession [33,38,39]. Consultation of the
original plant inventory data in the USDA–ARS National Plant Germplasm System (https:
//npgsweb.ars-grin.gov/gringlobal/search (accessed on 5 December 2025)) confirmed that
PI 157440 is the correct number for this accession.

Krishnan [39] examined the molecular basis of reduced TI activity in the PI 196168
accession and reported that the same mutation that was found in PI 157740 was also found
in PI 196168 (one G-to-T transversion and two base-pair deletions).

There are three low-KTI accessions derived from PI 157440, including PI 542044,
PI 547656, and PI 547816. All three accessions were developed in 1986 by the USDA-ARS in
collaboration with the Illinois Agricultural Experiment Station [40]. PI 542044 (L81-4590,
Kunitz cultivar) was developed through a cross between Williams 82 and PI 157440, fol-
lowed by five backcrosses to Williams 82. PI 547656 (L81-4871) was derived from the cross
Clark 630 × PI 157440 (‘Kin-du’) followed by five backcrosses to Clark 630. PI 547816
(L83-4387) was developed by crossing Amsoy 716 and PI 157440 [40].
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Park et al. [33] investigated the molecular basis of low TI activity in PI 542044 and
identified two causative mutations including the 436G→T missense mutation and the
440GAG→G frameshift mutation, responsible for the null KTI3 allele in PI 542044.

Unlike PI 542044, the genetic basis of PI 547656 is not investigated. It was initially
hypothesized that the low KTI content in PI 542044 and PI 547656 is governed by the
same genetic mechanism, given that both lines share the donor parent PI 157440, which
carries mutations in the KTI3 gene. However, this hypothesis was later challenged, as an
SNP genotyping assay developed to detect the low-KTI trait in an F2 population derived
from SP6A-206 × PI 542044 [41] failed when applied to a Glenn (high KTI) × PI 547656
(low KTI) population [38]. This discrepancy is plausible, as multiple KTI genes, beyond
KTI3, are present within the chromosome 8 QTL region (qKTI08) associated with low KTI
concentration in PI 547656 [38]. In contrast, our results support the initial hypothesis, as
the KASP marker developed for PI 542044 [33] successfully distinguished PI 547656 from
the high-KTI control cultivar Kebek (Figure 3a) and functioned as expected for PI 542044
(Figure 3b).

Figure 3. (a) PCR Allele Competitive Extension (PACE) assay screening for KTI gene in PI 547656
using SNP marker 436G→T missense mutation. (b) PCR Allele Competitive Extension (PACE) assay
screening for KTI gene in PI 542044 using SNP marker 436G→T missense mutation. Shown in
green are the replications (r = 4.0) of soybean line PI 547656 with kti-3 mutation presented by FAM
fluorescence, and in red are the replications (r = 4.0) of soybean line with normal KTi-3 allele (Kebek)
presented by FAM fluorescence. NTC: Non-template control (r = 3.0). (This figure is based on original
experimental data generated by the authors and has not been reproduced or adapted from previously
published sources).

PI 547816 (L83-4387) has only recently been reported in the literature, without address-
ing the genetic basis of its low KTI content [42,43].

The KTI1 and KTI3 genes were shown to act synergistically in regulating TI content in
soybean seeds [25,44]. Regarding the KTI1 gene, only two germplasm accessions have been
identified to date. Gillman et al. [44] identified a soybean germplasm accession (PI 68679),
carrying a nonfunctional mutation on the KTI1 gene, with a significant reduction in KTi
protein level. A single base deletion in the start codon (GGG356→358GG) is responsible
for a frameshift mutation in the KTI1 gene of the PI 68679 accession.

Park et al. [33] screened 999 Korean soybean accessions and identified accession
IT105782, which carries an in-frame insertion (CTA at position 461) and five missense
mutations (154G→A, 392A→C, 484C→G, 529G→A, and 580C→G) in the coding sequence
of the KTi-1 gene, resulting in a significant decrease of 63% in KTi-1 expression. The authors
reported low TIA levels (below 60%) for IT105782, comparable to those of the KTI-free
accession PI 542044.
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In addition to the accessions mentioned above, six other accessions, PI 547891, PI 547892,
PI 547861, PI 547893, PI 547660 and PI 591539, have been reported in the literature as
KTI-null phenotypes carrying the kti allele [42,43]. However, it is not clear which KTI gene
or exact genetic variation or mutation underlies the low KTI phenotype in these accessions.

The complete list of identified soybean accessions with low TI activity and the molecu-
lar basis of their phenotype has been reported in Table 1. Among the identified sources, the
genetic backgrounds of PI 542044, PI 68679, and IT105782 are well documented (Table 1).

Table 1. List of the reported soybean accessions carrying the null KTI allele.

Accession Name Type of Null Allele Identified Molecular Bases Reference

PI 157440 (PI 157740) KTI-3 A frameshift mutation [36,37]

PI 196168 KTI-3 Transversion + base-
pair deletions [36,39]

PI 542044
(Williams 82 × PI 157440) KTI-3 Missense mutation +

frameshift mutation [33,40]

PI 547656
(Clark 630 × PI 157440) KTI-3 - [38,40]

PI 547816
(Amsoy 716 × PI 157440) - (KTI-3) - [40]

PI 68679 KTI-1 Single base deletion [44]

IT105782 KTI-1 In-frame insertion +
missense mutations [33]

PI 547891 - - [43]
PI 547892 - - [43]
PI 547861 - - [43]
PI 547893 - - [43]
PI 547660 - - [42]
PI 591539 - - [42]

-: Data not reported by author(s).

9. Genes Controlling BBI and Naturally Occurring Null Alleles
BBI can ligate and inhibit trypsin, chymotrypsin and elastase (limits the proteolytic activity).
11 potential BBI genes have been identified in the soybean genome [45]. The BBI

members have been grouped in three classes: A, C and D. BBI-A, -C and -D inhibit
trypsin/chymotrypsin, elastase/trypsin, and trypsin/trypsin, respectively. RT-PCR analy-
sis showed that BBI-A, BBI-CII and BBI-DII are expressed specifically in the seed, and the
BBI-DII transcripts are the most abundant ones followed by those of BBI-A and BBI-CII [45].
GmBBI1 and GmBBI2 are expressed in soybean roots upon interaction with cyst nematodes.

Type A BBI genes have been divided into two groups, A1 and A2. Glyma09g28700
and Glyma09g28730 encode BBI-A1, and Glyma14g26410 encodes BBI-A2. Two genes,
Glyma09g28720 and Glyma14g26410, are encoding BBI-CII. Glyma16g33400 is the potential
gene that encodes type D-II inhibitor. The promoter region of the gene Glyma16g33400
(BBI-DII) possesses three copies of the RY cis-element, which is very important for seed-
specific expression.

As BBi proteins contribute more to total protease inhibition than KTI proteins and
exhibit greater heat stability than KTi proteins due to their multiple cysteine residues,
which cause structural changes that enhance stability during heating [46], it is expected that
mutations in BBi could lead to soybean lines requiring minimal heat treatment. However, to
date, no naturally occurring G. max mutant or germplasm accession has been documented
to show substantially reduced BBi accumulation or activity. For this reason, together with
the previous misconception that KTI contributes more than BBI to total trypsin inhibition,
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most previous studies have disproportionately focused on KTI genes [28]. The contribution
of the BBI gene family to plant abiotic stress responses has been reported [47].

10. Classical Breeding and Marker-Assisted Selection (MAS)
As noted above, no soybean accessions carrying null BBi alleles have yet been iden-

tified. Consequently, neither molecular marker development nor conventional breeding
efforts have been directed toward this class of trypsin inhibitors, and previous studies
have therefore focused primarily on markers targeting the KTI genes. In the absence of
information regarding the molecular basis of null KTI alleles in the identified accessions, it
remains impossible to design molecular markers that could facilitate breeding programs
aimed at reducing TI content in soybean germplasm of interest. As a result, most efforts
have centered on the KTI3 gene, which is well characterized and represents a major, though
not exclusive, genetic determinant of KTI content in soybean seeds.

Using the genetic background information of the PI 157740 accession reported by
Jofuku et al. [37], Alves de Moraes et al. [32] described the sequences of the forward and
reverse primers they designed to detect the presence or absence of the null kti allele in the
F2 progeny derived from a cross between cv. Monarca and an unidentified line lacking
SKTI. Kumar et al. [48] reported that the null kti allele-specific primer designed by Alves
de Moraes et al. [32] amplified a 420 bp product in PI 542044 and therefore, this marker
appears to be associated with the KTI-3 allele. Authors also successfully applied this
diagnostic marker to monitor the transfer of the null KTI allele from the donor PI 542044
to two Indian genotypes (Samarat and LSb1). These primers have since been employed
by other researchers as allele-specific markers to monitor the introgression of the null KTI
allele from donor parents into recipient genotypes of interest [49–57].

Although gene-specific diagnostic markers that directly amplify a null KTI allele offer
high precision by targeting the causal mutation itself, their utility is inherently constrained
to the specific mutation for which they were designed. As above mentioned, null KTI alle-
les, in the different accessions that carry them, may result from diverse genetic alterations,
including deletions, insertions, transversions, and frameshifts, such that an assay tailored
to one mutation could fail to detect alternative or newly arising null variants. For this
reason, researchers have also pursued flanking or linked molecular markers capable of
reliably tracking the genomic region surrounding the KTI locus, irrespective of the under-
lying mutation and the genetic background of the carrier accession. Linked markers are
particularly valuable for confirming locus inheritance, detecting recombination events, and
facilitating marker-assisted selection (MAS) across diverse genetic backgrounds, thereby
enhancing selection efficiency and reliability in breeding programs.

Plant breeders can employ molecular markers to indirectly identify individuals within
segregating populations that carry alleles for desirable traits, and the use of such markers
in MAS has been shown to accelerate breeding and efficiently introgress recessive alleles
into crops. However, the effectiveness of this approach depends on the availability of a
tightly linked marker locus near the genetic locus governing the target trait [38,58].

DNA markers have become fundamental tools in soybean improvement programs,
enabling the construction of numerous molecular maps and the mapping of morpholog-
ical traits using restriction fragment length polymorphism (RFLP), amplified restriction
fragment length polymorphism (AFLP) and random amplified polymorphic DNA (RAPD)
markers [59–61]. Microsatellite or simple sequence repeat (SSR) markers, which are highly
polymorphic, abundant, and genome-wide, further advanced linkage mapping and marker
development in soybean [62,63]. The first report of molecular markers linked to the Ti
locus was provided by Kim et al. [64], who identified two flanking RAPD markers (OPO12
and OPC08) located 16.0 cM from the Ti locus. Subsequently, Kim et al. [58] evaluated
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100 RAPD, 342 AFLP, and 35 SSR primers to map the Ti locus using two F2 populations
derived from the crosses Jinpumkong2 (TiTi) × C242 (titi) and ‘Clark’ (TiTi) × C242. Among
the markers screened, four RAPD, four AFLP, and three SSR markers were found to be
genetically linked to the Ti locus. The SSR markers Satt409, Satt228, and Satt429 were
closely linked (0–10 cM) to ktiti, with Satt228 showing the tightest linkage at 0–3.7 cM
from the Ti locus. These SSR markers, and especially Satt228, have been broadly used to
introgress the KTi-3 null allele in soybean breeding programs [48–55,65–71].

Other SSR markers, including Satt416, Satt496, Satt281, Sat_043, Sat_331, Sat_298,
Satt375, Sat_218, Satt278, Satt539 [50], Satt538 [56], and Satt333 [54], have also been intro-
duced or evaluated as markers tightly linked to the Ti locus. In a recent study, Patil et al. [71]
evaluated 318 SSR markers, including Satt228, to facilitate the development of soybean lines
deficient in KTI. The F1 population derived from the cross between NRC-127 (a KTI-null
donor parent) and AMS-100-39 (a high-protein, high-yield recipient parent) was analyzed
for the presence of the null KTI allele using SSR markers. The authors reported a low
level of polymorphism (29.55%) and noted an uneven distribution of polymorphic SSR
loci across the genome. Among the markers assessed, Sat_070, Satt556, and Satt228 were
identified as informative and applicable for selecting the null KTI allele in F1 hybrids.

Single nucleotide polymorphism (SNP) markers are increasingly replacing SSRs in
population genetics studies and across a broad range of other applications and are widely
used in modern plant breeding to identify genomic regions associated with important
agronomic traits [70,72]. A recent review summarizes how these molecular markers (now
integrated with GWAS, genomic selection and other genomic tools) remain central to
soybean genetics and breeding [2].

A single nucleotide amplified polymorphism (SNAP) marker was developed by
Kim et al. [73] to identify soybean mutant lines harboring single nucleotide polymor-
phisms in the predominant Tia and Tib types. Although this SNP marker was successfully
applied, it is not suitable for marker-assisted elimination of Kunitz trypsin inhibitor (KTI)
in target genetic backgrounds.

Gillman et al. [44] crossed PI 68679 (KTi1−) with PI 542044 (KTi3−) and used Sim-
pleProbe assay to track the KTi3− allele in progenies. Using SimpleProbe genotyping,
authors developed a KTi1/3− double mutant, whose F3 progeny (E16) exhibited TIA ap-
proximately 50% lower than that of the wild-type Williams 82. Authors also reported a
significant reduction in chymotrypsin inhibitor activity of E16 genotype in comparison
with wild-type seeds.

Two PCR-based systems have been developed from the original allele-specific PCR
(AS-PCR) approach for high-throughput SNP genotyping, including Kompetitive Allele-
Specific PCR (KASP) [74] and PCR Allele Competitive Extension (PACE) [75]. Both systems
use two target-specific primers, each with a unique tail sequence that allows fluorescent
reporting through complementary oligonucleotides in the mastermix. During PCR, the
primers bind and elongate on the target sequence, incorporating the tail sequences, which
unquench fluorophores (FAM or HEX) and generate a detectable signal. This fluorescence
increases with amplification, enabling SNP genotyping [76]. Labeling of target-specific
primers or probes is not required for KASP/PACE, making these assays more flexible than
other PCR-based detection methods and especially suitable for high-volume screening
plant breeding projects [77]. Throughput, robustness, and cost-effectiveness along with
minimal requirements for DNA quality and quantity, streamlined sample preparation, and
simplified PCR workflow are the advantages of KASP over other genotyping assays [41].
SNPs in KASP and PACE assays can be detected using a qPCR machine or a fluorescent plate
reader. Non-destructive DNA extraction from seed tissues, followed by KASP/PACE PCR
and plate-reader-based genotyping without the need for gel electrophoresis, enables rapid
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and efficient large-scale screening of soybean segregating progenies while substantially
reducing the time required for selection (Figure 4).

Figure 4. Schematic overview of the application of KASP/PACE systems for rapid, high-throughput
SNP detection.

The KASP technique has been widely applied in various soybean breeding pro-
grams [78–82]. However, to the best of our knowledge, there are no published reports on
the use of PACE in soybean. The KASP marker has also been applied to help the introgres-
sion of null KTI alleles. Patil et al. [41] designed a KASP marker for the genotyping of an
F2 population of SP6A-209 × PI 542044. Authors reported the efficiency of the developed
KASP assay as clusters of wild-type alleles with normal trypsin (GG), mutant alleles with
reduced trypsin content (TT) and heterozygous (GT) were easily distinguishable in the
endpoint fluorescence scatter plot.

Using three SNPs tightly linked to the major QTL associated with low KTI,
Rosso et al. [38] developed a breeder-friendly KASP assay to genotype an F3:5 popula-
tion derived from a cross between PI 547656 (low KTI) and ‘Glenn’ (normal KTI). The
output of KlusterCallerTM software showed distinguishable clusters for homozygous lines
for the low KTI allele (FAM dye), homozygous lines for the normal KTI allele (HEX dye),
and heterozygous lines. The authors reported an 86% selection efficiency for KASP SNP
Gm08_44814503_C_T in identifying low-KTI accessions. Later, Bukan et al. [70] evaluated
the efficiency of previously developed SNP–KASP markers by Rosso et al. [38], including
Gm08_45317135_T_G and Gm08_45541906_A_C, for genotyping low KTI content in two
European F3:5 soybean populations. These mapping populations were derived from the
crosses Ascasubi (low KTI) × DH_5170 (high KTI) and Bahia (low KTI) × ES_Mentor (high
KTI). The authors reported significant discrimination between progeny with high and low
KTI content.

Park et al. [33] developed a SNP–KASP marker based on the missense mutation at
position 392 of the mutated KTi-1 gene (392A→C) identified in the IT105782 accession.
The resulting KASP assay successfully distinguished the KTi-1 mutant allele from the
non-variant allele.

It is important to note that the selection efficiency of KASP–SNP markers for KTI
content can vary depending on the genetic background of the germplasm being evaluated.
For example, the selection efficiency of marker Gm08_44814503_C_T, reported as 86% in
the F3:5 population of PI 547656 × ‘Glenn’ [38], decreased to 80% in the F3:5 populations
of ‘Ascasubi’ × DH_5170 and ‘Bahia’ × ES_Mentor [70]. Similarly, the KASP–SNP assay
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developed for low-KTI discrimination in the F2 population of SP6A-209 × PI 542044 [41]
did not perform efficiently in the F3:5 population of PI 547656 × ‘Glenn’ [38]. In addition
to genetic background, other factors may contribute to this discrepancy: (i) the identified
markers are tightly, but not perfectly, linked to the KTI genes, and (ii) multiple genes,
beyond KTI3, associated with Kunitz trypsin inhibitors are located on chromosome 8 of
soybean [70].

Crossing PI 68679 with accessions carrying the kti3 null allele (such as PI 547656 or PI
542044) to generate double kti1–kti3 mutants through classical breeding and MAS is limited,
as no molecular marker is available for the null kti1 allele in PI 68679. As mentioned
above, Gillman et al. [44] only tracked the KTI3− allele to develop KTI1/3− double mutants
using a SimpleProbe assay, which is not entirely reliable. However, crossing IT105782 × PI
547656 and utilizing the reported KASP markers for kti1 [33] and kti3 [38] alleles offers a
feasible approach.

A comprehensive summary of breeding efforts aimed at reducing TIA in soybean,
along with the molecular markers used to monitor the introgression of the null KTI allele
from donor parents into recipient genotypes of interest, is provided in Table 2. As shown in
the table, all previous efforts have focused on the KTI3 gene. PI 542044 is the most widely
used donor parent source of the null kti3 allele with different types of developed molecular
markers to track progenies, followed by the NRC101 accession. Depending on the recipient
parent, reductions in TI activity ranging from 50% to 83.52% and from 67.74% to 80.14%
have been reported using PI 542044 and NRC101, respectively (Table 2).

Table 2. Classical breeding efforts to reduce the TI level of soybean.

Null-TI (Low KTI)
Donor Parent Recipient Parent Origin of Null

KTI Allele Applied Molecular Marker Reduced TI
Activity (%) Reference

- Monarca - Null kti allele-specific marker - [32]
C242 Jinpumkong2, Clark - RAPD, AFLP, SSR - [58]

PI 542044 LSb1 KTI-3
SSR (Satt409, Satt228, Satt294,

Satt _347, Satt538,
Satt429, Satt378)

- [66]

PI 542044 Samarat, LSb1 KTI-3 Null kti allele-specific marker,
SSR (Satt409, Satt228) - [48]

PI 542044 DS9712 KTI-3 SSR (Satt409, Satt228, Satt429) - [67]
PI 542044 PI68679 KTI-3 SimpleProbe-SNP 50 [44]

PI 542044 JS97-52 KTI-3 Null kti allele-specific marker,
SSR (Satt228) 68.76–83.52 [49]

PI 542044 DS9712, DS9814 KTI-3 SSR (Satt228, Satt409, Satt429) - [68]
PI 542044 SP6A-209 KTI-3 KASP-SNP (MU-KTI-1) - [41]

Ascasubi, Hilario Lastochka KTI-3 SSR (Satt228) - [51]

PI 542044 JS 97-52 KTI-3

Null kti allele-specific marker,
SSR (Satt228, Satt416, Satt496,

Satt281, Sat_043, Sat_331,
Sat_298, Satt375, Sat_218,

Satt278, Satt539)

[50]

NRC101 SL525 KTI-3 Null kti allele-specific marker,
SSR (Satt228) - [55]

NRC101 SL525 KTI-3 SSR (Satt409) - [69]

NRC101 Dadachamame,
NRC105 KTI-3 Null kti allele-specific marker,

SSR (Satt538) - [56]

NRC101, NRC102 Phule Agrani, P.
Sangam, P. Kimya KTI-3 Null kti allele-specific marker,

SSR (Satt409) 67.74–80.14 [52]

BRS 155 BRS 213 KTI-3
Null kti allele-specific marker,

SSR (Satt228, Satt333,
Satt409, Satt429)

- [54]

PI 547656 Glenn

KASP-SNP
(Gm08_44265646_C_T,
Gm08_44814503_C_T,
Gm08_45270892_A_G,
Gm08_45317135_T_G,
Gm08_45541906_A_C)

- [38]
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Table 2. Cont.

Null-TI (Low KTI)
Donor Parent Recipient Parent Origin of Null

KTI Allele Applied Molecular Marker Reduced TI
Activity (%) Reference

Ascasubi, Bahia DH_5170, ES_Mentor -
SSR (Satt228), KASP-SNP

(Gm08_45317135_T/G,
Gm08_45541906_A/C)

- [70]

- MN0811CN,
M07-292111 - - - [83]

NRC 142,
KDS 1201

MACS 1520,
NRC 153,

TGX 709-50E
KTI-3 Null kti allele-specific marker - [57]

NRC-127 AMS-100-39 - SSR - [71]
Laura L584 - SSR (Satt228, Satt409) - [84]

AFLP: amplified restriction fragment length polymorphism; KASP: Kompetitive Allele-Specific PCR; RAPD:
random amplified polymorphic DNA; SNP: Single nucleotide polymorphism; SSR: simple sequence repeat. -: Data
not reported by author(s).

Although linked molecular markers have been widely applied in breeding efforts to re-
duce TI content in soybean germplasm, genetic background dependency and the possibility
of recombination limit the effectiveness of MAS and necessitate accompanying phenotyping
and direct measurement of the trait to avoid losing the desirable phenotype [85].

11. Biotechnology-Based Breeding of KTI and BBIs
Biotechnology-based breeding methods (BBBMs) have considerable potential to accel-

erate crop improvement programs. Among these approaches, sequence-specific nucleases
enable the precise and efficient development of user-designed plant genotypes using
genome editing technologies [86]. Zinc finger nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENs) were the first genome-editing tools applied in soybean.
However, the emergence of clustered regularly interspaced short palindromic repeats-
associated Cas (CRISPR–Cas) systems quickly established them as the preferred platform
for genome modification and the development of soybean varieties due to their superior
precision, ease of use, and cost-effectiveness [87]. Here, we do not go into the details of
the CRISPR technique, as numerous reports have already described its mechanisms and
applications in plant breeding [88–92].

Both transient hairy root transformation and stable transformation approaches have
been employed in soybean using CRISPR/Cas9 constructs for a range of functional and
breeding applications [87]. Transient hairy root transformation using Agrobacterium rhizo-
genes provides an efficient platform for delivery of the CRISPR constructs into soybean
germline cells and rapid functional analysis of root-associated genes, particularly when
combined with visible reporter systems such as RUBY [93–95]. Despite its simplicity and
efficiency, several hairy root induction protocols have recently been developed to improve
the efficiency of CRISPR construct delivery in soybean [96–98]. In contrast, stable transfor-
mation remains more challenging because soybean is generally recalcitrant to Agrobacterium
tumefaciens-mediated transformation [99].

Multiplex CRISPR/Cas9 gRNA strategies have great potential for simultaneously
targeting and knocking out multiple genes involved in the nutritional and chemical profiles
of soybean. This approach has been successfully applied to produce soybean lines with
ultra-low levels of anti-nutritive oligosaccharides [100].

This technique has also been effectively employed to reduce antinutritional TI content
in soybean. Using a tandem array of three sgRNAs, Wang et al. [25] were able to simul-
taneously target the KTI1 and KTI3 genes in the soybean cultivar Williams 82, generating
CRISPR/Cas9-mediated double homozygous kti1/kti3 mutants with induced indels in both
genes. The KTI content and TIA were markedly reduced in the mutant lines compared
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with PI 547656 and the Williams 82 wild type. The authors also reported a set of primers,
ZW3(F)-ZW1(R) and ZW6(F)-ZW4(R), to distinguish the kti1 and kti3 alleles, respectively.

Using a multiplex gRNA CRISPR/Cas9 approach, the KTI3 (Glyma.08G341500), LE
(Glyma.02G012600), and P34 (Glyma.08G116300) genes were simultaneously targeted in the
Bert cultivar. The authors reported homozygous frameshift mutations for all three genes
in two T2 lines (WPT673-7-8-8 and WPT673-7-12-5) with significant reduction in TIA and
KTI3 content compared with the Bert control [83].

Because BBi genes share extensive sequence homology, specifically targeting BBi genes
using CRISPR/Cas9 is challenging [101]. There are two reports of CRISPR-Cas9 knock-
outing of BBi genes. Kim et al. [101] designed two CRISPR/Cas9 expression cassettes that
enabled simultaneous knockout of Glyma.09G158500, Glyma.14G117700, Glyma.09G158600,
Glyma.09G158700, and Glyma.16G202800 genes in the Maveric soybean genotype. Several
mutations were identified in the most abundantly expressed BBi genes (Glyma16g208900
and Glyma14G117700). Authors reported a drastic reduction in chymotrypsin and trypsin
inhibitor activity (25.3 to 41.9%) in CRISPR/Cas9 BBi mutants, in comparison with wild
type (Maverick) and KTi-3 mutants. In another study, CRISPR/Cas9-mediated knockout of
eight seed-specific BBI genes resulted in a 69.4–73.7% reduction in trypsin inhibitor activity
and a 76.4–79.4% reduction in chymotrypsin inhibitor activity in mutant plants of the
Williams 82 soybean cultivar compared with the wild type [102]. Subsequent evaluations
showed that knockout of the BBI genes had no adverse effects on the agronomic traits of
homozygous mutant plants across the T1–T3 generations [28].

In terms of BBBMs for reducing STIs, one study targeted a BBI gene using RNA
interference (RNAi) technology. The authors reported that RNAi-mediated knockdown
of the abundantly seed-expressed BBI gene Glyma.16G208900 resulted in a significant
reduction in both trypsin and chymotrypsin inhibitor activities in transgenic soybean lines
of the Maverick cultivar. They also reported reductions in both KTI and BBI activities in
the BBI knockdown lines [103]. Unfortunately, in all lines where KTi levels were reduced
using CRISPR/Cas9, we observed an unexpected increase in TIA, attributable to excessive
accumulation of BBi proteins in the seeds of each mutant background (KTi1, KTi3, and
KTi1/KTi3) [88]. Therefore, elimination or reduction in the expression of both KTi and BBi
genes in seeds is an efficient breeding strategy to avoid possible compensatory expression
of BBI after KTI knockout and develop soybean lines that require extremely low or no
heat-inactivation processing [101].

Although the CRISPR/Cas9 technique has been successfully used to knock out KTI
and BBI genes and shows strong potential for reducing soybean trypsin inhibitors, several
challenges remain, including genotype-dependent transformation efficiency, regeneration
limitations, extensive sequence homology among KTI and BBI genes that complicates the
minimizing of off-target effects, and regulatory uncertainties that limit field validation
and digestibility evaluation of genome-edited crops [4,101]. One potential approach to
overcoming genotype dependency is to generate CRISPR/Cas9-mediated mutant alleles
in transformable cultivars (such as Williams 82, Jack, or Thorne) and subsequently in-
trogress these alleles into elite cultivars of interest using specifically designed markers that
distinguish the mutated alleles [25].

12. Environmental and Agronomic Influences
Appropriate agronomic management can contribute to reducing TI levels in soybeans;

for example, organic cultivation led to a significant reduction in TIA in BRS258 soybeans
compared with conventionally grown soybeans [104].

There are other examples of agronomic practices that affect soybean TIA. Nitrogen
fertilization at rates of 30, 60, and 90 kg N ha−1 has been reported to decrease TI levels in
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both high- and low-KTI soybean genotype groups [105]. In another experiment, nitrogen
application resulted in a 15% reduction in TIA compared with the control [106]. Another
agronomic practice reported to affect soybean TI content is sowing date. Late sowing
resulted in lower TIA across ten soybean genotypes belonging to three different maturity
groups (000, 00, and 0) compared with the optimal sowing date [107]. Other agronomic
practices, such as planting density, harvest timing, and soil conditions, may also influence
soybean seed composition traits; however, direct evidence regarding their effect on TI
content remains limited.

Although agronomic practices can affect the TIA level of soybean, it is difficult to
take advantage of these practices because different environmental conditions may lead
to variable results. The heat treatment is the mainstream tool to reduce TIA. However,
increased energy consumption, protein denaturation, and loss of nutritional quality are
the negative consequences of high-intensity heat treatments. The development and use
of low-TI soybean cultivars represent the gold standard approach and represent a more
sustainable and long-term strategy. Xiao et al. [108] compared the protein digestibility
of two soybean cultivars differing in TI content: a high-TI cultivar (Glenn) and a low-TI
cultivar (VT Barrack). They reported that a protein digestibility of 81.4% (600 µg/g TIs) was
achieved for VT Barrack at 100 ◦C, whereas the same level of digestibility in Glenn required
processing at 121 ◦C. These findings indicate that low-TI cultivars require milder heat
treatment to achieve comparable protein digestibility, thereby highlighting the potential
energy-saving advantages (e.g., fuel, electricity) and preserving other nutrients of low-TI
cultivars relative to high-TI cultivars.

From an agronomic perspective, a low-TI soybean cultivar exhibiting stable perfor-
mance across environments, no yield penalty, and no increased susceptibility to diseases or
pests would represent an ideal genotype. Such a cultivar could contribute to expanding
soybean acreage, strengthening soybeans’ role in integrated crop–livestock systems, and
enhancing the regional economic value of soybean production.

13. Measuring Trypsin Inhibition
The combination of both classical (molecular marker–based selection) and modern

(CRISPR) breeding techniques with an efficient phenotypic selection provides a perfect
strategy for advancing breeding lines with desirable traits while concurrently eliminating
undesirable ones, thereby accelerating genetic improvement. Characterization of the trypsin
inhibition is a key step in identifying the mutation that led to a reduced amount of TI in the
soybean. Phenotyping for trypsin inhibitor levels is an essential component of developing
an effective breeding platform aimed at reducing TI content in soybean.

A review of the literature indicates that there is no clear classification of methods
specifically for measuring TIA in soybeans, except for one report that grouped these ap-
proaches together with methods used to quantify KTI and BBI proteins [24]. In this review,
the methods used to measure TIA in soybean are comprehensively classified (Figure 5),
and the details of each approach are discussed in the following sections. According to the
presented chart, one may choose to measure either enzyme activity or protein content, with
different options available for each approach (Figure 5).

Using urease activity is a method that was previously applied to measure the TIA in
soybean products indirectly, as there is a positive correlation between urease activity and TI.
This indirect approach lacks reliability, as recent evidence indicates no significant correlation
between TI content and urease activity [109]. In addition, considerable variability has been
reported in urease activity measurements [110].
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Figure 5. Comprehensive classification of applied methods to measure trypsin inhibitor activity
in soybean.

Optical enzyme activity–based assays, including colorimetric/spectrophotometric and
fluorometric methods, are widely used for the quantification of protease activity.

Spectrophotometric methods are widely used to indirectly quantify TIs by measur-
ing the inhibition of a standard trypsin solution. These methods rely on measuring the
absorbance of chromogenic reaction products. Different versions of the spectrophotometric
methods have been developed to measure TIA in soybean. The first report of TIA measure-
ment using an optical assay was provided by Kunitz [111]. In this method, casein is used as
the substrate for trypsin, and TIA is determined based on the inhibition of casein digestion
by trypsin. The extent of proteolysis is quantified spectrophotometrically by measuring the
absorbance of soluble digestion products at 280 nm. TIA is then expressed as the amount of
trypsin inhibited by the inhibitor present in the sample, commonly referred to as the casein
digestion method. Later, the Erlanger method [112] employs synthetic N-α-benzoyl-DL-
arginine-p-nitroanilide hydrochloride (BAPNA) as the substrate and measures absorbance
at 410 nm [24,100]. Kakade [113] first developed the Erlanger method using BAPNA as a
substrate and subsequently introduced a modified procedure that was adopted as Official
Method 71-10 by the American Association of Cereal Chemists International (AACCI) in
1974 [114] and reapproved in 1999 as Method 22-40.01 [115] and later approved by the
American Oil Chemists’ Society (AOCS) in 1975 as Method Ba 12-75 [116]. This assay
determines TIA based on the difference in absorbance at 410 nm associated with bovine
trypsin hydrolysis of the synthetic substrate BAPNA, measured in the absence and presence
of an inhibitor [117]. Currently, TIA is routinely determined using this method, which
is widely accepted as the standard reference procedure for TIA analysis in breeding pro-
grams [118,119]. This method is commonly referred to as a standard colorimetric enzymatic
assay, in which trypsin hydrolyzes the synthetic substrate BAPNA, releasing the yellow
chromophore p-nitroaniline that is quantified spectrophotometrically at 410 nm [118].

An improved version of the standard method was reported by Hamerstrand [120], who
used a single inhibitor concentration to minimize errors associated with data interpretation
in the standard procedure. Further improvements and a major revision of the standard
method were done later. The original full-volume assay (10 mL) was subsequently reduced
to a half-volume format (5 mL), along with the last enzyme sequence and single inhibitor
level in duplicate, providing a more cost-effective procedure that was also approved by
AACCI and AOCS as the AOCS Method Ba 12a-2020 [117,121].
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Coscueta et al. [122] proposed a faster and more cost-effective modification of the
standard method by eliminating two steps: termination of the reaction with acetic acid and
the centrifugation/filtration step used to reduce turbidity. Using this continuous TI assay,
they were able to determine the TIA of different soybean flour samples rapidly and in
real time. More recently, Kim and Krishnan [119] developed a faster and more economical
version of the standard spectrophotometric AACCI/AOCS method by eliminating several
time-consuming steps and substantially reducing the assay volume to 1 mL. Using a side-
by-side comparison of 12 soybean meal samples, the authors reported results comparable to
those obtained with the original AACCI/AOCS-approved standard procedure. In addition,
a microtiter plate assay (190 µL) was developed to successfully quantify TIA in four soybean
cultivars (W82, Kti-3, E-16, and CS), with absorbance measured at 385 or 410 nm [119].

Another improved spectrophotometric procedure was adopted by the Geneva-based
International Organization for Standardization (ISO) in 2001 as ISO 14902 and subsequently
reapproved in 2012 [123]. This method also measures the difference in absorbance at 410 nm
(∆A410) between the absence and the presence of an inhibitor, with synthetic trypsin
substrate of L-BAPA. Using enantiomerically pure L-BAPA instead of DL-BAPA makes
it more expensive and time-consuming than the standard AACCI/AOCS method [117].
In addition, there is a dependency on trypsin purity and sample dilution levels in the
ISO method, which makes it poor reproducibility to measure TIA [124]. The AOCS Ba
12a-2020 and ISO 14902:2001 methods were directly compared for the determination of
TIA in various soybean-, pulse-, and grain-based protein products, as well as in soybean
boiled for different durations and soy white flakes subjected to varying toasting times.
The authors reported significant differences between the two methods, with TIA values
obtained using the ISO method consistently lower than those measured by the AOCS Ba
12a-2020 method. The author ultimately concluded that an accurate and direct comparison
between the two methods was not feasible [125]. In another study, the effects of assay
volume (5 mL for AOCS vs. 10 mL for ISO), substrate type (DL-BAPA for AOCS vs. L-
BAPA for ISO), and the substrate-to-enzyme ratio (50 for AOCS vs. 222 for ISO) on TIA
determination in raw and heat-treated soybean were investigated using the AOCS Ba
12a-2020 and ISO 14902:2001 methods. Among these factors, the substrate-to-enzyme ratio
was identified as the primary contributor to the observed differences, as the higher ratio
(222) used in the ISO method resulted in lower calculated TIA values compared with the
AOCS Ba 12a-2020 method [126].

Several spectrophotometric studies have used N-α-benzoyl-L-arginine ethyl ester
(BAEE) as a substrate instead of BAPNA to determine TIA in soybean [39,44,127]. In this
approach, BAEE hydrolysis is monitored at 253 nm in the ultraviolet region because BAEE
does not generate a colored reaction product. N-benzoyl-L-tyrosine ethyl ester (BTEE) has
also been used in a similar manner as a chymotrypsin substrate to measure chymotrypsin
inhibitor activity at approximately 256 nm [44,127]. However, BAEE-based assays may
underestimate inhibitor activity and reduce TIA accuracy because BAEE hydrolysis is less
sensitive to inhibition than that of BAPN [128].

A similar procedure for determining chymotrypsin inhibitor activity was described by
Kakade et al. [129]. In this method, casein is used as the substrate, and inhibitor activity is
quantified based on the ability of an aqueous extract to inhibit the digestion of casein by
chymotrypsin, with absorbance measured at 275 nm. Unlike the standard methods used
to determine TIA, this approach has not been widely adopted and has seen limited use in
subsequent studies evaluating soybean chymotrypsin inhibitor activity.

In contrast to colorimetric/spectrophotometric enzymatic assays, which measure the
absorbance of chromogenic reaction products, TIA can also be quantified using fluorometric
procedures that detect emitted fluorescence. These methods typically employ fluorogenic
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quenched substrates that become highly fluorescent upon protease-mediated cleavage, with
fluorescence intensity proportional to enzyme activity. Jones et al. [130] introduced a fluoro-
metric assay that successfully quantified trypsin and chymotrypsin inhibitor concentrations
using highly fluorescent BODIPY dye-labeled casein as a substrate. The authors reported
that this approach provides efficient enzyme activity quantification with a broad dynamic
range and is suitable for real-time detection of various proteases [130]. A ratiometric fluo-
rescence nanosensor–trypsin system was developed for the ultrasensitive detection of TI
in soybean flour. In this method, decomposition of bovine serum albumin–protected gold
nanocluster@carbon nitride quantum dot nanocomposites (BSA-AuNC@CNQDs) during
trypsin-mediated hydrolysis of BSA results in fluorescence quenching. The inhibition of
trypsin activity prevents this fluorescence quenching at 650 nm; thus, the preservation of
fluorescence intensity serves as an indicator of TIA [131]. Despite its high sensitivity for
TI detection (limit of detection (LOD) = 0.089 ng/mL), this method has not been widely
reported for measuring TIA in soybean breeding programs.

All optical enzyme activity–based procedures described above are indirect methods
that measure any factor capable of inhibiting trypsin/chymotrypsin activity and are there-
fore influenced by various non-target molecules and are subject to multiple sources of
interference [132]. Heat treatment, for instance, can reduce or eliminate inhibitory activity
while the inhibitor protein itself may still be present and detectable by direct methods. Con-
sequently, activity-based assays may underestimate inhibitor presence. In addition, these
methods have practical limitations, including the requirement for freshly prepared reagents
and the limited stability of sample extracts, which often necessitate re-extraction if analysis
is not completed promptly [132]. Instead of assessing the enzymatic activity of TIs, one
may choose to directly examine and quantify the KTI and BBI proteins themselves. This can
be achieved using electrophoresis-based semi-quantitative methods, immunoassay-based
methods and chromatography-based accurate protein quantification.

Here, we present several electrophoresis-based approaches for the semi-quantification
of KTI and BBI proteins, including polyacrylamide gel electrophoresis (PAGE), sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and lab-on-a-chip tech-
nology. Native PAGE is the simplest method in this category that is used to separate
intact proteins based on charge, size, and shape. This method was first applied to investi-
gate the inheritance of the absence of KTI (SBTI-A2) in progenies derived from reciprocal
crosses of Amsoy 71 × PI 157440, PI 196172 × PI 157440, and PI 157440 × Jefferson [36].
Peric et al. [133] applied PAGE to verify the presence or absence of KTI in individual
plants across several segregating generations derived from a cross between the Kunitz and
Novka varieties.

SDS-PAGE involves the initial denaturation of proteins using an anionic detergent,
which imparts a uniform negative charge proportional to their molecular mass, followed
by electrophoretic separation through a porous polyacrylamide gel matrix. This allows
proteins to be resolved primarily according to their molecular mass. SDS-PAGE is a widely
used method for high-resolution separation of complex proteins [134]. A review of the
literature indicates that the first reported application of SDS-PAGE for the quantification
of trypsin inhibitors (KTIs) in soybean was described by Sato et al. [135]. As noted earlier,
the soybean 7S storage protein, composed of the glycosylated α′, α, and β subunits, shows
relatively high resistance to digestion by trypsin and chymotrypsin. In general, lower
accumulation of these subunits is associated with higher trypsin/chymotrypsin activity
and, consequently, reduced levels of TIs. Kim et al. [101] used SDS-PAGE analysis to assess
the efficiency of a CRISPR/Cas9 protocol targeting BBI genes and reported significantly
lower accumulation of the β-subunit in transgenic plants compared with wild-type plants.
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Densitometry, following native PAGE and SDS-PAGE, allows the quantification of spe-
cific KTI and/or BBI polypeptides by comparison with known amounts of a corresponding
standard of KTI and BBI [24]. Pesic et al. [136] applied scanning densitometry following
native PAGE to determine trypsin inhibitors in 12 soybean genotypes, using KTI and BBI as
standards. The authors reported no correlation between KTI, BBI, or total trypsin inhibitor
content and TIA. Densitometric analysis of SDS-PAGE slab gels enabled the quantitative
assessment of soybean globulins, including the KTI [136].

Several modifications of the native PAGE and SDS-PAGE methods have been developed to
enable the activity detection of STI within complex protein profiles. Garcia-Carreño et al. [137]
described a substrate–SDS-PAGE (zymographic) technique for the detection of SBTI activity.
In this method, casein (0.05%) was co-polymerized directly into the polyacrylamide gel
matrix. Following SDS-PAGE of the inhibitor samples under non-reducing conditions, the
gel was incubated in a solution containing porcine trypsin (0.1 mg mL−1). Areas contain-
ing trypsin inhibitors prevented proteolytic digestion of the embedded casein, resulting
in visible inhibitory bands after staining. This approach enabled the identification and
semi-quantitative analysis of SBTI based on its inhibitory activity within the gel. A na-
tive PAGE–based inhibitory activity staining method was reported by Felicioli et al. [138]
using gelatin-embedded gels (Gelatin-PAGE). In this approach, gelatin (1%) is copoly-
merized within the polyacrylamide matrix, and inhibitor samples are separated under
non-denaturing conditions. After electrophoresis, the gels are incubated in a solution
containing trypsin and chymotrypsin. During this step, active proteases hydrolyze the
embedded gelatin except in regions where inhibitors are present. Following incubation,
the gels are stained and destained; non-hydrolyzed gelatin forms a dark blue complex
with the dye, allowing inhibitor activity to be visualized as distinct blue bands against a
clear background. Densitometric scanning of the gels can then be performed to estimate
the relative quantities of trypsin and chymotrypsin inhibitors. This technique enables the
simultaneous visualization of both inhibitory activities in a single gel.

Microfluidic or lab-on-a-chip technology is another method that has been reported for
accurately quantifying the KTI content in soybean seeds. It is an alternative to traditional
SDS-PAGE that integrates electrophoretic separation, staining, destaining, and fluorescence
detection into a single process. This method uses a linear polymer gel, which provides
higher resolution than the cross-linked gel used in conventional SDS-PAGE, enabling
improved detection of low-molecular-weight proteins such as KTI. The superiority of
lab-on-a-chip technology over SDS-PAGE and total trypsin inhibitor enzymatic assays for
quantifying KTI content in soybean experimental lines and varieties has been reported [139].
The requirement for specialized equipment represents a limitation of the lab-on-a-chip
method [110].

Immunoassay-based methods, relies on specific antigen–antibody interactions to de-
tect proteins, are the second category of methods able to estimate and quantify KTI and
BBI in soybean. Enzyme-linked immunosorbent assay (ELISA) is a direct method that
measures KTI or BBI by immunological detection of the inhibitor protein itself, rather than
its enzymatic activity. This method has been widely used to estimate KTI and BBI in soy-
bean. Specific antibodies bind to KTI or BBI, and the amount of bound antigen is quantified
through an enzyme-linked color reaction proportional to inhibitor concentration [140]. An
antibody-based sandwich ELISA method was later developed, allowing quantification
of KTI and BBI in soybean seeds using polyclonal and monoclonal antibodies, respec-
tively. The sensitivity of this method to detect KTI is 5 times greater than the competitive
ELISA and even capable of detecting BBI in soybean germplasm with unusually low BBI
levels [141]. Using spectrophotometric, densitometric, and monoclonal sandwich ELISA
approaches, Kumar et al. [142] evaluated TIA in 180 soybean genotypes and found that the
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spectrophotometric method overestimated TIA. Antibody availability, high variability, and
a limited range of specificity are the limitations of immunoassays that make them most
useful for screening and semi quantification of TIA [110].

Immunoblot analysis using KTI- or BBI-specific peptide antibodies, following PAGE or
SDS-PAGE separation, is an effective strategy for examining the accumulation of KTI or BBI
in soybean seeds derived from breeding programs. Western blot analysis with BBI-specific
peptide antibodies has been successfully applied to evaluate BBI accumulation during
soybean germination [143] and in CRISPR/Cas9 genome-edited soybean seeds [101].

Chromatography-based methods have also been applied for the precise quantification of
trypsin inhibitors in soybean, particularly KTI. Here, we present some of these approaches.

Two-dimensional liquid chromatography is one such method that has been applied
for the precise quantification of KTI in soybean and soybean products. It is a quantitative
analysis method for protein quantification using liquid chromatography (LC). This method
employs two-dimensional chromatographic separations to accurately quantify KTI in
soybean samples by separating it from co-eluting interferents. The first step involves
ion-exchange chromatography to collect fractions of the soybean extract containing KTI,
followed by further separation using size-exclusion chromatography. The purity and
molecular mass of the intact purified KTI are then determined by SDS-PAGE and high-
resolution electrospray ionization mass spectrometry (ESI-MS), respectively. Quantitative
analysis of KTI detected by diode array detection (DAD) with a LOD of 120 µg/g [110]. This
method cannot be considered a high-throughput option to meet breeding requirements,
as it is expensive and time-consuming with an unnecessary KTI purification step through
a weak anion exchange chromatography [118]. Later, Prandi et al. [132] developed a
direct, label-free liquid chromatography–mass spectrometry (LC–MS) method for the
identification and quantification of KTI3 in soybean and derived products, with a LOD of
0.75 µg/g. In this approach, proteins are first subjected to enzymatic digestion using trypsin
to generate shorter peptides, after which a proteotypic marker peptide is monitored by
UHPLC/ESI-MS/MS for KTI3 quantification. The authors reported that the LC–MS results
were comparable to those obtained using the spectrophotometric TI assay (ISO 14902:2001),
indicating that this method can serve as a complementary alternative to conventional
spectrophotometric approaches.

High-performance liquid chromatography (HPLC) is another chromatography-
based analytical method that has been applied to detect and quantify soybean’s KTI.
Rosso et al. [118] extracted the KTI of 100 soybean lines using sodium acetate buffer, sep-
arated on a Poros R2/H perfusion column and detected at 220 nm. Quantification was
carried out using an external calibration curve prepared with KTI standards, achieving a
detection limit of 50 µg/g. Authors reported a high correlation between the developed
HPLC method and standard Method 22-40 (r = 0.82). The estimated cost of USD$1.89 per
sample was reported for this method in 2025 [144]. Despite their high accuracy and sen-
sitivity, chromatography-based methods require sophisticated procedures and expensive
instrumentation and reagents, which render them time-consuming, costly and less practical
for high-throughput analysis [131,144].

In addition to the aforementioned analytical methods that directly quantify TI, sec-
ondary analytical techniques have been developed to predict STI content indirectly. Near-
infrared reflectance spectroscopy (NIR) is one of these secondary analytical techniques.
It operates by directing radiation in the 700–2500 nm range onto a sample, where spe-
cific wavelengths are absorbed according to vibrational overtones and combination bands
of C–O, C–H, and C–N bonds. The resulting spectral profile is subsequently analyzed
using established calibration models to predict the composition and concentration of
chemical constituents within the sample. An NIR calibration model was developed by
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Fletcher et al. [144] to estimate TI content in seeds and meals from 300 soybean lines. Using
HPLC as the reference analytical method, the authors reported prediction accuracies of
97% for total TI in seed, 97% for KTI in seed, and 89% for total TI in meal. They concluded
that this approach enables rapid and efficient estimates of TI content, making it suitable for
high-throughput screening in soybean breeding programs.

Selecting a fast, accurate and economical method for measuring TIA or quantifying KTI
and BBI proteins is crucial in soybean breeding programs, where large numbers of samples
must be evaluated efficiently. To this end, the critical details of the measurement methods
are presented to assist breeders in selecting the most appropriate approach (Table 3). In
conclusion, no LOD has been reported for the applied colorimetric/spectrophotometric
methods. Analytical techniques are generally more precise and capable of measuring both
KTI and BBI, with the lowest LOD reported for the HPLC method among these techniques
(Table 3).

Table 3. Overview of applied methods used to measure trypsin inhibitor activity and content
in soybean.

Principal Category Sub-Method
Measures
(Activity
/Content)

BBI KTI Detection Range/
Sensitivity

Primary
Reference(s)

Casein digestion Activity Total TI - [111]

Colorimetric/
spectrophotometric

Standard Method Ba 12-75 Activity Total TI - [114]
AOCS Method Ba 12a-2020 Activity Total TI - [121]

Continuous spectrophotometric
rate determination Activity Total TI - [122]

Microtiter plate assay Activity Total TI - [119]
ISO 14902:2001 Activity Total TI - [123]
BAEE/BTEE Activity Yes Yes - [39,127]

Fluorometric
BODIPY dye-labeled casein Activity Total TI - [130]

Ratiometric fluorescence
nanosensor–trypsin Activity - - 0.089 ng/mL [131]

Electrophoresis-
based

Native PAGE Content (protein amount) No
(total protein) - [36]

PAGE + densitometry Content (protein amount) Yes Yes - [136,145]
Gelatin-PAGE Activity–Content - - - [138]

SDS-PAGE + densitometry Content (protein amount No Yes
(distinct band) - [135]

Substrate–SDS-PAGE Activity–Content No Yes - [137]
Lab-on-a-chip Content - - - [139]

Immunoassay-based Sandwich ELISA Content (protein) Yes
(specific)

Yes
(specific) - [141]

Western blot Content (protein) Yes
(if probed)

Yes
(if probed) - [143]

Chromatography-
based

Liquid chromatography (LC) Content (protein) Yes Yes 120 µg/g [110]
Liquid chromatography–mass

spectrometry (LC–MS) Content (protein) Yes
(targeted)

Yes
(targeted) 0.75 µg/g [132]

High-performance liquid
chromatography (HPLC) Content (protein amount) Yes

(separate peak)
Yes

(separate peak) 50 µg/g [118]

secondary analytical
technique

Near-infrared reflectance
spectroscopy (NIR) Content (predicted) Yes Yes - [144]

AOCS: American Oil Chemists’ Society; BBI: Bowman–Birk inhibitor; BAEE: N-α-benzoyl-L-arginine ethyl
ester; BTEE: N-benzoyl-L-tyrosine ethyl ester; ELISA: Enzyme-linked immunosorbent assay; ISO: International
Organization for Standardization; KTI: Kunitz trypsin inhibitor; PAGE: Polyacrylamide gel electrophoresis;
SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. -: Data not reported by author(s).

14. Conclusions
Although soybean trypsin inhibitors are associated with plant defense mechanisms

and are often found alongside human health-beneficial phytochemicals such as isoflavones,
they are considered antinutritional factors. By inhibiting trypsin and chymotrypsin, key
pancreatic enzymes required for the digestion and absorption of dietary proteins, they
significantly reduce protein digestibility and limit the suitability of raw soybean for both
food and feed applications. Therefore, a substantial reduction in TIs is desirable, especially
for feed use. The most economical and environmentally friendly long-term solution for
managing soybean TIs is their reduction or elimination through breeding efforts.

Here, we present some conclusions and suggestions for future breeding efforts, in-
cluding both classical and biotechnology-based breeding methods: (1) Despite reports of
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human health-promoting and anticancer effects associated with KTI and BBI, their reduc-
tion or elimination is still required because of their inhibitory action on pancreatic trypsin;
(2) Although BBIs play a minor role in total trypsin inhibitory activity and are associated
with beneficial nutritional properties, they exhibit greater heat stability than KTI proteins.
Therefore, reducing their content could lead to soybean lines that require minimal heat
treatment and strategies should preferentially focus on reducing both KTI and BBI; (3) For
optimal classical marker-assisted breeding, crossing IT105782 × PI 547656 and utilizing the
reported KASP markers for kti1 and kti3 alleles could be a feasible approach to introgress
null alleles and generate double kti1–kti3 mutants (Figure 6a); (4) In biotechnology-based
breeding, transforming an A. tumefaciens–responsive soybean cultivar with multiplexed
KTI–BBI gRNA CRISPR/Cas9 constructs, followed by introgression of the resulting double
mutants into elite cultivars, could be considered an optimal strategy for reducing soybean
TI levels (Figure 6b); (5) Although the standard colorimetric enzymatic assay approved
by AACCI/AOCS (AOCS Ba 12a-2020) is the most widely accepted and applied method
for measuring TIA in soybean breeding programs, the microtiter plate AACCI/AOCS
method could be a practical alternative; (6) Both KTI and BBI proteins are implicated in
plant defense and stress responses; therefore, potential trade-offs associated with reduced
KTI and BBI levels, including possible effects on plant defense and stress resistance, should
be investigated in future studies.

Figure 6. Summary of breeding strategies for reducing soybean trypsin inhibitors. (a) Schematic
presentation of the proposed classical breeding model for the simultaneous introgression of kti1
and kti3 null alleles into the desired soybean germplasm. (b) Schematic presentation of the pro-
posed CRISPR/Cas9-based strategy for the simultaneous knockout of key genes from the KTI and
BBI families.
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Abbreviations

AACCI American Association of Cereal Chemists International
AFLP Amplified restriction fragment length polymorphism
AOCS American Oil Chemists’ Society
BAEE N-α-benzoyl-L-arginine ethyl ester
BAPNA N-α-benzoyl-DL-arginine-p-nitroanilide hydrochloride
BBBMs Biotechnology-based breeding methods
BBI Bowman–Birk inhibitor
BTEE N-benzoyl-L-tyrosine ethyl ester
CRISPR–Cas Clustered regularly interspaced short palindromic repeats-associated Cas
ELISA Enzyme-linked immunosorbent assay
HPLC High-performance liquid chromatography
ISO International Organization for Standardization
KASP Kompetitive Allele-Specific PCR
KTI Kunitz trypsin inhibitor
LC liquid chromatography
LC–MS Liquid chromatography–mass spectrometry
LOD Limit of detection
MAS Marker-assisted selection
NIR Near-infrared reflectance spectroscopy
PACE PCR Allele Competitive Extension
PAGE Polyacrylamide gel electrophoresis
PCR Polymerase Chain Reaction
PI Plant introductions
RAPD Random amplified polymorphic DNA
RNAi RNA interference
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SNP Single nucleotide polymorphism
SSR Simple sequence repeat
TI Trypsin inhibitor
TIA Trypsin inhibitor activity
SBTI Soybean trypsin inhibitor
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