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CRISPR/Cas9 editing of 3-Conglycinin -
subunits reduces IgE binding in soybean
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Abstract

Background Soybean [Glycine max (L) Merr.] is a major source of plant-based protein, yet the seed storage protein
-conglycinin (7 S globulin) is a prominent allergen. The a’, g, and {3 subunits contain IgE-binding epitopes, and their
high sequence similarity enables simultaneous genome editing. The development of soybean lines with reduced
B-conglycinin-specific IgE-binding capacity could enhance food safety for individuals with soy allergies.

Results We employed CRISPR/Cas9 to disrupt the a’ (Glyma.10G246300) and a (Glyma.20G 148300, Glyma.20G 148400),
subunit genes and to target the {3 subunit genes (Glyma.20G 146200, Glyma.20G 148200) of 3-conglycinin, generating
four edited lines: SP1 (a”-null), SP2 (a’a-null), SP3 (3-null), and SP4, which shows an a’a-edited genotype and a 3
subunit-null protein phenotype. SDS-PAGE and DNA sequencing confirmed complete or near-complete loss of the
targeted proteins across the T, to T, generations, demonstrating stable inheritance of the edited seed protein profiles.
IgE immunoblotting and inhibition ELISA using pooled sera from soy-allergic individuals revealed distinct IgE-binding
inhibition profiles among the edited lines. At the highest inhibitor concentration, SP4 showed the lowest IgE-binding
inhibition (70.0%) compared with the wild type (87.7%), whereas SP1-SP3 exhibited inhibition values similar to or only
slightly lower than those of the wild type.

Conclusions CRISPR/Cas9-mediated elimination of 3-conglycinin subunits reduces IgE binding to soybean seed
proteins and yields lines with stably inherited seed protein phenotypes. These results highlight the potential of
targeted genome editing to generate soybean lines with reduced B-conglycinin-specific IgE recognition, supporting
the application of precise genome modification in crop improvement for safer soy-based foods.
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Introduction

Soybean [Glycine max (L.) Merr.] stands as a cornerstone
crop in global agriculture, offering a rich source of pro-
tein and oil for food and feed [1]. Soy proteins, which
constitute roughly 40% of the seed dry weight, are pre-
dominantly composed of two storage protein classes,
[B-conglycinin (7 S globulin) and glycinin (11 S globulin),
with B-conglycinin alone representing nearly 30% of the
total seed protein content [2-5]. B-conglycinin is a glyco-
protein of approximately 150 kDa composed of three sub-
units, o’ (76 kDa), a (72 kDa), and p (52 kDa), that share
high amino acid sequence homology and assemble into
diverse trimeric configurations («’3, a3, a2, a2p, a’B2,
af2, and B3) [4, 6-8]. A total of 15 related genes (CG-I
to CG-15) have been identified, with CG-1 encoding the
a’ subunit, CG-2 and CG-3 encoding the a subunit, and
CG-4 encoding the B subunit [9-12], whereas the remain-
ing CG genes are less well characterized [12]. All three
major subunits (o, «, and ) contain IgE-binding epitopes
and are clinically recognized soy allergens associated with
a broad range of symptoms, including gastrointestinal,
respiratory, and cardiovascular manifestations, as well as
potentially life-threatening anaphylaxis in sensitive indi-
viduals [4, 13-15]. With the increase in global soy con-
sumption, IgE reactivity to B-conglycinin has become a
significant food safety concern, making the reduction of
[-conglycinin-specific IgE binding an important objective
in soybean improvement [4, 14, 16, 17].

Among the more than 16 identified soybean allergens,
including Gly m 1 to Gly m 8 [5, 18, 19], B-conglycinin
(Gly m 5) is recognized as a major allergen and is impli-
cated in IgE-mediated reactions in a substantial pro-
portion of soy-sensitive patients [20—22]. Furthermore,
processed derivatives such as Gly m Bd 30 K (P34, 30
kDa) and Gly m Bd 28 K (P28, 28 kDa) are detected by
65% and 62.5% of soy-allergic individuals, underscoring
the central role of B-conglycinin and its related proteins
in soy-induced IgE recognition [5, 20-22]. A variety of
processing methods, including thermal treatment, fer-
mentation, enzymatic catalysis, high-pressure processing,
and glycosylation, have been investigated to attenuate the
IgE binding capacity of soy proteins and to reduce overall
soy allergenicity [23-27]. These treatments can partially
reduce IgE reactivity but do not completely eliminate it
[5]. Consequently, combining soybean lines with reduced
IgE-binding capacity, generated through genetic modi-
fication, with conventional processing technologies has
been proposed as a more comprehensive strategy to miti-
gate IgE-mediated responses to soy [19].

Previous studies utilizing RNA interference (RNAi)
[28] targeting [B-conglycinin provided proof-of-concept
that lowering the accumulation of this storage protein
can reduce IgE binding to soybean extracts. However,
these knockdown strategies were largely confined to CG1
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and typically resulted in incomplete suppression, with
residual protein accumulation and limited stability across
generations. More recently, a CRISPR/Cas9-based sys-
tem targeting the intronic region of the long intergenic
noncoding RNA [incCGI simultaneously reduced the
accumulation of the o', «, and B subunits [29]. Although
this approach broadened the impact beyond a single cod-
ing gene, it remained centered on the /incCGI locus and
did not yield a panel of stable, homozygous lines selec-
tively lacking individual -conglycinin subunits. By con-
trast, the present study directly targets the coding genes
corresponding to CG1 through CG4, enabling the gener-
ation of single- and double-null mutants for o, o, or B, as
well as a line in which all three f-conglycinin subunits are
undetectable at the protein level across multiple genera-
tions. This design provides a set of genetically stable lines
with distinct B-conglycinin subunit profiles and allows a
more detailed assessment of subunit-specific effects on
seed composition.

In contrast to the previous CRISPR/Cas9 approach
targeting /incCG1, which modulates B-conglycinin accu-
mulation at a regulatory locus, the present study directly
edits the coding sequences of the o, a, and  subunits
(CG1-CG4), generating a panel of single-, double-, and
triple-null lines (SP1-SP4) with clearly defined subunit
combinations. The edited phenotypes are stably inherited
from TO to T5/T6 generations and are accompanied by
reproducible changes in seed protein, oil, and free amino
acid profiles, allowing a more detailed dissection of sub-
unit-specific contributions to nutritional quality and IgE
binding than was possible in the /incCG1 background.

Earlier efforts to genetically manipulate B-conglycinin
have shown that the absence of this storage protein does
not impair plant growth or reproduction, indicating that
its subunits are largely dispensable for normal develop-
ment [1, 7, 10, 30-32]. Consistent with these observa-
tions, our CRISPR/Cas9-edited soybean lines (SP1-SP4)
exhibited normal vegetative and reproductive growth
while displaying distinct alterations in seed nutritional
traits. Specifically, several lines showed increased total
seed protein, reduced oil content, and changes in free
amino acid profiles, suggesting subunit-specific roles in
regulating seed composition. Notably, one line lacking
detectable o', a, and B subunit proteins showed no cod-
ing-sequence mutations in the  subunit genes, indicating
that the molecular mechanism underlying  subunit loss
in this background is not yet resolved and may involve
noncoding, transcriptional, or post-transcriptional regu-
latory processes that warrant further investigation.

In parallel with these advances, genome editing and
integrative molecular breeding are increasingly being
applied to modulate allergen-encoding proteins and seed
quality traits in soybean. Developing soybean germplasm
with reduced B-conglycinin-specific IgE reactivity, while
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maintaining normal agronomic performance, represents
a promising strategy to support safer soy-based foods
and to expand the toolkit for precise, health-oriented
crop improvement.

Materials and methods

Plant materials and vector constructions

The Korean soybean cultivar, ‘Kwangan' was used for
Agrobacterium-mediated transformation via the half-
seed method [33]. To design specific small guide RNAs
(sgRNAs) target multiple sites, the Glycine max reference
genome (Wm82.a6.vI) was obtained from the Phytozome
database (https://phytozome-next.jgi.doe.gov), and the
homology of the B-conglycinin genes Glyma.20G148300,
Glyma.20G 148400, Glyma.20G146200, Glyma.20G148200,
and Glyma.10G246300 was assessed. Sequence alignments
of B-conglycinin genes were performed using CLUSTAL
W [34], and a phylogenetic tree was constructed with
MEGA X [35] (Fig. 1a). To summarized the relationships
among these genes, we also compiled the targeted CG
loci and other B-conglycinin-related genes together with
their genomic position and nucleotide and amino acid
sequence similarities (Supplementary Table S1). Three
specific sgRNAs targeting both the a” and o subunits or 3
subunits were designed in specificity to target exon 1 of the
corresponding [-conglycinin genes (Table 1, Supplemen-
tary Fig. S1 and S2). Prof. Sang-Gyu Kim (Korea Advanced
Institute of Science and Technology (KAIST), Daejeon,
South Korea) provided the CRISPR/Cas9 vector constructs
pECO201:7 S-o’a and pECO201:7 S-f by leveraging a PCR-
free multiplex sgRNA cloning system for plants [36]. DH5a-
competent cells were used for cloning and the final vector
sequences with sgRNA]I, 2, and 3 appear in the supplemen-
tary figures (Supplementary Fig. S3 and S4). The plasmids
pECO201:7 S-o’a and pECO201:7 S-p were transformed
into Agrobacterium tumefaciens EHA105 to facilitate soy-
bean transformation.

Agrobacterium preparation and soybean transformation

Agrobactrium-mediated soybean transformation was
performed as described by Paz et al. (2006), with slight
modifications. Mature soybean seeds of ‘Kwangan’ were
sufcace-sterilized with 70% ethanol (Daejung Chemi-
cals, Siheung, South Korea) for 1 min and subsequently
with 2% sodium hypochlorite (Sigma-Aldrich, MO, USA)
for 20 min. After rinsing the seeds with deionized water
more than five times, the seeds were dried and imbibed
in 10 cm diameter Petri dishes (SPL Life Sciences,
Pocheon, South Korea) for 24 h at 28 °C in the dark.
Imbibed seeds were bisected, retaining the half con-
taining the embryo for transformation. The cotyledon-
ary leaves were excised, and the embryo were wounded
axially within the explants. Approximately 100 explants
were incubated with an Agrobacterium suspension
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(OD650 =0.6) for over 30 min in 100 mL of liquid co-cul-
tivation medium supplemented with 1.67 mg/L 6-benzyl
amino purine (Duchefa Biochemie, Haarlem, Nether-
lands), 0.25 mg/L gibberellic acid (MBcell, Seoul, South
Korea), 0.1 mg/L dithiothreitol (Duchefa Biochemie,
Haarlem, Netherlands), and 0.1 mL/L acetosyringone
(Sigma-Aldrich, MO, USA). Explants were then subjected
to vacuum infiltration for 30 s, allowed to rest for 30 min
at room temperature, and transferred (10 explants per
plate) to solid co-cultivation medium containing plant
agar (Duchefa Biochemie, Haarlem, Netherlands) and
incubated them at 22 °C for 3 days with a 16 h photope-
riod. Explants were then transferred to shoot induction
medium (SIM1) containing 1 mL/L cefotaxime (MBcell,
Seoul, South Korea), 1 mL/L of ticarcillin (MBcell, Seoul,
South Korea), and 0.5 mL/L of phosphinothricin (PPT)
(Duchefa Biochemie, Haarlem, Netherlands), under a
16 h photoperiod at 25 °C under fluorescent light. Emerg-
ing shoots were transferred to fresh SIM2 with 0.5 mL/L
DL-phosphinothricin (PPT) every 14 days to control con-
tamination and select transformed shoots. This selection
process continued on shoot elongation medium contain-
ing 0.3 mL/L PPT for up to 14 days. Shoots longer than
5 cm were transferred to rooting medium containing 1
mL/L indol-3-butyric acid (Sigma-Aldrich, MO, USA)
to stimulate root formation. After 30 days, the T, plants
were acclimatized in a greenhouse and grown to maturity
under natural light conditions at 26 +3 °C.

Screening of transgenic soybean plants via herbicide
resistance

The bialaphos resistance (bar) gene in pECO201 vec-
tors served as a selection marker. The bar strip test were
performed according to the manufacturer’s instructions
using AgraStrip LL SeedChek (Romer Labs, Getzers-
dorf, Austria). Herbicide resistance in transgenic (T,
and T,) soybean plants was assessed by a PPT-painting
assay, in which a 100 mg/L PPT solution (Sigma-Aldrich,
MO, USA) mixed with Tween-20 (Sigma-Aldrich, MO,
USA) was applied to the midrib of the upper surface of
a leaf. Herbicidal response was monitored after three
days. PPT-resistant transgenic plants were subsequently
cultivated in a greenhouse, and T; and T, seeds were
collected.

Screening of transgenic soybean plants via PCR and deep
sequencing

To confirm the mutations introduced by the CRISPR/
Cas9 system, transgenic soybean plants (T, to T)
were screened via polymerase chain reaction (PCR)
and deep sequencing. Genomic DNA was extracted
from leaf tissues of both the control ‘Kwangan’ and the
transgenic plants using a DNeasy® Plant mini kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s
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Fig. 1 Generation of Ty3-conglycinin knockout plants. (a) A phylogenetic tree drawn for 5 3-conglycinin genes in Glycine max Wm82.a6.v1. (b) Schematic
representation of the three guide RNA(sgRNA) units expressed under a single RNA polymerase Il promoter (U6). (c) Sequences of the three sgRNAs
designed to edit a’and a subunit genes (Glyma.10G246300, Glyma.20G 148300 & Glyma.20G148400). (d) InDel mutation patterns and frequencies at the
target sites of a”and a subunit genes. The mutation frequencies were calculated by dividing the number of reads containing InDels at the target site. (e)
Sequences of three sgRNAs designed to target two {3 subunit genes (Glyma.20G146200 & Glyma.20G148200). (f) InDel mutation patterns and frequencies
at the target sites of B subunit genes
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Table 1 B-conglycinin genes targeted for mutagenesis

Page 5 of 16

Subunit Gene ID Chr. Strand DNA protein predicted protein size(kDa)
(bp) (a.a)

CG-1 Glyma.10g246300 10 + 1,866 622 68.3 kDa

CG-2 Glyma.20g 148300 20 + 1,818 605 66.6 kDa

CG-3 Glyma.20g148400 20 1,818 605 66.6 kDa

CG-4 Glyma.20g 146200 20 + 1,320 440 483 kDa

CG4 Glyma.20g 148200 20 1,320 440 483 kDa

instructions. PCR amplification was carried out to
detect the presence of transgenes using Prime Taq Pre-
mix (GeNetBio, Daejeon, South Korea). Primer pairs
were specifically designed (Supplementary Table S2)
to span genomic regions encompassing the 7 § sgRNA
target sites, thereby facilitating the detection of muta-
tions within exon 1 of each subunit. To identify the bar
gene, primers were designed to yield a 412 bp ampli-
cons: forward primer 5-AAGCACGGTCAACTTCC
GTA-3’ and reverse primer 5-GAAGTCCAGCTGCC
AGAAAC-3'. Similarly, insertion of the SpCas9 gene
was confirmed through PCR using primers designed to
produce a 1908 bp fragment: forward primer 5-ATG
GATAAGAAGTACTCTATCGG-3" and reverse primer
5-GAGCCTTTCTTCAATCATCTCTC-3".

The insertions and deletions (InDels) at the tar-
geted sites were examined by targeted deep sequenc-
ing using an Illumina Miniseq sequencing system
(Ilumina Inc., CA, USA) at KAIST (Daejeon, South
Korea), employing primer sets from the Illumina plat-
form. The CRISPR/Cas9-induced InDels within the
B-conglycinin genes for each sgRNA were analyzed
using Cas-Analyzer in the CRISPR RGEN tools (http
s://www.rgenome.net/cas-analyzer/) [37]. The analysis
was conducted on raw data FASTQ files using default
parameters, including a comparison range of 70 and a
minimum frequency threshold of 1. InDel frequency
was calculated as the proportion of reads with InDels
among the total number of reads at each target site.

Whole genome re-sequencing of ‘Kwangan’and SP lines
Whole genome re-sequencing of ‘Kwangan’ and four
lines (SP1-SP4) used in this study was performed using
the Illumina NovaSeq 6000 platform at 40x cover-
age, using previously described mapping and filtering
options [38]. The resulting reads were aligned to the
reference genome Wm82.a2.vlobtained from the Phy-
tozome(https://phytozome-next.jgi.doe.gov/) database
for downstream analysis.

Detection of 3-conglycinin subunit proteins via Western
blotting

Soybean seeds from pECO201:7 S transformats and
the ‘Kwangan’ control were lysed by intermittent vor-
texing for 1 h in 500 uL of 0.03 M Tris buffer (pH

8.0; Sigma-Aldrich, MO, USA) containing 0.01 M
B-mercaptoethanol (Thermo Fisher Scientific, MA,
USA), followed by centrifugation at 12,000 x g for 20
min at room temperature to obtain the total protein in
the supernatant. Protein concentrations were deter-
mined using the Bradford assay [39]. Twenty microliter
of total protein extract, diluted to 14 mg/mL with deion-
ized water, was mixed with an equal volume of SDS-
sample buffer (0.15 M Tris-HCI, pH 6.8, 4% w/v SDS, 5%
v/v B-mercaptoethanol) and heated at 95 °C for 10 min.
Ten microliter of this mixture was loaded onto a 10%
polyacrylamide gel, and electrophoresis was performed
at 50 V for 1 h and then at 100 V until completion. Gels
were stained with Coomassie Brilliant Blue R-250 (GE
Healthcare, IL, USA) to visualize the overall protein pro-
files. Proteins were transferred to a membrane, which
was blocked with 5% skim milk in phosphate-buffered
saline containing 0.1% Tween 20 (PBST) and washed
with PBST. The B-conglycinin a’, «, and p subunits were
detected using specific antibodies provided by Prof. Kim
Sun Tae (Pusan National University, South Korea). Both
the primary antibody and the HRP-conjugated goat anti-
rabbit IgG secondary antibodies were used at a 1:5000
dilutions [40].

Assessment of IgE Bing in SP lines via Inhibition ELISA

Proteins separated by electrophoresis were transferred
from the gel to an Immobilon-P™ PVDF membrane (Mil-
lipore, MA, USA) using a semi-dry-transfer system for
immunoblotting analysis. To block non-specific bind-
ing, the membranes were incubated in Tris-buffered
saline with Tween 20 (TBST, Sigma-Aldrich, MO, USA)
containing 3% skim milk at 4 °C overnight. Membranes
were then incubated with pooled serum from soybean-
allergic individuals (serum samples number 2, 8, 9, 14,
and 17), diluted 1:4 in PBST with 1% bovine serum albu-
min (BSA, Sigma-Aldrich, MO, USA), at room tempera-
ture overnight. Serum samples were collected and stored
at —20 °C until use. This study was approved by Institu-
tional Review Board of Yonsei University College of Med-
icine (4-2013-0397), and all patients provided written
informed consent blood collection. After incubation with
serum, membranes were washed with TBST to remove
unbound proteins and then incubated with an alkaline
phosphatase-conjugated anti-human IgE secondary


https://www.rgenome.net/cas-analyzer/
https://www.rgenome.net/cas-analyzer/
https://phytozome-next.jgi.doe.gov/

Park et al. BMC Plant Biology (2026) 26:265

antibody, diluted 1:1000 in TBST containg 1% BSA, for
1 h at room temperature.

The pooled serum was obtained from five patients with
physician-diagnosed IgE-mediated soybean allergy, who
showed cutaneous and/or respiratory symptoms upon
soy exposure and positive specific IgE to soybean extract.
According to their medical records, some patients were
also sensitized to other common food allergens (e.g., pea-
nut or tree nuts), reflecting the clinical heterogeneity typ-
ically observed in soy-allergic individuals.

For the inhibition ELISA, plates were coated with the
control protein extract (10 pg/mL) and blocked. Diluted
allergic human serum (1:4) was then added to the wells
together with varying concentrations of SP line pro-
tein extracts as inhibitors (0.08-50 pug/mL). After 1 h of
incuation at room temperature, wells were washed four
times with TBST. The plates were then incubated with
biotinylated goat anti-human IgE (1:1,000-diluted) (Vec-
tor, Burlingame, CA, USA) and streptavidin-peroxidase
conjugate (1:1,000-diluted) (Sigma-Aldrich, MO, USA).
Color development was achieved by adding 3,3',5,’,-tet-
ramethyl-benzidine (TMB, Kirkegaard & Perry Labo-
ratories, Gaithersburg, MD, USA), and the reaction was
stopped with 0.5 M H,SO,. Absorbance was measured
at 450 nm. The percentage of inhibition of IgE reactiv-
ity relative to the control soybean extract was calculated
by comparing the absorbance of wells with inhibitors to
those without inhibitors.

Crude seed protein quantification

Seed protein content was quantified using the Dumas
method [41] with a Rapid N cube analyzer (Elementar
Analysen System, Hanau, Germany) according to the
manufacturer’s protocols [42]. Fifty milligrams of finely
ground seed was prepared into pellets for analysis. The
combustion, post-combustion, and reduction tube tem-
peratures were set to 955 °C, 750 °C, and 830 °C, respec-
tively, and the detection temperature was maintained at
59.8 °C [43].

Evaluation of seed free amino acid content

Free amino acids in seeds were extracted by adapting the
method of Chotekajorn et al. (2021). Free amino acids
were analyzed using a triple quadrupole mass spectrom-
eter (Shimadzu, LCMS-8050, Japan). Chromatographic
separation was achieved on a Cortecs UPLC C18 col-
umn (1.6 pm particle size, 2.1 x 150 mm, Waters, MA,
USA) with a sample injection volume set at 1 pL. Precur-
sor ion m/z values and the fragmentation patterns were
determined using standard compounds. Mobile phase A
was 0.5% (v/v) formic acid in water, and mobile phase B
was 0.5% formic acid (Sigma-Aldrich, MO, USA) in ace-
tonitrile (Sigma-Aldrich, MO, USA). The solvent gradi-
ent was as follows: 0—1.0 min 0.5% B, 1.0-2.0 min linear
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gradient 13% B, 2.0-5.5 min 15% B, 5.5 6.5 min 95% B,
6.5-8.5 min 95% B, 8.5-8.6 min 0.5% B, and 8.6—12 min
0.5% B. The flow rate was maintained at 0.5 mL/min.

Evaluation of seed oil content

Seed oil content was determined using the Soxhlet
extraction method [44] with a Buchi B-811 extraction
system (Buchi, Switzerland). Two grams of powdered
seeds was loaded into extraction thimbles (2 x 100 mm)
and subjected to n-hexane extraction at 105 °C for 2 h
and 40 min. After cooling the extracted oil to room tem-
perature in a desiccator, the oil weight was measured and
expressed on a dry mass basis [42].

Statistical analysis

Protein and oil content measurements were performed
with three technical replicates, and their average values
were used for statistical evaluation. All statistical analyses
were conducted using R software (version 4.3.2). Differ-
ences in protein and oil content between wild-type and
mutant soybean lines were assessed by two-sample Stu-
dent’s t-tests. P-values<0.01 and <0.001 were considered
statistically significant and highly significant and indi-
cated as ** and ***, respectively. P-values >0.05 were con-
sidered not significant (N.S.).

Results

Designing SgQRNA and creating T, plants with mutations in
B-conglycinin subunits

The B-conglycinin genes predominantly arose from recent
whole-genome duplication events and several tandem
duplications [12]. Based on various studies, researchers
uncovered specific genes related to CG-1 to CG-4 dis-
persed across soybean chromosomes 2, 10, and 20. Nota-
bly, Glyma.10G246300 is associated with the a’ subunit
(CG-1), while Glyma.20G148300 and Glyma.20G 148400
correspond to the a subunit (CG-2 and CG-3), and
Glyma.20G146200 and Glyma.20G148200 are related to
the B subunit (CG-4) [12, 45]. To facilitate multi-targeted
mutagenesis of B-conglycinin subunits using the CRISPR/
Cas9 system, we designed sgRNA based on these homol-
ogies and subjected the Korean soybean cultivar ‘Kwan-
gan’ to Agrobacterium-mediated transformation. We
constructed a phylogenetic tree using peptide sequence
alignments of Glyma.10G246300, Glyma.20G148300,
Glyma.20G 148400, Glyma.20G 146200, and
Glyma.20G148200 to assess their homology and iden-
tify shared sequences for multi-targeted mutagenesis
(Table 1; Fig. 1a). The two genes associated with the «
subunit (Glyma.20G148300 and Glyma.20G148400)
displayed 100% sequence homology, while two genes
associated with the B subunit (Glyma.20G146200 and
Glyma.20G148200) had 99.77% sequence homology. The
a’ and a subunits sequences showed 88.9% homology,
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and the o’ and [ subunit sequences showed 73.80%—
74.03% homology. Comparatively, a and p subunit
sequences displayed 71.98%-74.94% homology (Fig. 1a).
To provide an overview of these relationships, we also
summarized the four targeted CG loci (CG-1 to CG-4)
and other p-conglycinin-related genes, together with
their genomic positions and nucleotide and amino acid
sequence similarities, in Supplementary Table S1. Using
the pECO201:7 S CRISPR/Cas9 vector construct (Sup-
plementary Fig. S3 and S4), we produced three sgRNAs
targeting three specific sites in exon 1 of the a”and « sub-
unit genes (Fig. 1b and c). Likewise, three sgRNAs tar-
geted three specific sites in exon 1 of the B subunit genes
(Fig. 1b and e). Considering the significant homology of
the B-conglycinin subunit genes, the sgRNA sequences
were carefully selected to minimize off-target effects
while maximizing on-target mutagenesis efficiency (Fig.
1c and e). We then performed Agrobacterium-mediated
transformation as described in the materials and meth-
ods section and carried out targeted deep sequencing to
analyze the InDel patterns and assess the gene editing
efficiencies on the a”and a subunit or B subunit genes of
T, plants (Fig. 1d and f).

Herbicide resistance of pEC0201:7 S-a’a induced T, plants
and targeted deep sequencing

To confirm the presence of the CRISPR/Cas9 con-
struct inserts in the regenerated plants, we conducted

(a)
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pEC0201:7S(aa’)-T,
C 1 2 3
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a bar strip test and PCR analysis targeting the bar gene.
The bar strip test displayed positive results for three of
the four transgenic lines (pEC0O201:7 S-a’a #1, #2, and
#3). The PCR analysis further confirmed the presence
of the expected 412 bp bar gene amplicons in T, lines
#1, #2, and #3 (Fig. 2a). Additionally, a PPT-painting
assay revealed herbicide resistance in T lines #1 and
#2, in contrast with the non-transgenic control ‘Kwan-
gan’ (Fig. 2b). Further PCR amplification using specific
primers (Supplementary Table S2) for the 7 S sgRNA
region associated with the o’ (Glyma.10G246300) and
a (Glyma.20G148300 and Glyma.20G148400) subunits
revealed induced mutations in the a’ and o genes in T,
line #2 (Fig. 2c).

Targeted deep sequencing analysis of the T, plants
(transformed with the pECO201:7 S-a’a vector) demon-
strated various deletion mutations in the genes encod-
ing a’ and a subunits. Among the four analyzed T, lines
(pECO201:7 S-a’a #1 to #4), we identified ten distinct
sequence variations, including deletions ranging from
(-)6 to (-)18 base pairs at the sgRNAI target site, either
complete deletions or no deletions at the sgRNA2 site,
and deletions of (-)28 to (-)32 base pairs or no deletions at
the sgRNA3 site (Fig. 1d). The overall recorded frequen-
cies of InDels for T, lines #1, #2, #3, and #4 were 27.5%,
99.6%, 100.0%, and 41.2%, respectively. Specifically, the
primary InDel occurrences for T, lines #1, #2, #3, and #4
were 25.2%, 92.6%, 98.4%, and 5.0%, respectively (Fig. 1d).

3 cC 1 2 3

.
- [ p——
. —

F1/R2 F2/R2

Fig. 2 pECO201:7 S-a’a T, plant selection for generational progression. (a) via bar strip test and PCR amplification of the bar gene; (b) via PPT-painting
assay; (c) via PCR amplification of the target sites of a’and a genes (Primer information: Supplementary Table S2)
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7S protein profile of pECO201:7 S-a’a T, plants

Seeds of the T, lines (pECO201:7 S-a'a #1 to #3) were
collected and propagated to T, generation. PCR analy-
sis targeting the o’ subunit gene spanning sgRNA1 to
sgRNA3 with the Alpha F2-spR primer set, yielding a
636 bp product, revealed that lines pEC0O201:7 S-a'«
#2—-6 and #2-8 possessed homozygous transgenes
(Fig. 3a). Further PCR screening of the T; generation
pECO201:7 S-a’a #2 line (pECO201:7 S-a’a #2-1 to
#2-21) with the Alpha F3-Alpha R1 primers set, specific
to the a subunit genes spanning sgRNA1 to sgRNA3 and
producing a 362 bp product, revealed induced mutations
in 18 out of 21 lines; however, we found no homozygous
transgene (Fig. 3b). Therefore, the pECO201:7 S-a’ax #2—6
line was selected for propagation to the T, generation.
Subsequent PCR with the 20G.sgRNA3F-20G.sgRNA3R
primer set, spanning sgRNA3 of the a subunit genes and
yielding a 59 bp product, showed induced mutations
in all 18 T, lines (pECO201:7 S-a’a #2-6-1 to #2-6-18),
with none exhibiting homozygous transgenes (Fig. 3c).
SDS-PAGE analysis of the protein profiles from the T,
generation lines revealed the absence of the 76 kDa a’
subunit protein in lines pEC0O201:7 S-a'a #2-6-1, #2-6-
2, and #2-6-3, as expected from the PCR results (Fig. 3a
and d). Notably, line pECO201:7 S-a’a #2-6-2 displayed a
significantly lower 72 kDa a subunit protein band inten-
sity than the control “Kwangan,” while the band intensity
of the B subunit (53 kDa) remained similar across these
lines (Fig. 3d).

Herbicide resistance of pEC0201:7 S-B induced T, plants
and targeted deep sequencing
T, plants transformed with the pECO201:7 S-f construct
underwent bar strip testing and were analyzed for muta-
tions induced within exon 1 of the B subunit genes using
sgRNA1, sgRNA2, and sgRNA3. Out of six transgenic
lines, four (pECO201:7 S-B #2 to #5) tested positive on
the bar strip test (Fig. 4a). PCR amplification using prim-
ers designed for the B subunit genes (Glyma.20G146200
and Glyma.20G148200) (Supplementary Table S2) indi-
cated induced mutations in lines #2 and #4 (Fig. 4b).
Deep sequencing of T, lines #1 to #3 revealed various
InDel patterns, including deletions from (-)1 to (-)17 bp
or a (-)5 bp deletion accompanied by an adenine triad
insertion at the sgRNA1 site, (-)18 bp deletion at sgRNA2,
and deletions between (-)3 and (-)5 bp at sgRNA3
(Fig. 1f). The total InDel frequencies for lines #1, #2, and
#3 were 78.0%, 100.0%, and 15.8%, respectively. Besides,
the most prevalent InDels in lines #1, #2, and #3 had fre-
quencies of 9.1%, 82.5%, and 3.4%, respectively (Fig. 1f).

7S protein profile of pECO201:7 S-B T, plants
In the T, generation propagated from seeds of the
T, pECO201:7 S-p #2 line, we subjected 28 plants
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(pECO201:7 S-P #2-1 to #2-28) to the PPT-painting
assay and PCR analysis for screening (Fig. 4c and d).
Among them, 17 T, plants exhibited resistance to her-
bicide (pECO201:7 S-p #2-4, 6, 8, 9, 11, 12, 13, 14, 15,
18, 19, 20, 22, 23, 25, 26, and 28) (Fig. 4c). The plants
not showing herbicide resistance (lines #2-1, 2, 5, 7,
10, 16, 21, 24, and 27) displayed PCR-confirmed muta-
tions across the regions targeted by sgRNA1, sgRNA2,
and sgRNA3 within the § subunit genes. Moreover, these
lines lacked the detectable bands for both bar and Cas9
sequences in PCR analysis (Fig. 4d). Despite these genetic
alterations, however, SDS-PAGE analysis indicated that
the T, plants and the unaltered control ‘Kwangan’ had
similar  subunit (53 kDa) band intensities (Fig. 4e).

7S protein profile of T, or T, Storage Protein (SP) plants
Selected seeds from the T, generation lines
pECO201:7 S-a’a #2-6-1 and pECO201:7 S-a'a #2-6-2
(Fig. 3d) underwent further screenings using PCR analy-
sis and SDS-PAGE (data not shown) while progressing to
T5 or T, generations for 7 S protein profile assessment.
The T, line pECO201:7 S-a’a #2-6-1-4-1-1-15 (desig-
nated as SP1) exhibited an absence of the 76 kDa a’ sub-
unit on SDS-PAGE and western blotting; however, PCR
analysis revealed the presence of bar and Cas9 sequences
(Fig. 5a). The T, line pECO201:7 S-a’a #2-6-2-9-6-1-11
(designated as SP2) lacked both the 76 kDa a’ and the
72 kDa a subunit proteins, with PCR confirming the
presence of bar and Cas9 sequences. Western blotting of
SP1 and SP2 showed that the p antibody bound to its tar-
get protein (Fig. 5a).

The T, line pECO201:7 S-a'o #2-6-2-4-2-12 displayed
no detectable 76 kDa a’, 72 kDa a, or 53 kDa P subunit
proteins, with bar and Cas9 sequences identified by
PCR, leading to its designation as SP4 (Fig. 5a). Sanger
sequencing confirmed that the a” and o subunits genes in
SP4 harbor frameshift-inducing mutations, whereas the 3
subunit genes retain wild-type coding sequences, indicat-
ing the B subunit deficiency in this line is not caused by a
direct B-gene knockout (Supplementary Table S2).

The B subunit-null line SP3 was derived from the
T; generation line pECO201:7 S-f #2-1-20-8-3-11,
which originated from a TO plant transformed with a
B-targeting construct. Although the corresponding T1
progeny initially showed no obvious change in the 53 kDa
B subunit band intensity on SDS-PAGE, sequence anal-
ysis revealed that they carried p subunit edits in a het-
erozygous state, which likely masked clear band intensity
changes at the protein level. Through subsequent selfing
and selection, these edits were fixed to homozygosity in
later generations, resulting in the SP3 line, which com-
pletely lacks the 53 kDa P subunit protein while retaining
wild-type levels of the a”and a subunits (Fig. 5a, Supple-
mentary Table S2).
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Fig. 3 pECO201:7 S-a'a T, plant selection and protein profiles. (a) a’ target site PCR amplification of T, plants. (b) a target site PCR amplification of T,
plants. (c) a target site PCR amplification of T, plants. (d) Protein profile of pECO201:7 S-a'a T, plants via SDS-PAGE

InDel patterns in SP plants

We performed Sanger sequencing on the SP lines to iden-
tify InDel patterns in the unexpressed p-conglycinin sub-
unit proteins (Fig. 5b and ¢, and 5d). The InDel patterns in
SP lines evolved as they progressed from the T, to the T;
or T, generations, aligning with expected digestion sites
and demonstrating similar deletion patterns (Figs. 1d and f

and 5b and ¢, and 5d). Within the target range of the two
a subunit genes of B-conglycinin (Glyma.20G148300 and
Glyma.20G148400), SP1 showed a Glyma.20G148300
sequence identical to the ‘Kwangan’ control, and exhibited
a (-)4 bp deletion at the sgRNA3 site of Glyma.20G 148400
(Supplementary Table S3 and Fig. 5b). SP2 displayed either
an (-)11 bp deletion at the sgRNA3 site in Glyma.20G 148300
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ora (-)4 bp deletion at the sgRNA1 site in Glyma.20G 148400
(Supplementary Table S3 and Fig. 5b). The InDel patterns
of SP4 were a 1 bp thymine insertion, (-)10 bp deletion,
and (-)4 bp deletion at the sgRNA1, sgRNA2, and sgRNA3
sites of Glyma.20G148300, respectively, or a (-)4 bp dele-
tion at the sgRNA3 site of Glyma.20G148400 (Supplemen-
tary Table S3 and Fig. 5b). Within the targeted sites of the
a’ subunit (Glyma.10G246300), SP1 and SP2 showed iden-
tical large deletion patterns (Supplementary Table S3 and
Fig. 5¢). In SP4, however, we observed heterozygous InDel
patterns at the sgRNA sites: one strand with a 1 bp thymine
insertion, a (-)1 bp deletion, and a (-)5 bp deletion, and the
other strand with a 1 bp thymine insertion, a (-)4 bp dele-
tion, and a (-)5 bp deletion (Supplementary Table S3 and
Fig. 5¢). Within the target range, the two {3 subunit genes
(Glyma.20G146200 and Glyma.20G148200) in SP3 exhib-
ited identical large deletions across sgRNA1 and sgRNA2
sites and a (-)5 bp deletion at the sgRNA3 site (Supplemen-
tary Table S3 and Fig. 5d). Interestingly, despite the unex-
pressed [ subunit protein in SP4 (Fig. 5a), no mutations
were detected in either f subunit genes, which remained
the same as those of the ‘Kwangan’ control (Supplementary
Table S3 and Fig. 5d).

Off-target analysis
To analyze the effects of any off-target sites related to
the unexpressed B-conglycinin subunit phenotype, we

performed whole-genome resequencing of the SP lines
and utilized these data. Potential off-target sites for the
sgRNAs within the soybean genome were assessed using
the CRISPR-P website (http://crispr.hazau.edu.cn/CRISP
R2), by aligning the 22 bp target sequence with the soy
bean reference genome (Glycine max v2.al) [29]. Exam-
ining the 10 most likely potential off-target positions
for each sgRNA revealed alleles identical to those of the
‘Kwangan’ control, without mutations or InDels (Supple-
mentary Table S4).

Assessment of IgE recognition of SP lines via Immunoblot

IgE immunoblotting was conducted to assess the aller-
genic potential of proteins extracted from seeds of the
SP1 to SP4 soybean lines (Fig. 6a). The analysis aimed to
detect the presence of the o, o, and [ subunits by their
ability to bind IgE from pooled human serum. The SP1
line, lacking the 76 kDa o’ subunit (Fig. 5a), exhibited no
IgE reactivity to the 76 kDa o’ subunit band, suggesting a
marked reduction in IgE recognition for this protein frac-
tion (Fig. 6a). Similarly, the SP2 line, which lacks both the
76 kDa o’ and 72 kDa « subunits (Fig. 5a), displayed no
bands for the a’ subunit and a significantly lower a sub-
unit band intensity than the ‘Kwangan’ control (Fig. 6a).
The SP3 line, representing the B-null genotype (Fig. 5a),
showed a lower 53 kDa [ subunit band intensity than the
control (Fig. 6a). The SP4 line, expected to lack all three
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Fig. 5 Protein profiles of SP lines (SP1 to 4) with InDel patterns. (a) SDS-PAGE and western blotting of SP lines using specific antibodies against the
a’, g, and B subunits (1:5,000). (b) InDel patterns within the target sites of a subunit genes (Glyma.20G148300 and Glyma.20G148400). (c) InDel pat-
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subunits (Fig. 5a), showed a complete absence of bands
for the a” and P subunits and a significantly lower o sub-
unit band intensity than the control, indicating a substan-
tial reduction in IgE-recognized B-conglycinin subunits
in this line (Fig. 6a).

Assessment of IgE binding in SP lines via Inhibition ELISA

Subsequent inhibition ELISA assays quantified the capac-
ity of proteins from the modified soybean lines to inhibit
IgE binding, compared with proteins extracted from the
‘Kwangan’ control (Fig. 6b). The ELISA results were gen-
erally consistent with the immunoblot findings. The SP1

line demonstrated moderate inhibition of IgE reactivity,
with an 83.6% inhibition at 50 pg/mL of inhibitor (Fig. 6a
and b). The SP2 line reached 78.6% inhibition at the same
concentration, suggesting a reduction in IgE binding that
may reflect the removal of multiple 7 S proteins (Figs. 5a
and 6b). In contrast, the SP3 line exhibited 88.9% inhibi-
tion at 50 ug/mL compared with 87.7% for the control,
and its inhibition curve largely overlapped with that of
the wild type across the tested concentrations, indicat-
ing that loss of the B subunit alone did not substantially
reduce IgE-binding in this assay (Fig. 6b). The SP4 line
displayed the lowest level of inhibition, with a 70.0%
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Fig. 6 IgE-binding assessment of SP lines. (a) IgE Immunoblotting results. (b) Inhibition ELISA results

Table 2 Comparative analysis of total protein and oil content (%)
across SP lines

Control SP1 SP2 SP3 SP4
(Kwangan)
Protein content (%) 39.5 43.56 4416 43.16 44.59
P-Value' - 223E-05 1.19E-07 648E-06 4.96E-06
Significance _ FH¥ *HK FR¥ KKK
Qil content (%) 17.5 15.97 16.39 17.52 1643
P-Value® - 2.80E-04 1.13E-03 9.11E-01 658E-03
Significance - Frx ** N.S **

*P-Values calculated from a two-sample t-test. **: P<0.01, ***: P<0.001, N.S: not
significant

inhibition at 50 pg/mL, indicating a clear decrease in
IgE binding under these in vitro assay conditions; how-
ever, clinical allergenicity was not directly assessed in this
study.

Seed Protein, Oil, and free amino acid contents of SP lines

To assess the impact of altered storage protein subunit
expression via CRISPR/Cas9 in SP lines on seed quality,
we measured total seed protein content, oil content, and
free amino acid content, and compared those with the
‘Kwangan’ control. All SP lines had significantly greater
total protein contents than the control, with a P-value
< 0.001 (Table 2), consistent with a previous study [29].
However, SP1, SP2, and SP4 had significantly lower oil
contents than the control, while that of SP3 was similar to
the control (P-value > 0.05) (Table 2). Interestingly, SP3
exhibited significantly higher levels of 11 out of 15 mea-
sured free amino acids (including Asn, Gly, Ala, Ser, Pro,
Val, Thr, Leu, Ile, Gln, and His) and lower free Asp levels
than the other lines (Fig. 7a). The B-conglycinin-null SP4
line, in particular, showed 1.48-fold and 2.75-fold higher
levels of free Asp and Arg, respectively, than the con-
trol (Fig. 7a). Regarding plant growth and reproduction,
all of the SP lines exhibited similar growth and repro-
ductive traits to the ‘Kwangan’ control (Fig. 7b). Under

our greenhouse and Wagner pot conditions, all SP lines
(SP1-SP4) showed vegetative and reproductive growth
that was visually similar to the wild-type ‘Kwangan, with
no obvious differences in plant architecture, flowering,
pod set, or seed development.

Discussion

Characteristics of 7 S subunit deficiency in SP lines
B-conglycinin is a vicilin-type protein that significantly
impacts the quality of soy-based food products, especially
affecting tofu yield and texture [1, 46]. Compared with
glycinin, B-conglycinin contains fewer sulfur-containing
amino acids (Met and Cys), resulting in lower nutritional
quality and diminished gel-forming capacity [17, 47]. It is
also less effective in preserving the stability and antioxi-
dant properties of cyanindin-3-glucoside (C3G) [48]. In
this study, we utilized CRISPR/Cas9 to generate soybean
lines deficient in individual or multiple B-conglycinin
subunits (a, «, and B) in the Korean cultivar ‘Kwangan’
(Figs.1 and 5). Loss of the B subunit in SP3 line did not
significantly affect seed oil content but was accompanied
by elevated levels of various free amino acids, including
Asn, Gly, Ala, Ser, Pro, Val, Thr, Leu, Ile, GIn, and His
(Fig. 7a). All mutant lines (SP1-SP4) exhibited normal
growth and reproduction while showing increased total
seed protein content, likely reflecting compensatory gly-
cinin accumulation (Fig. 7b) [7, 29, 49]. Consistent with
previous reports that some B-conglycinin subunit—defi-
cient lines can complete normal growth and reproduc-
tion, the SP lines showed no apparent abnormalities in
plant architecture or fertility under greenhouse condi-
tions, although other studies have reported inferior agro-
nomic performance in certain p-conglycinin-deficient
germplasm, indicating that the impact of 7 S modification
can be genotype dependent. Thus, while our current data
suggest that the SP lines maintain normal growth under
controlled conditions, replicated multi-environment field
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trials and targeted stress-response assays will be required
to rigorously evaluate yield and stress resistance before
large-scale deployment. These edited lines therefore
represent valuable germplasm resources for improving
processing quality and nutritional properties in soybean-
based products.

Notably, the complete B-conglycinin-null SP4 line
exhibited increases levels of free arginine [7, 38] and
free aspartic acid (Fig. 7), even though Sanger sequenc-
ing confirmed no mutations in the [ subunit genes
in this line (Fig.5b). Regulation of P-conglycinin sub-
units has been reported to involve transcriptional

and post-transcriptional mechanisms [8, 11, 29], and
IncRNAs have recently been recognized as critical regu-
lators of gene expression [29]. Loss-of-function muta-
tions in [lincCGI, generated via CRISPR/Cas9, were
shown to cause a deficiency of «’-, a-, and [ subunits of
B-conglycinin through combined cis- and trans-regu-
latory mechanisms and to be associated with increased
total protein, increased sulfur-containing amino acids,
and elevated free arginine, without agronomic alterations
compared with controls [29]. Whole-genome analysis of
the SP lines harboring lincCG1 within Scg-1 (Suppres-
sor of B-conglycinin) revealed no detectable sequence
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variants at the /incCGI locus in the SP lines relative to
‘Kwangan’ (8,38; Supplementary Fig. S5). In contrast,
SP4 lacks all three B-conglycinin subunit proteins (a’, o,
and P) at the protein level, but Sanger sequencing con-
firmed that the  subunit genes retain wild-type coding
sequences, indicating that the B subunit deficiency in this
background is not caused by a CRISPR-induced [-gene
knockout. Therefore, the precise regulatory mechanisms
responsible for B subunit expression loss in SP4 remain
unresolved and warrant further in-depth study.

In contrast to this subunit-targeted approach, the
lincCGI study used CRISPR/Cas9 to knock out a
long intergenic noncoding RNA that regulates the
B-conglycinin locus, thereby generating [B-conglycinin-
deficient lines with increased protein content and
sulfur-containing amino acids. Whereas lincCGI edit-
ing modulated B-conglycinin accumulation through a
regulatory RNA, the present study directly targets the
coding sequences of the a’, o, and B subunits to create
multiple edited genotypes with distinct storage-protein
profiles and IgE-binding characteristics (SP1-SP4). This
complementary strategy allows fine-tuning of individual
subunits and provides germplasm in which seed compo-
sition and IgE binding to B-conglycinin can be evaluated
separately for each subunit combination, rather than only
in a B-conglycinin-null background.

The SP4 line completely lacked detectable
B-conglycinin subunit proteins despite retaining wild-
type P subunit coding sequences and showing no oft-
target mutations at predicted sgRNA sites, pointing to
the involvement of a regulatory layer beyond simple
gene knockout. Given that /incCGI mutations can sup-
press B-conglycinin accumulation through complex cis-
and trans- regulatory mechanisms without altering the
corresponding coding regions, a similar regulatory sce-
nario may also underlie the SP4 phenotype. As RNA-seq,
qRT-PCR, or proteomic analyses were not performed in
this study, future work using these approaches will be
required to clarify the underlying mechanism.

Allergenicity of Gly m 5 and related subunits
Soybeans contribute to approximately 90% of food allergy
reactions and rank among the “big eight” major aller-
gens globally [50]. Soybean allergy affects about 0.5%
of the world’s population and 0.4% of children in the
United States, positioning soybean as a leading allergen
in pediatric populations [51, 52]. Importantly, allergenic
potential varies among cultivars and cannot be accurately
predicted from total protein content alone, as ingestion
of as little as 5.3 mg soybean protein can provoke allergic
reactions in susceptible individuals [19].

Among soybean allergens, the B-conglycinin (Gly m
5) is particularly significant. It is recognized by most
pediatric soybean patients and, together with glycinin
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(Gly m6), strongly contributes to allergic severity [53].
This study targeted Gly m 5 via CRISPR/Cas9 to disrupt
critical B-conglycinin subunits, resulting in reduced IgE-
binding capacity to B-conglycinin in the edited lines. At
the highest inhibitor concentration, SP4 showed the low-
est IgE-binding inhibition among the tested lines (~ 70%
compared with 87.7% for the wild-type), whereas SP1-
SP3 displayed inhibition values similar to or only slightly
lower than the control (Fig. 6b). Across the tested con-
centrations, the inhibition curve of the 3 subunit-null line
SP3 largely overlapped with that of the wild type, indicat-
ing that loss of the p subunit alone did not lead to a large
decrease in IgE-binding inhibition in this in vitro assay
(Fig. 6b). These data suggest that more extensive modi-
fication of B-conglycinin, as in SP4, may be required to
achieve a pronounced reduction in IgE binding, although
the a’and o subunits also contribute to IgE recognition.
These findings align with reports that clinical allerge-
nicity differs among 7S protein subunits; for example, the
a subunits (Gly m Bd 60 K) have been shown to sensi-
tize approximately 25% of soybean-sensitive dermatitis
patients [54]. Collectively, the immunoblot and inhibition
ELISA data indicate that CRISPR/Cas9-mediated edit-
ing of B-conglycinin subunits alters IgE-binding profiles
across the SP lines, with the most pronounced reduction
in IgE binding observed in SP4. These genome-edited
lines thus represent soybean germplasm with reduced
B-conglycinin IgE recognition that may support the
development of safer soy-based foods, although clini-
cal allergenicity has not yet been directly evaluated. The
application of CRISPR/Cas9 to edit key allergen-encod-
ing proteins in soybean seeds contributes to a growing
field of molecular breeding aimed at improving food
safety and quality, and these findings provide an example
of how modern genome-editing tools can be integrated
with phenotypic and molecular analyses to address chal-
lenges at the interface of agriculture and human health.
Finally, it should be noted that the IgE-binding assays
were performed with sera from only five soy-allergic
patients with heterogeneous clinical phenotypes and
co-sensitizations, and therefore the results should be
interpreted as in vitro IgE-binding data rather than a
comprehensive assessment of clinical allergenicity.

Conclusions

In summary, this work provides evidence that CRISPR/
Cas9-mediated disruption of the a’, a, and p subunits
of B-conglycinin enables the stable development of soy-
bean lines with reduced B-conglycinin-specific IgE bind-
ing and markedly reduced IgE reactivity in vitro. The
edited genotypes, particularly the a’af-null line, dem-
onstrated consistent inheritance across generations
and revealed subunit-specific impacts on seed quality
traits, underscoring both the precision and robustness
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of the genome editing strategy. These findings not only
advance our understanding of the molecular basis of IgE
recognition of soybean seed proteins but also establish
a practical framework for molecular breeding aimed at
soybean lines with reduced B-conglycinin IgE binding.
Future research should incorporate integrative transcrip-
tomic analyses, molecular marker-assisted breeding,
and evaluation across diverse genetic backgrounds to
accelerate the application of genome editing for soybean
improvement.
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