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A B S T R A C T   

Common buckwheat (Fagopyrum esculentum Moench) seeds contain 13S globulin, the zero-repeat subunit of 
which is trypsin-resistant and allergenic. Here, its two novel alleles were analyzed for development of hypoal-
lergenic plants. The GlbNC allele has a Miniature Inverted-repeat Transposable Element (MITE)-like insertion in 
the 4th exon. However, most of the insertion was spliced-out, resulting in accumulation of zero-repeat subunit in 
GlbNC homozygotes. Meanwhile, the GlbNB2 has a 164-bp insertion in the 3rd exon, resulting in no accumulation 
of zero-repeat subunit in GlbNB2 homozygotes (NB2_homo). Both the insertion sequences were predicted to form 
a hairpin-like structure, and that of GlbNB2 was more rigid than that of GlbNC. Trypsin digestion in NB2_homo 
showed that the α polypeptide of Met-rich subunit is also hard to digest, that is a next target to eliminate for 
hypoallergenic buckwheat development.   

1. Introduction 

Buckwheat has been conventionally consumed in Southern and 
Eastern Asia, as well as Eastern and Central Europe, where it is used in 
various culinary forms, including noodles, porridge, pancakes, jellies, 
and pasta. This extensive utilization can be attributed to its rapid growth 
and remarkable adaptability to less fertile environments where major 
crops cannot be grown (Katsube-Tanaka, 2016). In recent times, it has 
garnered attention in Western countries due to its alignment with 
gluten-free dietary preferences (Wieslander & Norbäck, 2001; Heffler 
et al., 2014). Even though buckwheat has exceptional nutritional and 
health-promoting characteristics (Zhang et al., 2012; Giménez-Bastida 
& Zieliński, 2015; Zhang et al., 2017), it is imperative to address allergy 
concerns (Katsube-Tanaka & Monshi, 2022). 

Common buckwheat (Fagopyrum esculentum Moench) and Tartary 
buckwheat (Fagopyrum tataricum (L.) Gaertn.) are two cultivated species 
in the genus Fagopyrum. The latter species contains more rutin, a health- 
promoting flavonoid, than the former. Recently new allergen Fag t 6 (18 
kDa oleosin-type protein) was found in Tartary buckwheat (Chen et al., 
2021), in addition to Fag t 1 (11S globulin), Fag t 10kD (alpha-amylase/ 
trypsin inhibitor), and Fag t 2 (2S albumin) (ALLERGOME, Mari et al., 
2009). Common buckwheat (referred as just buckwheat, hereafter) has 

two major seed storage proteins 13S globulin and 2S albumin, and they 
are recognized as crucial allergens Fag e 1 and Fag e 2, respectively 
(Katayama et al., 2018), along with Fag e 10kD (alpha-amylase/trypsin 
inhibitor), Fag e 3 (7S vicilin), Fag e 4 (anti-microbial peptide), Fag e 5 
(8S globulin), and Fag e TI (trypsin inhibitor) (ALLERGOME, Mari et al., 
2009). 

The 13S globulin belongs to the 11S globulin superfamily. The 11S 
globulin is ubiquitously present in seed plants and typically undergoes 
self-assembly, resulting in the formation of a hexameric protein struc-
ture (Adachi et al., 2003; Choi et al., 2006). Similar to the behavior of 
11S globulins, the proprotein of 13S globulin subunit experiences 
cleavage into two distinct polypeptides, namely the acidic (α) and basic 
(β) polypeptides (Radović et al., 1996). In its mature form, these poly-
peptides are covalently linked through a disulfide bond. 

The 13S globulin consists of methionine (Met)-rich and Met-poor 
subunits. In contrast to other 11S globulins, such as the rice (Oryza 
sativa L.) glutelin (Khan et al., 2008a; 2008b) and the soybean [Glycine 
max (L.) Merr.] glycinin (Katsube et al., 1999), the α polypeptide within 
the Met-poor subunits exhibits significant size variations due to the 
presence of a varying number of tandem repeats, ranging from zero to 
1–6, giving rise to zero- and 1–6-repeat subunits (Khan et al., 2012). 
Each unit of tandem repeat insertion is composed of 15 amino acid 
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residues that are hydrophilic and arginine-rich. Thus, 1–6-repeat sub-
units are susceptible to trypsin digestion while zero-repeat subunit is 
resistant, which may affect the difference in allergenicity (Khan et al., 
2012). 

With regard to the trypsin-resistant zero-repeat subunit, the initial 
identification of two alleles, GlbNA and GlbNB, was reported by Sano 
et al. (2014), employing a genomic DNA library established by Yasui 
et al. (2008). Subsequently, six novel alleles, namely GlbNA1, GlbNA2, 
GlbNA3, GlbNC, GlbNC1, and GlbND, were isolated from Pakistani 
landraces and Japanese elite cultivars (Monshi et al., 2020; Katsube- 
Tanaka et al., 2014). In more recent research by Okada et al. (2023), a 
novel allele, GlbNA(10aa), was identified. This allele encodes a zero- 
repeat subunit that is more susceptible to trypsin digestion compared 
to the native zero-repeat subunit. This heightened susceptibility is 
attributed to the insertion of ten additional amino acids at a position 
equivalent to that of the tandem repeat insert. However, it is worth 
noting that no non-functional allele conducive to the development of 
hypoallergenic buckwheat has been identified as of yet. 

It is suggested that common buckwheat has a large genetic diversity 
because of its outcrossing nature (Katsube-Tanaka, 2016) and the exis-
tence of a large portion of transposable elements in its genome (Penin 
et al., 2021). The tandem repeat insertion into Met-poor subunits of 13S 
globulin is structurally exceptional in 11S globulin members, since other 
11S globulins, for example soybean [Glycine max (L.) Merrill] glycinin 
accepted only limited structural modifications (Katsube et al., 1994; 
Utsumi et al., 1997). Possibly from these reasons, Monshi & Katsube- 
Tanaka (2022) could successfully find the unfunctional 2S albumin 
allele g13_null, that contains extra 531 bp sequence in its coding region 
in natural populations. Additionally, it is noteworthy that the zero- 
repeat subunit alleles of 13S globulin, namely GlbNA2, GlbNA3, and 
GlbNC, encompass a Miniature Inverted-repeat Transposable Element 
(MITE)-like sequence spanning approximately 200 base pairs (Monshi 
et al., 2020). In the context of this investigation, we postulate that new 
non-functional alleles pertaining to the zero-repeat subunit can be dis-
cerned within natural common buckwheat populations. Here, we report 
the novel zero-repeat subunit allele GlbNB2, which has a MITE-like 
sequence in its coding region. We compare the structure and function 
of GlbNC and GlbNB2 alleles to deepen our knowledge on the allerge-
nicity of seed storage proteins and genetic diversity of common buck-
wheat. This is the first biochemical and molecular report to remove zero- 
repeat subunit in common buckwheat seeds, that would be beneficial for 
hypoallergenic buckwheat breeding. 

2. Materials and methods 

2.1. Common buckwheat varieties and the extraction of genomic DNA 
and proteins 

A single seed of common buckwheat variety ‘Harunoibuki’ and 
GlbNC-homozygous line (Monshi et al., 2020) was ground in a 2-mL tube 
using a crusher machine (MixerMill, QIAGEN K.K., Tokyo, Japan) and 
used for the extraction of saline-soluble proteins using sample buffer (35 
mM potassium phosphate, pH 7.6, 300 µL) supplemented with 0.4 M 
sodium chloride. From the residue after extracting the protein, genomic 
DNA was prepared with the DNAs-ici!-S reagent (Rizo, Tsukuba, Japan) 
(Monshi & Katsube-Tanaka, 2022). 

2.2. Genotyping and development of GlbNB2-homozygous line 

The GlbNB2-homozygous line was developed from ‘Harunoibuki’ 
using PCR. Crude genomic DNA was extracted from a leaf disk detached 
with a 2-mL tube lid and crushed with MixerMill in 100 µL of DNA 
sample buffer (0.1 M Tris pH 9.5, 1 M potassium chloride, and 10 mM 
EDTA pH 8.0). The genotyping was conducted using the forward primer; 
0rep_TAA-200 (5F): 5′- AtTGGAGTGGGTtGAGTTGAgGAcC − 3′ and the 
reverse primers; NA_C306_rev: 5′- GAGACATGAATACGACGGGTGTTG 

− 3′ for the GlbNA type, NB_C406_rev: 5′- GCTTAA-
CATCATTCCGTTACCGG − 3′ for the GlbNB type, NC_C349_rev: 5′- 
TGCTGTTTCGGACTTTTTCCTCC − 3′ for the GlbNC type, and ND- 
C340_rev: 5′- GCTTCCGAACGATCCCTTAATGCAAG − 3′ for the GlbND 
type. 

PCR was performed as a single (for GlbNB type) or a multiplex (for 
GlbNA, GlbNC, and GlbND types) PCR using thermal cycler (GeneAtlas 
G02, ASTEC, Fukuoka, Japan) and conditions described by Monshi et al. 
(2020). The novel allele GlbNB2 was distinguished from the authentic 
GlbNB allele by failed or successful amplification with the forward 
primer; M13F_0rep_1F (SP): 5′- gtaaaacgacggccagtCACTAAGCCAC-
CAACATG − 3′ and the reverse primer; NB_C406_rev, respectively. 

The GlbNB2 allele-containing plants were grown in isolated fields or 
glasshouse to enrich the GlbNB2 allele frequency. Progenies were also 
genotyped to screen for GlbNB2 allele homozygotes. The oligonucleo-
tides for PCR were purchased from a DNA synthesis company (Eurofins 
Genomics, Tokyo, Japan). Genotyping for GlbNB type (authentic GlbNB 
and GlbNB2) and GlbNB2 was also conducted in the cultivar ‘Shinano 1’ 
to estimate allele frequency (n = 92). 

2.3. Cloning and sequencing 

The insertion sequence of GlbNB2 was amplified using a nested PCR 
method with 1st PCR primers of M13F_0rep_2F (2F): 5′- gtaaaac-
gacggccagtGTTATACCAGGATGTCCG − 3′ and M13R_0rep_3R (3R): 5′- 
caggaaacagctatgacCACGTTCCATTTAGGTCC − 3′ and 2nd PCR primers 
of M13F_0rep_3F (3F): 5′- gtaaaacgacggccagtGTATTCAGAGGTGCTGAC 
− 3′ and M13R_0rep_4R (4R): 5′- caggaaacagctatgacGCATTCTGCACAy-
CATAC − 3′. The thermal condition of the 1st PCR was one cycle of 94 ◦C 
2 min, 40 cycles of 98 ◦C 20 s, 65 ◦C 30 s, 68 ◦C 20 min, and one cycle of 
68 ◦C 7 min and that of the 2nd PCR was one cycle of 94 ◦C 2 min, 35 
cycles of 98 ◦C 20 s, 65 ◦C 30 s, 68 ◦C 3 min, and one cycle of 68 ◦C 7 min. 
KOD FX neo DNA polymerase (TOYOBO, Osaka, Japan) was used with 
the manufacturer’s recommended components supplemented with 
MgCl2 (final concentration: 4 mM) for the 1st and 2nd PCRs and with 4 
% (v/v) DMSO and 0.5 M betaine for the 2nd PCR. The amplified frag-
ment (~800 bp) was recovered and cloned into pTAC vector (Bio-
Dynamics Laboratory Inc., Tokyo, Japan). Sanger sequencing of the 
insert was conducted by Azenta Life Sciences (Tokyo, Japan) and 
Eurofins Genomics (Tokyo, Japan) with a difficult template protocol. 

2.4. RT-PCR 

The reverse transcription-polymerase chain reaction (RT-PCR) 
analysis for the zero-repeat subunit gene in GlbNC and GlbNB2 homo-
zygotes was conducted using RNAs-ici!-R (Rizo, Tsukuba, Japan) with 
DNaseI (NIPPON GENE, Tokyo, Japan) and the TaKaRa RNA PCR Kit 
(AMV) Ver.3.0 (Takara Bio Inc., Kusatsu, Japan) with oligo dT-adapter 
(GlbNC) and random 9-mers (GlbNB2) primers. Second strand cDNA 
was synthesized with M13F_0rep_3F (3F) and TAA_3′_0rep_rc: 5′- 
TTAAACGACGTCGTATCTsyCCC − 3′ for GlbNC and with M13F_0rep_2F 
(2F) and M13R_0rep_2R (2R) for GlbNB2, and BW actin Self3 Fwd: 5′- 
GGCATCACACTTTCTACAATGAGC − 3′ and BW actin Self3 Rev: 5′- 
GATATCCACATCACATTTCATGAT − 3′ for actin. RT-PCR product of 
GlbNC was cloned into pTAC vector (BioDynamics Laboratory Inc., 
Tokyo, Japan) and sequenced. The thermal cycling program and PCR 
components were followed to the manufacturer’s instruction. At least 
three biological replicates were examined using biologically indepen-
dent seeds with single technical replicate. 

2.5. Recombinant α-polypeptide of GlbNA and Met-rich subunit 

Immature grains of common buckwheat cultivar ‘Shinano 1’ were 
used for total RNA extraction using RNeasy Plant Mini Kit (QIAGEN, 
Tokyo, Japan). Complimentary DNA (cDNA) of GlbNA and GlbRA (Met- 
rich subunit) was synthesized using the TaKaRa RNA PCR Kit (AMV) 
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Ver.3.0 (Takara Bio Inc., Kusatsu, Japan) with oligo dT-adapter primer 
and MetPoor 0 repeat SP: 5′- ATGTCTACGAAGCTCAATCTCTTCATCT 
− 3′ or BW MetRich SP: 5′-ATGCTTCATGGGGTGCTTCTAT-3′. Insert 
DNA fragment coding for the GlbNA and GlbRA mature polypeptide was 
amplified with GlbNAB_N: 5′- TACCTCCGCCACCACGAAGGC − 3′ and 
TAA 3′ NANB rc: 5′- CGGAGCTCTTAAACGACGTCGTATCTCTC − 3′ or 
GlbRAB_N: 5′-GAAACCCGCAGTCGAGGTTCCTC-3′ and TAA 3′ Met rich 
rc: 5′-GCGAGCTCCATAAAAGAAGCCCTAGTTC-3′, respectively. The 
fragments were digested by SacI and ligated to the NcoI/Klenow – SacI 
sites of pET21d Escherichia coli (E. coli) expression vector (Merck KGaA, 
Darmstadt, Germany) to produce pET21d::GlbNA and pET21d::GlbRA 
plasmids. Insert DNA fragment coding for the GlbNA α polypeptide was 
amplified with T7 Promoter: 5′- TAATACGACTCACTATAGGG − 3′ and 
NAalphaC TAA_Sac_rev: 5′- acGAGCTCTTAATTGGCACCTCTCCTTC − 3′ 
and the pET21d::GlbNA plasmid. The fragment was digested with XbaI 
and SacI and ligated to the XbaI – SacI sites of pET21d to produce 
pET21d::GlbNAα. The expression plasmid pET21d::GlbRAα to produce 
α-polypeptide of Met-rich subunit was prepared by amplification with 
RA_beta_N_F: 5′-GGGTTAGAAGAATCCTTCTGCAAC-3′ and Met- 
rich_alpha C_TAG_Sac rev: 5′-ACGAGCTCTAGTTTGTCTCGTCCTCATC- 
3′ and the pET21d::GlbRA plasmid, followed by SacI digestion and self- 
ligation. The recombinant α-polypeptide of GlbNA (NAα) and GlbRA 
(RAα) was expressed in E. coli [BL21(DE3)] cells and recovered in an 
insoluble fraction after sonication as described previously by Katsube- 
Tanaka & Monshi (2022). 

2.6. Dot blot, SDS-PAGE, and western blot 

Eighty grains each of ‘Harunoibuki’ cultivar and GlbNC-homozygous 
line were used for dot blot analysis. Saline-soluble proteins were 
extracted using the potassium phosphate buffer (35 mM, pH 7.6, 500 µL) 
supplemented with 0.4 M NaCl and 2 µL of extract was applied on a 
nitrocellulose membrane (Amersham Protran Premium 0.2 μm NC, 
Cytiva, Uppsala, Sweden) with a diluted series of recombinant NAα. 
After immunoreaction using the first antibodies for the α-polypeptide of 
zero-repeat subunit (Okada et al., 2023), the intensity of each spot was 
quantified using ImageJ software (U. S. National Institutes of Health, 
https://imagej.nih.gov/ij/) according to Katsube-Tanaka et al. (2004). 
The protein concentration of the extract was measured by Bradford 
method with the bovine serum albumin as a calibration standard. 

Another saline-soluble extract of 99 grains in ‘Harunoibuki’ was 
analyzed with SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

following to Laemmli (1970) and western blotting according to Khan 
et al. (2012) using anti-GlbNA antibody. The genotype of each grain was 
confirmed using crude gDNA extracted from the residue with genotyp-
ing primers described in the section 2.2. 

Western blot for zero-repeat subunit accumulation in the GlbNB2 
homozygote (NB2/NB2), GlbNB-type (NB/NB or NB/NB2), GlbNB2 
heterozygote (NB2/NX), and non-GlbNB-type (NX/NX) seeds was 
conducted. 

2.7. Digestion of extracted protein with trypsin 

The seven dehulled seeds of ‘Shinano1’ and GlbNB2 homozygote 
were ground with a zirconia bead in 2-mL microtube with the QIAGEN 
MixerMill at 30 rps for 30 s. The 100 mg of buckwheat flour was treated 
with 1 mL of extraction buffer (35 mM potassium phosphate pH 7.6 
supplemented with 0.4 M NaCl) and shaken for 10 min. The supernatant 
was then separated by centrifugation (4 ◦C, 14,000 rpm, 10 min) twice, 
and the second supernatant was used for trypsin digestion. The extracted 
protein (20 µL) was mixed with 3.0 μL of 1 M Tris pH 9.8 and 5.0 μL of 
Trypsin (2.5 μg/μL, Nacalai, Kyoto, Japan) to make a total volume of 28 
μL. Trypsin digestion was carried out in an incubator at 37 ◦C for up to 4 
h. At 0, 0.5, 1, 2, and 4 h after the start of the reaction, 5.6 μL of the 
incubated mixture was taken and mixed with 5.6 μL of 2 × SDS buffer 
[100 mM Tris pH 6.8, 20 % (w/v) glycerol, 4 % (w/v) SDS], 0.6 μL of 2- 
mercaptoethanol, and 0.5 μL of 0.1 % (w/v) bromophenol blue, followed 
by boiling for 10 min to prepare the samples for electrophoresis. A 
control sample was prepared by adding an equal volume of sterilized 
distilled water instead of trypsin. Trypsin digestion was tested at least 
three times using biologically different samples with a single technical 
replicate. 

2.8. BLAST search and sequence analyses 

BLAST (Megablast) search was conducted with default algorithm 
parameters at the NCBI DataBase (https://www.ncbi.nlm.nih.gov/) 
against the GenBank assembly of genomic/3617/GCA_004303065.2 
(Cultivar: Dasha) with a query sequence of GlbNC_insert (208 letters) 
and GlbNB2_insert (164 letters). The secondary structure prediction of 
nucleotide sequence was conducted with the web server program 
CENTROIDFOLD (https://rtools.cbrc.jp/centroidfold/) by Sato et al. 
(2009). 

Fig. 1. Schematic representation of GlbNC allele and its MITE-like sequence. (A) GlbNC allele structure of 13S globulin zero-repeat subunit gene. Shaded boxes 
represent exons and open box represents MITE-like insertion. Short black and blue horizontal arrows indicate common and specific PCR primers for each zero-repeat 
subunit gene, respectively. Regions for signal peptide (SP), α and β polypeptide chains are indicated. (B) Predicted hairpin structure of the MITE-like sequence with 
the CentroidFold software [McCaskill (Turner)]. Warm and cool colors imply strong and weak hydrogen bonds, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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2.9. Statistical analyses 

Chi-square test was employed to evaluate the difference in allele 
frequency of GlbNB2. The statistical analysis was conducted using Bell 
Curve for Excel (ver. 3.21, Social Survey Research Information, Tokyo, 
Japan). 

3. Results 

3.1. Accumulation and transcription of zero-repeat subunit in GlbNC 
homozygotes 

The GlbNC allele of 13S globulin zero-repeat subunit has a MITE-like 
sequence ~ 70 bp upstream from the stop codon. The MITE-like 
sequence was predicted to form a rigid hairpin structure, which may 
interfere with transcription and/or translation (Fig. 1). Thus, the 

accumulation of zero-repeat subunit was examined in GlbNC homozy-
gote and the wild type seeds, after the establishment of zero-repeat 
subunit quantification system (Fig. 2). The recombinant α-polypeptide 
of GlbNA (NAα) was prepared and quantified from the insoluble fraction 
of E. coli cell extract, which was used as a calibration standard for the 
zero-repeat level quantification with a dot blot method. The accumu-
lation level of zero-repeat subunit varied from less than 20 ng µg− 1 to 
over 90 ng µg− 1 in both the wild type and GlbNC homozygote and 
peaked at 20–30 ng µg− 1 for the wild type and at 30–40 ng µg− 1 for 
GlbNC homozygote (Fig. 2). Therefore, the transcription and translation 
of zero-repeat subunit gene was not suppressed by the MITE-like 
sequence inserted in GlbNC. 

Provided that the MITE-like sequence of GlbNC is translated as it is, 
the synthesized polypeptide of GlbNC would be shorten by 13 residues 
compared to that of GlbNC1, that is almost identical to GlbNC except the 
MITE-like sequence insertion (Fig. 3). In order to elucidate the 

Fig. 2. Accumulation of zero-repeat subunit in wild type and GlbNC allele-homozygote in buckwheat seeds. (A) Expression and quantification of recombinant 
α polypeptide of 13S globulin zero-repeat subunit (NAα) in E. coli expression system. Bovine serum albumin (BSA) was used for reference. Insoluble (Ppt) and soluble 
(Sup) fractions were separated. (B) Exemplified result of zero-repeat subunit quantification by a dot blot. Diluted series of NAα (STD) and 40 seed extracts were 
dotted and immunologically detected. (C) Distribution of zero-repeat subunit accumulation in wild type (Harunoibuki) and GlbNC allele-homozygote (GlbNC_homo) 
seeds (n = 80 each). 
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molecular mechanism underlying the accumulation of GlbNC, RT-PCR 
analysis with various combinations of primers was conducted. Conse-
quently, by using oligo dT-adapter primer and the zero-repeat subunit 
gene-specific reverse primer (TAA_3′_0rep_rc), cDNA of GlbNC was iso-
lated, in which most of the MITE-like sequence (137 bp out of 208 bp) 
was removed. Note that the removed sequence started at GT and ended 
at AG, that is a common rule for splicing of intron in Eukaryote genes. 
The deduced amino acid sequence of GlbNC cDNA was longer by 6 
residues compared to that of GlbNC1. 

3.2. Identification of the novel allele GlbNB2 

Because the accumulation level of zero-repeat subunit varied seed- 
by-seed in the dot blot analysis of ‘Harunoibuki’ (80 grains) (Fig. 2), 
we more precisely evaluated the accumulation level using western blot 
(99 garins), indicating that the α polypeptide of zero-repeat subunit 
varied in its molecular size and accumulation level (Fig. 4A). Among 
them, at least two grains showed a very faint band (for example, #23 in 
Fig. 4A), the genotype of which was GlbNB-type allele homozygous. 
Thus, GlbNB-type allele-rich population was developed. During the 
development, we noticed that some GlbNB-type allele homozygotes did 
not show amplified fragments with PCR primers after 2R or before 4F 
(Fig. 4B), suggesting that a novel GlbNB-type allele, called GlbNB2 later, 
exists in ‘Harunoibuki’. The GlbNB2 homozygotes showed no tran-
scription (Fig. 4C) and no translation (Fig. 4D) products of zero-repeat 
subunit. 

3.3. Gene structure of GlbNB2 

As described in the section 3.2, normal PCR could not amplify the 

region between 2R and 4F primers in GlbNB2. Therefore, a nested PCR 
with increased concentration of Mg2+ to stabilize a primer-template 
complex and addition of secondary structure-destabilizing reagents 
(DMSO and betaine) was conducted. After testing various PCR condi-
tions, we could finally clone the region between 3F and 4R primers. The 
Sanger sequencing of the clone with a difficult template protocol 
revealed that GlbNB2 contains a 164 bp insertion just after the 2R primer 
site (Fig. 5A and 5B). The insertion sequence was predicted to form a 
rigid hairpin structure by CentroidFold software (Fig. 5C). Note that the 
insertion sequence started at GT and ended at AG, that is same with that 
of the spliced-out region in the MITE-like sequence of GlbNC. 

3.4. Trypsin digestibility of GlbNB2 homozygotes 

Trypsin digestion was conducted using seed globulin fractions of the 
cultivar ‘Shinano 1’ and the GlbNB2 homozygote seeds. The digested 
samples were analyzed with recombinant α polypeptide of Met-rich 
subunit [RA(α)] and zero-repeat subunit [NA(α)]. The results showed 
that α polypeptides of 13S globulin were mostly digested within 2 h in 
Shinano 1 and GlbNB2 homozygote except α polypeptide of Met-rich 
subunit in Shinano 1 and GlbNB2 homozygote (Fig. 6A) and that of 
zero-repeat subunit in Shinano 1 (Fig. 6B), which was largely resistant 
till 2 h incubation. Note that β polypeptides were also fairly resistant till 
2 h incubation in both the cultivar and homozygote line (Fig. 6A). 

3.5. BLAST search 

To compare the frequency of insertion into a buckwheat genome 
between GlbNC_insert and GlbNB2_insert, BLAST search was conducted 
for the cultivar ‘Dasha’ (GenBank assembly: genomic/3617/ 

Fig. 3. Nucleotide and amino acid sequences of GlbNC1 and GlbNC alleles. (A) Genomic DNA sequences of GlbNC1 and GlbNC alleles and cDNA sequence of 
zero-repeat subunit gene detected in GlbNC allele-homozygote were shown before and after the MITE-like insertion (NC_MITE-like sequence, horizontal arrows). (B) 
Difference in amino acid sequences deduced from gDNA and cDNA sequences. * indicates a translation termination. 
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GCA_004303065.2) using Megablast algorithm with default parameters 
optimized for highly similar sequences. The GlbNC_insert-like sequence 
was found to be more in number (141 hits) than the GlbNB2_insert-like 
sequence (10 hits) in the Dasha genome (Supplementary Fig. S1A). Most 
of hits were aligned with only half of the query in GlbNB2_insert 
(exemplified by Dasha scaffold #7458, Supplementary Fig. S1B) while 
that was aligned with full in GlbNC_insert (exemplified by Dasha scaffold 
#3465, Supplementary Fig. S1B). It is notable that Dasha scaffold 
#11849 has the alignments for the first half and the second half of query 
tandemly with 458 bp of inter-alignment region containing 216 bp of 
gap (N) (Supplementary Fig. S1B). Meanwhile, Dasha scaffold #4517 
has two sets of alignments, which are apart from each other with 5,097 
bp of inter-alignment region and each set has two tandem alignments in 
a same direction in one strand (Supplementary Fig. S1B). 

4. Discussion 

4.1. Difference between GlbNC_insert and GlbNB2_insert 

In this study, we demonstrated that most of GlbNC_insert sequence 
was spliced out like an intron but GlbNB2_insert was not, although both 
the spliced-out sequence of GlbNC_insert and the GlbNB2_insert have GT 
and AG nucleotides at their ends (Figs. 3 and 5), that are common for 
splicing sites of intron in Eukaryote genes. One possible reason for this 

might be the difference in the robustness of possible hairpin structures 
caused by strong hydrogen bonds. The 3′ region of the spliced-out 
sequence of GlbNC_insert is predicted to form a non-hairpin (loop) 
structure (Fig. 1), that is not found in the GlbNB2_insert (Fig. 5). It is 
known that introns during splicing form a lariat structure by connecting 
5′ splice site and branch point site within the introns (Peters & Toor, 
2015), which might be interfered with the rigid hairpin structure. 
Another possible reason might be related to the difference in the number 
of hits found in the homology search. BLAST search demonstrated that 
homologous sequences with high score were found more for the 
GlbNC_insert than for the GlbNB2_insert in the Dasha genome (Supple-
mentary Fig. S1), indicating that the GlbNC_insert-like sequence can be 
retained more acceptably than the GlbNB2_insert-like sequence in a 
buckwheat genome. Although the splice-out of GlbNC_insert was not 
perfect, the insertion of GlbNC_insert-like sequence is possibly less 
harmful to the genome than that of GlbNB2_insert-like sequence. Further 
confirmation of that hypothesis is necessary. 

4.2. Trypsin digestibility of GlbNB2 homozygotes 

Previously Okada et al. (2023) found a zero-repeat subunit with 10 
amino acids insertion (10aa subunit) in natural buckwheat populations 
and demonstrated that α polypeptide of 10aa subunit is more digestible 
by trypsin than that of native zero-repeat subunit only when 10aa 

Fig. 4. Western blot, PCR, and RT-PCR analyses for GlbNB2 allele isolation and characterization. (A) Exemplified results of western blot for zero-repeat 
subunit accumulation in the cultivar ‘Harunoibuki’. Only #16–#30 were shown from 99 grains analyzed. Arrowhead and asterisk indicate the position of zero- 
repeat subunit α polypeptide and the seed possesses GlbNB-type allele, respectively. (B) PCR for the newly identified GlbNB2 homozygote (NB2/NB2), non- 
GlbNB-type (NX/NX), and authentic GlbNB allele containing (NB/NX) seeds. Primer combinations were shown above and underneath the images. M represents a size 
marker. (C) RT-PCR for the GlbNB2 homozygote (NB2/NB2) and non-GlbNB-type (NX/NX) immature seeds. Z and A represent zero-repeat subunit and actin gene, 
respectively. M represents a size marker. (D) Western blot for zero-repeat subunit accumulation in the GlbNB2 homozygote (NB2/NB2), GlbNB-type (NB/NB or NB/ 
NB2), GlbNB2 heterozygote (NB2/NX), and non-GlbNB-type (NX/NX) seeds. Arrowhead indicates the position of zero-repeat subunit α polypeptide. 
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subunit accumulates without native zero-repeat subunit in seeds. 13S 
globulin molecule accumulates as a hexamer in seeds. We speculated 
that the subunit composition of hexamer may change the stability of 13S 
globulin. However, although the interaction and relationship between 
zero-repeat and 1–6-repeat subunits in the hexamer is still unclear, the 
presence or absence of native zero-repeat subunit does not affect the 
apparent trypsin digestibility of α polypeptides in 1–6-repeat subunits 
(Fig. 6A). Meanwhile, the trypsin digestibility of β polypeptides was also 
apparently unchanged between wild type (Shinano 1) and GlbNB2 ho-
mozygote (Fig. 6A). However, Okada et al. (2023) pointed out that the pI 
of α polypeptides, that is an important trait determining physicochem-
ical properties of polypeptides, is different between zero-repeat subunit 
(pI 5.9) and 1–4-repeat subunits (pI 5.1) in average. The pI of β poly-
peptides is also different between zero-repeat subunit (pI 6.1) and 1–4- 
repeat subunits (pI 9.5) in average, suggesting that the individual 
polypeptides of 13S globulin may differ in allergenicity as well as trypsin 
digestibility. 

4.3. Cultivar difference in structure and allele frequency of GlbNB2 

Monshi et al. (2020) demonstrated that the allele frequency of GlbNB 
type (authentic GlbNB and GlbNB2) was 0.05 for the cultivar ‘Har-
unoibuki’ and 0.25 for the cultivar ‘Shinano 1’, implying that the allele 
frequency of GlbNB type was five times larger in ‘Shinano 1’ than in 
‘Harunoibuki’. The similar results were obtained during the develop-
ment of GlbNB2 homozygote in this study, indicating 0.06 for ‘Har-
unoibuki’ and 0.21 for ‘Shinano 1’ (Data not shown). Meanwhile, the 
allele frequency of GlbNB2 was 0.05 for ‘Harunoibuki’ and 0.09 for 

‘Shinano 1’, that is not significantly different between them, indicating 
that ‘Harunoibuki’ is a good material for the GlbNB2 homozygote 
development because most of GlbNB type is GlbNB2 in this cultivar. 
BLAST search in the cultivar ‘Dasha’ also found the GlbNB2-like 
sequence in scaffold #11849 (Supplementary Fig. S1), suggesting that 
the allele frequency of GlbNB2 is not so low in natural populations. 
However, the scaffold #11849 contains 458 bp of inter-alignment region 
including 216 bp of gap (N) between the first half and the second half of 
GlbNB2_insert (Supplementary Fig. S1). Therefore, cultivar difference in 
the structure and frequency of GlbNB2 and GlbNB2-like sequence may 
not be small. 

5. Conclusion 

In this study, the reason why the GlbNC allele containing MITE-like 
insert is functional was elucidated. Instead, the novel non-functional 
allele of zero-repeat subunit, GlbNB2, was identified within natural 
common buckwheat populations. The GlbNB2-homozygous line was 
efficiently developed from the cultivar ‘Harunoibuki’, that could be 
useful for the development of hypoallergenic buckwheat. However, we 
found that the developed GlbNB2-homozygous line still has the trypsin 
resistant α polypeptide of Met-rich subunit, that would be a next target 
to eliminate. 

Funding sources 

This research was partially supported by JSPS KAKENHI Grant 
Number 20H02967 to TKT. 

Fig. 5. Schematic representation of GlbNB2 allele and its insertion sequence. (A) GlbNB2 allele structure of 13S globulin zero-repeat subunit gene. Shaded 
boxes represent exons and open box represents a unique insertion sequence. Short black and blue horizontal arrows indicate common and specific PCR primers for 
each zero-repeat subunit gene, respectively. Regions for signal peptide (SP), α and β polypeptide chains are indicated. (B) Genomic DNA sequences of authentic GlbNB 
and GlbNB2 alleles were shown before and after the insertion sequence (horizontal arrows). (C) Predicted hairpin structure of the insertion sequence with the 
CentroidFold software [McCaskill (Turner)]. Warm and cool colors imply strong and weak hydrogen bonds, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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