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Abstract The Kunitz trypsin inhibitor (KTi) in soybean
has several polymorphic types that are controlled by multi-
ple alleles, which behave in a co-dominant fashion. Of
these, Tia and Tib, which differ by nine amino acids, are the
predominant types. In order to develop a single nucleotide
amplified polymorphism (SNAP) marker for the classifica-
tion of the predominant KTi types, Tia and Tib, and evalu-
ate KTi activities by differing KTi type total 451 soybean
mutant lines (M;,—M,, generation) were incorporated in
this study. Among 451 soybean mutants, 144 and 13 mutant
lines showed decreased and increased trypsin inhibitor
activity when compared with the original cultivars, respec-
tively. To identify the KTi type, we designed a SNAP
marker. Among 451 mutant lines from 12 soybean cultivars
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and landraces, 8 mutant lines derived from cvs. Backwoon,
Paldal and Suwonl115 showed a change in KTi type when
compared with the original cultivars using the SNAP
marker. Five mutant lines in Suwonl115 changed from Tib
to Tia, while two mutant lines derived from cv. Baekwoon
and one mutant line derived from cv. Paldal were changed
from Tia to Tib. These changes of KTi types were con-
firmed by sequencing of the KTi genes and non-denaturing
polyacrylamide gel electrophoresis of the KTi proteins. To
identify the effect of KTi activity based on the change in
KTi type, we measured the KTi activity using the three cul-
tivars and eight mutant lines that showed changes in KTi
type. Two mutant lines (BW-1 and 7-2) derived from
cv. Baekwoon and one mutant line (PD-5-10) from cv. Paldal
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that changed from Tia to Tib showed lower activity than the
original cultivar. In cv. Suwonl15, five mutant lines that
changed from Tib to Tia showed higher activity than the
original cultivar. These results indicate that the designed
SNAP marker was capable of identifying the KTi type and
that Tia activity was higher than Tib activity in soybean.

Introduction

Soybeans are a major source of protein worldwide. The
proteins in soybeans have traditionally been used for ani-
mal feed, but are increasingly finding their way into func-
tional foods destined for human consumption (Donald
et al. 2007). The total seed storage protein in a soybean
contains approximately 6% proteinase inhibitors belong-
ing to two major classes, the Kunitz trypsin inhibitor
(KTi, 21 kDa) and the Bowman-Birk trypsin inhibitor
(BBTi, 7-8 kDa) (Laskowski and Kato 1980; Wang et al.
2004). The trypsin inhibitor activities ranged from 18.2 to
71.6 trypsin inhibitor unit (TIU) in soybean meal
(Mohamed and Rangappa 1992; Toledo et al. 2007). The
effects of trypsin inhibitors on animal growth occur via
inhibition of intestinal digestion. As a result, the presence
of proteinase inhibitors in diets consisting of free amino
acids leads to decreased growth (Lajolo and Genovese
2002). Additionally, KTi and BBTi were found to induce
enlargement of the pancreas (hypertrophy and hyperpla-
sia) and hypersecretion of digestive enzymes in rodents
and birds. This loss in sulfur-rich endogenous proteins,
trypsin and chymotrypsin would result in growth depres-
sion because soy proteins are deficient in sulfur-contain-
ing amino acids such as methionine (Lajolo and Genovese
2002).

Soybean KTi has been found to have 12 distinguish-
able electrophoretic forms: Tia, Tib (Singh et al. 1969),
Tic (Hymowitz 1973), Tid (Zhao and Wang 1992), Tie
(Wang et al. 1996, 2001), Ti-null type (Orf and Hymowitz
1979), Tif (Wang et al. 2004), Tibi5 (Wang and Li 2005),
Tiaal, Tiaa2, Tiabl and Tig (Wang et al. 2008). These
types are controlled by co-dominant multiple alleles at a
single locus (Wang et al. 2008). Studies of amino acid and
nucleotide sequences of polymorphic variants of KTi
have revealed large variations in the sequences of KTi
types, with differences in nine amino acid residues
between Tia and Tib being reported (Song etal. 1993;
Wang et al. 2004). The amino acid sequences of Tic, Tid
and Tie differ from Tia by only one amino acid (Kim et al.
1985; Xin et al. 1999; Wang et al. 2001), while Tif differs
from Tib by one amino acid (Wang et al. 2004). Kaizuma
et al. (1980) suggested that the differentiation of Tia and
Tib was ancient and had likely been completed prior to
domestication of cultivated soybeans from wild soybeans.
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They considered the Tia type to be the prototype from
which Tib was derived because of an absolute ascendancy
of Tia in wild soybeans. Although there is no other evi-
dence to enforce this hypothesis, the frequency of Tia in
wild soybeans that originate from China and other Asian
countries reported by Hymowitz and Kaizuma (1981), and
Li (1993) supports this idea.

Wang et al. (2008) reported a total of 11 allelic polymor-
phisms at the SKTI locus in the subgenus Soja, except for
Tid (Zhao and Wang 1992; Xin et al. 1999). Tia, Tib and
Tic are common in both wild and cultivated soybeans,
while the other seven KTi types (Tie, Tif, Tibi5, Tiaal,
Tiaa2, Tig and Tiabl) have been found in wild soybeans.
Conversely, Tid was found in a cultivar that originated
from China (Wang et al. 2008). Although there is a differ-
ence in KTi types, they perform a function similar to tryp-
sin inhibitors, and their bio-function may be replaced by
other similar functional proteins (Birk 1961; Birk et al.
1963; Frattali and Steiner 1968; Rachis and Anderson
1964; Yamamoto and Ikenaka 1967).

Single nucleotide polymorphisms (SNPs) have been
defined as single-base changes or indels (insertions and
deletions) at specific nucleotide positions (Kim et al.
2005). In soybean, a total of 280 SNPs including 233 sin-
gle-base changes and 47 indels were found in a 76.3-kbp
sequence from 25 different soybean genotypes (Zhu et al.
2003). Because SNPs are highly stable markers and often
contribute directly to a phenotype, they can serve as a
powerful tool for marker-assisted selection and map-
based cloning when combined with high-throughput
genotyping systems (Kim etal. 2005). SNPs can be
detected using allele-specific PCR primers designed such
that the 3’ nucleotide of a primer corresponds to the site
of the SNP (Ugozzoli and Wallace 1991). Thus, the
allele-specific primer matches exactly with the specific
allele and has a 3’ mismatch with the non-specific allele
because the mismatched 3’ termini are extended by DNA
polymerases with a much lower efficiency than correctly
matched termini (Petruska et al. 1988). However, it is
difficult to use this allele-specific PCR to ensure that the
two SNP alleles can be distinguished. To overcome this
difficulty and increase specificity, a single nucleotide
amplified polymorphism (SNAP) marker that uses a
modified allele-specific primer with a mismatched base
pair within four bases of the 3’ termini in addition to the
3’ termini base that is complementary to the SNP site was
recently developed (Drenkard et al. 2000; Hayasi et al.
2004).

This study was conducted to determine the change in
KTi type using a SNAP marker in 451 mutant lines derived
from 12 soybean cultivars and landraces. In addition, we
evaluated the change in KTi type to determine if it affected
the activity of the trypsin inhibitor in mutant lines.
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Materials and methods
Plant materials

Soybean seeds were irradiated with gamma rays generated
using a ®°Co gamma-irradiator (150 TBq of capacity;
ACEL, ON, Canada) at the Korea Atomic Energy Research
Institute (KAERI). The irradiated seeds and the controls
were sown at the breeding research farm at the KAERI in
1988, 1993 and 1997. The M1 plants were harvested indi-
vidually and carried forward to the M2 generation. Geneti-
cally fixed mutant lines (M;,—M,, generation) were
selected with excellent agricultural characteristics from
1989 to 2007. For the DNA extraction, the mutant lines,
cultivars and landraces were cultivated in 2008. Specifi-
cally, 451 soybean mutant lines derived from eight culti-
vars (94 Seori, 95 Seori, Backwoon, Bangsa, Hwangguem,
J2, Suwon115 and Paldal) and four landraces (KAS 360-22,
KAS 523-7, KAS 524-38 and KAS 636-15) were used to
determine the change in KTi type using a SNAP marker
(Table 1 and Supplemental data).

DNA extraction

Genomic DNA was extracted from dry seeds according to
the procedure described by Motokazu and Tadahiko (2003),

with some modifications. The DNA concentration was
determined using the nanodrop system (Nanodrop, DE,
USA). The DNA solution was then diluted to a working
concentration with distilled water and stored at —20°C until
use.

Design of KTi type-specific primers and SNAP-PCR

Specific primers to identify the difference between Tia
and Tib sequence were designed based on sequences of
the Tia and Tib that had previously been deposited in
GenBank (No0.X64447 and No0.X64448) in the National
Center for Biotechnology Information database (NCBI)
(http://www.ncbi.nlm.nih.gov/) (Table 2). PCR amplifi-
cation was then conducted in reaction mixtures that con-
tained 50 ng of the genomic DNA, 2.5 pmol of each
forward and reverse primer, 2.5 mM of each dNTP,
10 x PCR buffer (10 mM Tris—HCI pH 8.3, 50 mM KCl,
and 1.5 mM MgCl,) and 1 U Tag polymerase in a total
volume of 20 pl. The reaction mixture was subjected to
the following conditions: initial denaturation at 94°C for
5 min, followed by 28 cycles of denaturation at 94°C for
30 s, annealing at 56°C for 30 s and extension at 72°C
for 30 s. The PCR products were then resolved by elec-
trophoresis on 1.0% ethidium bromide-stained agarose
gels.

Table 1 Change and frequency distribution of the KTi type in the genetically fixed mutant lines mutant lines derived from 12 soybean landraces

and cultivars

Original landraces KTi Trypsin Number of KTi type of mutant lines
and cultivars type? inhibitor unit (TIU) mutant lines
Tia (%) Tib (%)

Landraces

KAS360-22 a 19.8 £0.8° 7 7

KAS523-7 a 20.90 £ 0.4 15 15

KAS524-38 a 19.6 £ 1.3 3 3

KAS635-15 a 194+ 04 20 20

Subtotal 45 45 (100)
Cultivars

Paldal a 192+ 0.4 33 32 1

94 Seori a 18.4 £ 0.6 21 21

95 Seori a 20.5£0.9 11 11

Bangsa a 21.7£0.3 148 148

Baekwoon a 20.1+04 10 8

Suwonl115 b 175+ 14 14 5 9

Hwanggum a 205+ 04 165 165

12 a 199 £0.3 4 4

Subtotal 406 394 (97.0) 12 (3.0)
Total 451 439 (97.3) 12 (2.7)

Bold type indicates the number of mutant lines with changed KTi type
# KTi type of the original landrace or cultivar
® Mean + SD
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Table 2 Primer sets specific for the Tia and Tib single nucleotide polymorphism of the KTi type used in single nucleotide amplified polymorphism

Primer sequence PCR product size (bp) PCR condition®
Ta allele ATGAAGGTAACCCTCTTGAAAA 563 30, 30, 30, 28
Tia-specific forward primer ATGAAGGTAACCCTCTTGAACA
Tib-specific forward primer ATGAAGGTAACCCTCTTGATCG 563

Tib allele

Reverse primer

ATGAAGGTAACCCTCTTGATAG
TCACTCACTGCGAGAAAGGCCAT

Underline indicates the changed nucleotide in each allele

# Denaturation time (s), annealing time (s), extension time (s) and the number of cycles

Nucleotide sequencing of KTi

To identify the sequence of PCR products amplified using
the KTi type-specific primers, we used KTi3 primers
(Forward: 5'-ATGAAGAGCACCATCTTCTTTCT-3" and
Reverse: 5'-CACTCACTGCGAGAAAGGCCATG-3'),
which were developed based on the published sequence of
the soybean trypsin inhibitor KTi3 gene (GenBank accession
n0.545092). This primer set amplified a 563-bp DNA
fragment from soybean genomic DNA. The PCR products
were cloned using a T&A Cloning kit (RBC, Bioscience).
Plasmid DNA was prepared using a commercial kit (Intron,
Biotechnology) and sequenced using an ABI 3130 DNA
Sequencer (ABI, CA, USA).

Trypsin inhibitor assay

The inhibitory activity of a trypsin inhibitor was determined
using the method described by Makoto et al. (2007), with
some modification. Briefly, 80 mg of benzoyl-dl-arginine-p-
nitroanilide (BAPNA, Sigma) in 2 ml of dimethylsulfoxide
was diluted to 200 ml with 100 mM Tris—HCI (pH 8.2) con-
taining 20 mM CaCl, [substrate solution (SS)]. Next, 4 mg of
trypsin (Sigma) was dissolved in 200 ml of 1 mM HCI [tryp-
sin solution (TS)]. The total crude protein was then extracted
in 5ml of 100 mM Tris—HCI (pH 8.2) containing 20 mM
calcium chloride from 100 mg of dry seeds. The suspension
was then centrifuged at 13,000 rpm for 30 min, after which
the clear supernatant was collected and diluted 100-fold for
use in the trypsin inhibitor assay [trypsin inhibitor solution
(TIS)]. Specifically, 200 pl of TS were added to 200 pl of
TIS and then pre-incubated for 10 min at 37°C. Next, 500 pl
of SS were added, after which the samples were incubated at
37°C for 10 min. The reaction was then terminated by adding
100 pl of 30% acetic acid, after which the absorbance of the
total reaction solution was measured at 410 nm.

Nondenaturing polyacrylamide gel electrophoresis

Total crude protein was extracted from 100 mg of dry seeds
in 5 ml of 100 mM Tris—HCI (pH 8.2) containing 20 mM
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calcium chloride. PAGE was conducted in the absence of
denaturing reagent using a Bio-Rad Mini-PROTEAN 3
Cell (Bio-Rad Lab., CA, USA) according to the manufac-
turer’s instructions. After electrophoresis, the KTi bands
were stained with Coomassie Brilliant Blue. The commer-
cial agent, trypsin inhibitor (Cat# T6522, Sigma), was used
as the Tia type marker.

Results
SNAP marker development for division of Tia and Tib

The PCR-based SNAP marker used to distinguish
between the Tia and Tib KTi type was developed by
changing the 112th nucleotide between the 111th and
113th identified SNP in Tia and Tib. In the Tia-specific
primer, AAA was changed to ACA, while the Tib-
specific primer was changed from TAG to TCG
(Table 2). The KTi-specific primers were designed so
that the 3'-terminal nucleotide of the primer was com-
plementary to the SNPs, and such that the primer should
contain an artificial mismatch within 6 bp of the site of
the SNPs. To increase the specificity and fidelity of
SNAP-PCR, cvs. Baekwoon (BW, Tia type) and
Suwonl15 (SW115, Tib type) genomic DNA were used
to determine the optimal DNA concentration and num-
ber of amplification cycles. The KTi-specific primer set
was used to test two different DNA concentrations (30
and 50 ng) and amplification cycles (25 and 28 cycles).
When 25 cycles were used, the primer sets used to
amplify 30 ng of genomic DNA did not generate PCR
products. Additionally, 25 cycles of PCR using 50 ng of
template or 28 cycles of PCR using 30 ng of template
resulted in the generation of weak PCR product
(563 bp). However, PCR conducted using 28 cycles and
50 ng of genomic DNA produced clearer bands than the
other combinations evaluated; therefore, these were con-
sidered to be the optimum conditions for the identifica-
tion of KTi type using the SNAP marker designed here

(Fig. ).
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Fig. 1 Analysis of the 25 Cycles 28 Cycles

specificity of representative 30ng 50ng 30n 50n.

single nucleotide amplified BW_ SW115 _BW _ SWIi15 BW_ SW115 _BW _ SWI15

polymorphism (SNAP) primers M
according to template DNA
concentration and amplification
cycles. Arrows indicate expected
563-bp PCR products.

BW Baekwoon, SW115
Suwon115, a Tia-specific primer
pair, b Tib-specific primer pair,
M 100-bp ladder

a b a b a

SNAP marker evaluation

To assess the feasibility of using the SNAP marker for
classification of the KTi type, we conducted SNAP-PCR
using the genomic DNA of seven cultivars and three
landraces. Among the 10 soybean cultivars and land-
races evaluated, nine were found to be the Tia type and
one, SW115, was Tib (Fig. 2). To confirm the results of
SNAP-PCR, two Tia lines [cvs. BW and Paldal (PD)]
and two Tib lines [cv. SW115 and BW-7-2 (mutant
line)] were further analyzed by DNA sequencing. The
DNA sequence data of the four lines was comparable
with the Tia and Tib sequences of nine different
sequences in the NCBI database (Fig. 3). Additionally,
the Tia and Tib sequences could be distinguished based
on a difference in their amino acid sequence. Specifi-
cally, BW-7-2 differed from that of Tib based on a
T — C SNP at two positions, +75 and +315. When com-
pared with cv. SW115, there was a one T — C shift in
the sequence of Tib at position +99. However, these
SNPs did not induce an amino acid change. The KTi
nucleotide sequences of cvs. BW and PD differed from
those of Tia at position +279 by a G — C SNP. How-
ever, there was no sequence difference at the loci of the

Fig. 2 Amplification patterns of

Landraces (KAS)

b a b M M a b a b a b a b M

SNAP marker. Taken together, these results indicate that
our SNAP marker clearly defined the KTi type between
Tia and Tib.

Change of KTi type and KTi activity in the mutant lines

Of 12 soybean cultivars and landraces screened using the
SNAP marker, cv. SW115 was the only cultivar that had
Tib type (Table 1). There are no changes of KTi type in the
mutant lines derived from four landraces. Among 451
mutant lines, 8 mutant lines derived from cvs. BW, PD and
SW115 showed a change in KTi type when compared with
the non-irradiated soybean cultivars (Fig. 4). Specifically,
five mutant lines in cv. SW115 were changed from the Tib
type to the Tia type, while two mutant lines derived from
cv. BW and one mutant line derived from cv. PD were
changed from Tia to Tib, respectively.

The KTi activity of 451 soybean mutant lines and 12
original cultivars and landraces was measured by incubat-
ing clarified seed homogenates with trypsin. Overall, 157 of
451 soybean lines showed changes in trypsin inhibitor
activity when compared with the original cultivars and
landraces. Specifically, 144 of 157 changed lines showed
decreased KTi activity while 13 lines showed increased

Cultivars

the SNAP marker for KTi type

in 10 soybean cultivars and land- i

523-7

524-38

95 Seori 94 Seori  SW115 BS PD J2 HG

races. Arrow indicates expected M a b a b a
563-bp PCR products. 360-22
KAS360-22, 523-7 KAS523-7,
524-38 KAS524-38, SWI15
Suwonl15, BS Bangsa,

PD Paldal, HG Hwangguem,

a Tia-specific band,

b Tib-specific band,

M 100-bp ladder

b a b a b a b a b a b a b a b
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Ti-a ATGAAGAGCACCATCTTCTTTGCTCTCTTTCTCTTTTGTGCCTTCACCACCTCATACCTACCTTCAGCCATCGCTGATTTCGTGCTCGATAATGAAGGTAACCCTCTTGEEﬂ&TGGTGGC 120

M K s T I FFALFLFCAFTTSYLPSATIADT FUVLDUNETGNDNZPTLENSG GG

PD ATGAAGAGCACCATCTTCTTTGCTCTCTTTCTCTTTTGTGCCTTCACCACCTCATACCTACCTTCAGCCATCGCTGATTTCGTGCTCGATAATGAAGGTAACCCTCTTGAAAATGGTGGC
BW ATGAAGAGCACCATCTTCTTTGCTCTCTTTCTCTTTTGTGCCTTCACCACCTCATACCTACCTTCAGCCATCGCTGATTTCGTGCTCGATAATGAAGGTARCCCTCTTGARAATGGTGGC
Ti-b ATGAAGAGCACCATCTTCTTTGCTCTCTTTCTCTTTTGTGCCTTCACCACCTCATACCTACCTTCAGCCATCGCTGATTTCGTGCTCGATAATGAAGGTAACCCTCTTGATAGTGGTGGC

M K s T I F FALVFLVFCAVFTT S Y L?P SATIADYTFUVLDNETGNDNUPTLUDSG G

BW-7-2 ATGAAGAGCACCATCTTCTTTGCTCTCTTTCTCTTTTGTGCCTTCACCACCTCATACCTACCTTCAGCCATCGCCGATTTCGTGCTCGATAATGAAGGTAACCCTCTTGATAGTGGTGGC
SW115 ATGAAGAGCACCATCTTCTTTGCTCTCTTTCTCTTTTGTGCCTTCACCACCTCATACCTACCTTCAGCCATCGCTGATTTCGTGCTCGATAATGAAGGCAACCCTCTTGATAGTGGTGGC
A A AA
Ti-a ACATATTATATCTTGTCAGACATAACAGCATTTGGTGGAATAAGAGCAGCCCCAACGGGAAATGAAAGATGCCCTCTCACTGTGGTGCAATCTCGCAATGAGCTCGACARAGGGATTGGA 240

T Yy vy 1L s DITA AT FSGSGTIU RAAPTGNZEHZ RTC®PILTUVV QS RNETLDI KGTIG

PD ACATATTATATCTTGTCAGACATAACAGCATTTGGTGGAATAAGAGCAGCCCCAACGGGAAATGAAAGATGCCCTCTCACTGTGGTGCAATCTCGCAATGAGCTCGACAAAGGGATTGGA
BW ACATATTATATCTTGTCAGACATAACAGCATTTGGTGGAATAAGAGCAGCCCCAACGGGAAATGAAAGATGCCCTCTCACTGTGGTGCAATCTCGCAATGAGCTCGACAAAGGGATTGGA
Ti-b ACATATTATATCTTGTCAGACATAACAGCATTTGGTGGAATAAGAGCAGCCCCAACGGGAAATGAAAGATGCCCTCTCACTGTGGTGCAATCTCGCAATGAGCTCGACAAAGGGATTGGA

T Yy Yy I L $ DbDITATFSGSGTIIRAAPTGNUEW RTC®PTILTUVV QS RNIETLDIKGTIG

BW-7-2 ACATATTATATCTTGTCAGACATAACAGCATTTGGTGGAATAAGAGCAGCCCCAACGGGARATGARAGATGCCCTCTCACTGTGGTGCAATCTCGCAATGAGCTCGACARAAGGGATTGGA
SW115 ACATATTATATCTTGTCAGACATAACAGCATTTGGTGGAATAAGAGCAGCCCCAACGGGAAATGARAGATGCCCTCTCACTGTGGTGCAATCTCGCAATGAGCTCGACARAGGGATTGGA
Ti-a ACAATCATCTCGTCCCCATATCGAATCCGTTTTATCGCGGAAGGCCATCCTTTGAGCCTTAAGTTCGATTCATTTGCAGTTATAATGCTGTGTGTTGGAATTCCTACCGAGTGGTCTGTT 360

T I I $ S P Y R IURVFIAZEGHU?PULSILI KT FDSFAVIMILTCUVGTIU®PTEUWS SV

PD ACAATCATCTCGTCCCCATATCGAATCCGTTTTATCGCCGRAGGCCATCCTTTGAGCCTTAAGTTCGATTCATTTGCAGTTATAATGCTGTGTGTTGGAATTCCTACCGAGTGGTCTGTT
BW ACAATCATCTCGTCCCCATATCGAATCCGTTTTATCGCCGAAGGCCATCCTTTGAGCCTTAAGTTCGATTCATTTGCAGTTATAATGCTGTGTGTTGGAATTCCTACCGAGTGGTCTGTT
Ti-b ACAATCATCTCGTCCCCATTTCGAATCCGTTTTATCGCCGAAGGCAATCCTTTGAGACTTAAGTTCGATTCATTTGCAGTTATAATGCTGTGTGTTGGAATTCCTACCGAGTGGTCTGTT

T I I $ S P F R IURVFIAZESGNUPILURLIKT FDSFAVIMILTCUVGTIUPTEUWSV

BW-7-2 ACAATCATCTCGTCCCCATTTCGAATCCGTTTTATCGCCGAAGGCAATCCTTTGAGACTTAAGTTCGATTCATTCGCAGTTATAATGCTGTGTGTTGGAATTCCTACCGAGTGGTCTGTT
SW115 ACAATCATCTCGTCCCCATTTCGAATCCGTTTTATCGCCGAAGGCAATCCTTTGAGACTTAAGTTCGATTCATTTGCAGTTATAATGCTGTGTGTTGGAATTCCTACCGAGTGGTCTGTT
A A A A
Ti-a GTGGAGGATCTACCAGAAGGACCTGCTGTTAAAATTGGTGAGAACAAAGATGCAATGGATGGTTGGTTTAGACTTGAGAGAGTTTCTGATGATGAATTCAATAACTATAAGCTTGTGTTC 480

VEDUL?PEGZPA AV KIGENDNZ KD AMTDTGMWT F RIULEU RV S DDETFNDNINYZKTILVF

PD GTGGAGGATCTACCAGAAGGACCTGCTGTTAAAAT TGGTGAGAACARAGATGCAATGGATGGTTGGTTTAGACTTGAGAGAGTTTCTGATGATGAATTCAATAACTATAAGCTTGTGTTC
BW GTGGAGGATCTACCAGAAGGACCTGCTGTTARAATTGGTGAGAACAAAGATGCAATGGATGGTTGGTTTAGACTTGAGAGAGTTTCTGATGATGAATTCAATAACTATAAGCTTGTGTTC
Ti-b GTGGAGGATCTACCAGAAGGACCTGCTGTCAAAATTGGTGAGAACARAGATGCAGTGGATGGTTGGTTTAGAATTGAGAGAGTTTCTGATGATGAATTCAATAACTATAAGCTTGTGTTC

VEDULUPEGZPA AV K I GENI KUDA AVDSGWU FRTIUEI RV SDDETFNNYZKTLVF

BW-7-2 GTGGAGGATCTACCAGAAGGACCTGCTGTCAARAAT TGGTGAGAARCARAGATGCAGTGGATGGTTGGTTTAGAATTGAGAGAGTTTCTGATGATGAATTCAATAACTATAAGCTTGTGTTC
SW11l5 GTGGAGGATCTACCAGAAGGACCTGCTGTCAAAATTGGTGAGAACAAAGATGCAGTGGATGGT TGGTTTAGAATTGAGAGAGTTTCTGATGATGAATTCAATAACTATAAGCTTGTGTTC
A A A
Ti-a TGTCCACAGCAAGCTGAGGATGACAAATGTGGGGATATTGGGATTAGTATTGATCATGATGATGGAACCAGGCGTTTGGTGGTGTCTAAGAACAAACCGTTAGTGGTTCAGTTTCAARAA 600

cC P Q QA EDUD KT CSGDTIGTISTIDHDDSGT R RILUVV S KNI KUZPILUVVQF QK

PD TGTCCACAGCAAGCTGAGGATGACAAATGTGGGGATATTGGGATTAGTATTGATCATGATGATGGAACCAGGCGTTTGGTGGTGTCTARGAACAAACCGTTAGTGGTTCAGTTTCAAAAA
BW TGTCCACAGCAAGCTGAGGATGACAAATGTGGGGATATTGGGATTAGTATTGATCATGATGATGGAACCAGGCGTTTGGTGGTGTCTAAGAACAAACCGTTAGTGGTTCAGTTTCAARAA
Ti-b TGTACACAGCAAGCTGAGGATGACAAATGTGGGGATATTGGGATTAGTATTGATCATGATGATGGAACCAGGCGTTTGGTGGTGTCTAAGAACARACCGTTAGTGGTTCAGTTTCAAAAA

cC T Q Q AEDDI KT CGDTIOGTISTIDHDDSGT R RILUVVS KNI KU?PILUVV QF QK

BW-7-2 TGTACACAGCAAGCTGAGGATGACAAATGTGGGGATATTGGGATTAGTATTGATCATGATGATGGAACCAGGCGTTTGGTGGTGTCTAAGAACAAACCGTTAGTGGTTCAGTTTCAARRA
SW1l5 TGTACACAGCAAGCTGAGGATGACARATGTGGGGATAT TGGGATTAGTATTGATCATGATGATGGAACCAGGCGTTTGGTGGTGTCTARGAACAAACCGTTAGTGGTTCAGTTTCAAAAA
A
Ti-a CTTGATAAAGAATCACTGGCCAAGAAAARATCATGGCCTTTCTCGCAGTGAGTGA 654
—e

L DKESLAZ KI KNUHGTL S R S E A

PD CTTGATAAAGAATCACTGGCCAAGARAAATCATGGCCTTTCTCGCAGTGAGTGA
BW CTTGATAAAGAATCACTGGCCAAGAAAAATCATGGCCTTTCTCGCAGTGAGTGA
Ti-b GTTGATAAAGAATCACTGGCCAAGARAAATCATGGCCTTTCTCGCAGTGAGTGA

vV D KE S LAZE KU KNUHTGTIL S R S E A

BW-7-2 GTTGATAAAGAATCACTGGCCAAGAAAAATCATGGCCTTTCTCGCAGTGAGTGA
SW115 GTTGATAAAGAATCACTGGCCAAGAAAAATCATGGCCTTTCTCGCAGTGAGTGA
A
Fig. 3 Sequence alignment of each PCR fragment among soybean Blank triangles indicate the nucleotides that do not cause the changes
cultivars and mutant lines. Amino acids that caused the changes of the amino acids. Horizontal arrows indicate the positions of primers
nucleotides in comparison with Tia were indicated in bold. Solid tri- used to classify the KTi types

angles indicate the nucleotides that cause the changes of amino acids.
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a Mutant lines (PD)
PD 5-2 5-10 5-12 §-12-1 5-12-11

M 2 b a b a b a b a b a b

b Mutant lines (SW115)
SW115 51 9-1-1 10 11-2 24

c Mutant lines (BW)

Fig. 4 Amplification patterns of the SNAP marker for the KTi type in
19 soybean mutant lines and three original cultivars. a—c are cvs. Paldal
(PD), Backwoon (BW), Suwonl15 (SW115) and their mutant lines,
respectively. All mutant lines of a are the same as cv. PD, except for
PD-5-10. All mutant lines of b are changed from Tib to Tia type. Two
mutant lines, BW-1 and BW-7-2, of ¢ are changed from Tia to Tib type
and the other mutant lines are the same KTi type as the original culti-
var, a Tia-specific band, b Tib-specific band, M 100-bp ladder. Arrow
indicates expected 563-bp PCR products

activity (Supplemental data). Of eight mutant lines that
showed a change in KTi type, two (BW-1 and BW-7-2)
derived from cv. BW and one mutant line (PD-5-10)
derived from cv. PD that showed a change from Tia to Tib
had lower activity than the original cultivar (Table 3). In
SW115, five mutant lines that were changed from Tib to
Tia showed higher activity than the original cultivar. In
general, the activity of the Tia type was higher than that of
the Tib type (Tia=20.0TIU and Tib=18.2 TIU,
LSD =0.93). The five mutant lines that showed a change
into the Tia type derived from SW115 had increased KTi
activity.

Electrophoretic polymorphism of KTi type

Eight mutant lines that showed a change in KTi type and
three original cultivars were analyzed by nondenaturing
polyacrylamide gel electrophoresis (Fig.5). The trypsin
inhibitor agent used as the Tia type revealed the Tia type.
Five mutant lines (SW115-5-1, SW115-9-1-1, SW115-10,
SW115-11-2 and SW115-24) and two cultivars (BW and
PD) were located in the same position as the Tia type
marker. All seven soybean lines were identified as the Tia

Table 3 The difference in Trypsin inhibitor activity between Tia and
Tib

Line no. Trypsin Trypsin inhibitor DMRT®
inhibitor type activity (TIU/mg)
Suwonl15 b 17.5 £ 1.4* be
SW115-3 b 18.4+0.9 be
SW115-4 b 18.6 £ 0.7 be
SW115-4-1 b 18.6 £ 0.8 be
SW115-5 b 184+ 0.9 be
SW115-9-1 b 185+ 1.8 be
SW115-5-1 a 189+1.0 abc
SW115-9-1-1 a 205+1.3 a
SW115-10 a 20.1+0.3 a
SW115-11-2 a 20.1 £0.9 ab
SW115-24 a 20.5+0.7 a
Average Tia 20.0 £ 1.0*
Tib 183+ 1.0
Baekwoon a 20.1 £0.7 a
BW-2 a 20.0+0.7 a
BW-3 a 19.7+£0.4 ab
BW-4 a 200+ 1.4 a
BW-5 a 19.8 £2.0 a
BW-6 a 200+ 1.7 a
BW-7 a 201 +1.2 a
BW-7-1 a 199 +£1.7 a
BW-7-1-1 a 198 +1.2 a
BW-1 b 174+ 1.1 be
BW-7-2 b 16.8 £ 0.5 c
Average Tia 19.9 £ 1.2%
Tib 17.1 £ 0.7
Paldal a 192 +04 abc
PD-1 a 19.0+0.5 be
PD-2 a 19.8 +£0.02 ab
PD-5-4 a 194 +0.2 ab
PD-5-12 a 19.6 +£0.3 ab
PD-5-12-1 a 199 +£0.2 a
PD-5-12-11 a 19.7+£0.2 ab
PD-5-10 b 184+ 0.9 c
Average Tia 195 £ 0.1*
Tib 184 £ 0.8

* The mean values of the trypsin inhibitor activities are significantly
different at P < 0.05

% Mean + SD

® The mean values of the trypsin inhibitor activities are not signifi-
cantly different at P < 0.05 as determined by Duncan’s multiple range
test

type. Additionally, one cultivar (SW115) and three mutant
lines (BW-1, BW-7-2 and PD-5-4) showed the slightly
slower electrophoretic mobility than the Tia type marker.
The result of electrophoretic mobility of KTi type in
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Mutant (SW115)

Fig. 5 Electrophoretic profiles .
of soybean cultivars and mutant 1l; WIS 51 9141

BW Mutant (BW) PD Mutant (PD)
11-2 24 1 7-2 5-4 5-10

lines as determined by nondena-
turing PAGE. Tia Tia type marker
e

W < Tib

- - e - e ™

cv. SW115 and three mutant lines was in agreement with
the result of SNAP marker application.

Discussion

Previous studies have revealed that soybean contains 12
allelic forms of the KTi gene (Tia, Tib Tic, Tid, Tie, Ti-
null type, Tif, Tibi5, Tiaal, Tiaa2, Tiab1l and Tig), each of
which encode proteins that differ by only a few amino
acids (Wang et al. 2008). In wild soybean, the majority of
KTi types have been found to be Tia, followed by Tib
(Hymowitz 1973; Kaizuma etal. 1980). Wang et al.
(2008) reported that 84.1% of 720 wild soybeans were the
Tia type, while 14.03% were the Tib type. In our study,
Tib type was found only in the one cultivar (SW115)
among the 12 soybean cultivars and landraces using
SNAP marker. Mutant lines that were derived from the
four landraces have identical KTi type. Total of eight
mutant lines derived from cultivars showed changes of the
KTi type.

Kaizuma et al. (1980) demonstrated that differentiation
of Tia and Tib was very ancient and probably occurred
before domestication of cultivated soybeans from wild soy-
beans. Although there is no other evidence to enforce this
finding, it is supported by the high frequency of Tia in wild
soybeans of China and other Asian countries reported by
Hymowitz and Kaizuma (1981) and Li (1993). However, in
the classification of the KTi type using the SNAP marker,
eight mutant lines from cvs. SW115, BW and PD were
changed from Tia to Tib or vice versa. Although the two
mutant lines from cv. BW, BW-1 and BW-7-2, and one
mutant line, PD-5-10, from cv. PD were changed from Tia
to Tib as like the opinion of Kaizuma et al. (1980), the five
mutant lines from SW115, SWI15-5-1, SW115-9-1-1,
SW115-10, SW115-11-2, and SW115-24, were changed
from Tib to Tia type. Chang et al. (2003) reported that nine
mutational hotspots on which the same base was mutated
simultaneously were found among the 1,941 base pairs of
the sequenced region of the mnp genes of 4 mutants
induced by gamma radiation. Also, Wijker et al. (1996)
reported that 14% of the gamma ray induced mutations
were located at the lacl gene hot spot at position 620-632.
We suppose that the nine base pairs in KTi gene are sensi-

@ Springer

tive to gamma ray radiation and readily substitute DNA
sequences.

Two widely used types of PCR molecular markers based
on SNPs are cleaved amplified polymorphic sequences
(CAPS; Konieczny and Ausubel 1993) and derived CAPS
(dCAPS; Neff et al. 1998). CAPS markers detect polymor-
phisms that occur in restriction sites, while dCAPS markers
are created during PCR amplification by introduction of a
restriction site at the site of an SNP using specially
designed primers. SNPs can also be detected using allele-
specific PCR primers designed such that the 3" nucleotide
of a primer corresponds to the site of the SNP (Ugozzoli
and Wallace 1991). Thus, the allele-specific primer
matches exactly with the specific allele and has a 3’ mis-
match with the non-specific allele. The mismatched 3’ ter-
mini are extended by DNA polymerases with much lower
efficiency than correctly matched termini (Petruska et al.
1988). Allele-specific PCR has not been widely used
because a single-base pair change at the 3’ termini is often
not sufficient to ensure reliable discrimination between the
two SNP alleles (Kim et al. 2005). To increase specificity, a
SNAP marker that uses a modified allele-specific primer
with a mismatched base pair within four bases of the 3’ ter-
mini in addition to the 3’ termini base that is complemen-
tary to the SNP site was developed (Drenkard et al. 2000;
Hayasi et al. 2004). There are nine SNPs between Tia and
Tib according to the GenBank (No0.X64447 and
No0.X64448) of the NCBI. Changing the 112th DNA
sequence A—C in the KTi gene, we developed a SNAP
marker linked to the specific allele Tia or Tib in this study.
Changing the DNA sequence between two SNPs resulted in
six nucleotides that were mismatched with the 3’ termini.
These mismatched six nucleotides produced an allele-spe-
cific band that could be used to distinguish between Tia and
Tib.

Many researchers have been investigating the polymor-
phism of KTi proteins by using nondenaturing polyacryl-
amide gel electrophoresis with three variants, Tia, Tib and
Tic (Orf and Hymowitz 1979; Wang etal. 1996, 2001,
2008). In this study, in order to identify whether the devel-
oped SNAP markers can clearly classified KTi types
between Tia and Tib, we conducted the non-denaturing
PAGE using the mutant lines with the changed KTi types.
Specifically, we identified SW115-5-1, SW115-9-1-1,
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SW115-10, SW115-11-2 and SW115-24, and two cultivars
(BW and PD) as the Tia type based on the presence of
bands at the same position as trypsin inhibitor agent that we
used as the Tia type marker. Additionally, the Tib soybean
lines, SW115, BW-1, BW-7-2 and PD-5-10, showed the
slightly slower electrophoretic mobility than the Tia type
marker. Singh etal. (1969) observed an electrophoretic
polymorphism between Tia and Tib. Additionally, Wang
etal. (1996) reported that the electrophoretic mobility of
Tib was slower than that of Tia. In the present study, the
electrophoretic mobility of four soybean lines with Tib was
slower than those of seven soybean lines with Tia in
the nondenaturing PAGE. These results indicate that the
designed SNAP marker was capable of discriminating the
KTi type.

The use of gamma irradiation as a physical mutagen can
be employed to induce mutagenesis in plant breeding (Selvi
etal. 2007). Among 451 mutant lines evaluated in this
study, 144 were found to have lower trypsin inhibitor activ-
ity than the original cultivars, while 13 had higher activity
than the original cultivars. Additionally, the average trypsin
inhibitor activity of the Tia strains was higher than that of
the Tib in the present study. Manjaya et al. (2007) reported
that, when the soybean variety VLSoy-2 was irradiated
with 250 Gy of gamma rays, a mutant line showed a low
level of trypsin inhibitor. Among the 13 mutant lines
observed in the present study that had higher activity when
compared to the original cultivars, five had changed from
Tib to Tia; however, the remaining eight did not change Ti
type (Supplemental data). The higher activity of these eight
mutant lines appeared to be affected by the Bowman-Birk
class of trypsin inhibitor or another proteinase inhibitor
following mutagenesis, or mutations not detected by a Ti
class change or electrophoresis. Krishnan (2001) reported
that PI. 196168, a nonsense mutant line, contained 58%
trypsin inhibitor activity when compared with cv. Amsoy
71. Because PI. 196168 had a truncated protein that led to
reduced accumulation of KTi, the activity detected in that
strain must have been due to the presence of BBTis.

High trypsin inhibitor levels in soybeans have a negative
nutritional impact in both food and feed applications
(Liener 1994). In this study, we determined the change in
KTi type by using a SNAP marker in the genetically fixed
mutant lines mutant population induced by gamma irradia-
tion. In addition, we demonstrated that a change in KTi
type affected the activity of the trypsin inhibitor. This
SNAP marker will be useful to identify KTi type followed
by selection of trypsin inhibitor lacking mutant lines. Fur-
ther investigation of the differences in the effects of KTi
types would provide the information useful to the proteo-
mic characterization of Tia and Tib and the difference in the
biological effects of soybeans with different KTi type that
are used in animal feed.
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