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Abstract: Trypsin inhibitors (TI), a common anti-nutritional factor in soybean, prevent animals’
protein digestibility reducing animal growth performance. No commercial soybean cultivars with
low or null concentration of TI are available. The availability of a high throughput genotyping assay
will be beneficial to incorporate the low TI trait into elite breeding lines. The aim of this study is
to develop and validate a breeder friendly Kompetitive Allele Specific PCR (KASP) assay linked
to low Kunitz trypsin inhibitor (KTI) in soybean seeds. A total of 200 F35 lines derived from PI
547656 (low KTI) X Glenn (normal KTI) were genotyped using the BARCSoySNP6K_v2 Beadchip.
F3.4 and F3;5 lines were grown in Blacksburg and Orange, Virginia in three years, respectively, and
were measured for KTI content using a quantitative HPLC method. We identified three SNP markers
tightly linked to the major QTL associated to low KTI in the mapping population. Based on these
SNPs, we developed and validated the KASP assays in a set of 93 diverse germplasm accessions. The
marker Gm08_44814503 has 86% selection efficiency for the accessions with low KTI and could be
used in marker assisted breeding to facilitate the incorporation of low KTI content in soybean seeds.

Keywords: Kunitz trypsin inhibitor; soybean; quantitative trait loci; anti-nutritional factor; single
nucleotide polymorphism; KASP

1. Introduction

Soybean (Glycine max L. Merr.) is widely recognized as the richest and least expensive
source of vegetable protein for livestock, poultry and aquaculture production, which is
also used as a source of metabolizable energy (http://soystats.com, date: 18 December
2020). However, soybean seeds have several anti-nutritional factors (ANFs) that affect
animal nutrient digestion and absorption, reducing animal growth performance in meat
production [1]. The main ANFs in the soybean seeds include proteinase inhibitors, metal
chelates, oligosaccharides and antigenic factors. Although the meal industry has established
solutions, such as roasting that is applied on raw soybean meal to inactive ANFs, heating
can degrade certain essential amino acids, and the feed cost becomes higher due to higher
energy cost [2]. Therefore, the most economical and reliable way to improve animals’ ability
to digest protein is to feed them with soybean meals containing low concentration of ANFs.

Trypsin inhibitor (TI), one of the ANFs in soybeans, is the major proteinase inhibitor
accounting for about 6% of the total protein in soybean seed [3]. TI restrains the activity of
a protein-digesting enzyme called trypsin, causing pancreatic hypertrophy/hyperplasia,
which ultimately results in an inhibition of animal growth [4]. Trypsin inhibitor in soybean
seeds includes two class families, Kunitz TI (KTI, 21 KDa) which is sensitive to thermal
treatment and has specificity for trypsin, and Bowman-Birk TI (BBTI, 7-8 KDa), which is
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more thermo-stable, capable to inhibit trypsin and chymotrypsin [5,6]. Among these two
types of TI, KTI serves as the major contributor to the trypsin inhibitor activity in soybeans.
KTl is encoded by a gene family containing more than 10 independent genes [7]. Only two
KTI genes (KTI3 and GMKTI-1) are sequenced and mapped on chromosome 8 (NCBLgov,
accessed in April 13 2020). KTI3 is the major contributor of the KTI phenotype and is
expressed in the soybean seeds [8]. Wang et al. (2011) reported 13 iso-forms of KTI, which
are governed by a single gene with multiple alleles [9]. BBTI family in soybean encompass
many genes having smaller impacts on the TI phenotype.

Two accessions were originally identified from the USDA’s Germplasm collection:
PI 157,440 ('Kin-du’) and PI 196168, completely lacking the Kunitz trypsin inhibitor pro-
tein [10] and both were shown to have a frameshift mutation in the KTI3 gene (kti) [7,11]. De-
spite this mutation, a wide range in trypsin inhibitor activity is observed among germplasm
containing either wild type KTI3 or null kti3 allele [12,13] due to a significant proteome
rebalancing in KTI mutant lines, resulting in an increased BBTI protein levels [14]. Ad-
ditionally, both Kunitz and Bowman-Birk trypsin inhibitor classes are influenced by the
environment, creating a challenge in breeding selections [12,13,15]. The breeding effort of
low TI or TI-free activity seemed very slow [16,17] after ‘Kunitz’ variety, with PI 157,440
as the KTI free donor, was released in the 1970's, probably because of the establishment
of commercial soybean meal processing. Additionally, soybean breeders’ efforts have
been focusing on the improvement of productivity characteristics of soybeans such as
yield, resistance to disease as well as seed composition such as high protein and high oil
concentration. Breeding soybeans for low trypsin inhibitors could potentially replace heat
treatment to remove trypsin inhibitor and overcome the problem of reducing nutritional
value of soybean meal after heating.

The use of molecular markers for marker-assisted selection (MAS) have been proved to
speed up the breeding process and efficiently introgress recessive alleles into crops [18-20].
Up to date, previous studies on the development of low KTI soybean cultivars reported
the use of SSR markers as tool for breeding selection [21-25]. SSR markers in Chr 08 such
as SSR 228, SSR 409 and SSR 429 were reported to be closely linked (0-10 cM) to ktiti, the
recessive form of KTi gene [24]. However, SSRs are generally abundant and polymorphic
in non-expressed genomic regions and consequently considered to be selectively neutral.
In recent years, SNP markers have started to replace SSRs in population genetic studies
as well as in a wide range of other applications [26,27]. SNPs occur in genomes at a much
higher frequency than SSRs, but they also occur in intergenic and non-coding regions.
However, genome-wide association studies revealed that SNPs located in non-coding
regions are often physically linked to functional or regulatory genomic sites, thus reflecting,
for example, selection signatures [28]. Moreover, SNP markers are highly stable and can be
genotyped in high-throughput systems with a high multiplex ratio such as the PCR-based
Competitive Allele Specific technology (KASPar) that is simpler and more cost-effective
than other SNP assays.

In a recent article, Patil et al. (2017) reported a development of a SNP genotyping assay
for detection of low KTI in soybean in an F, population of SP6A-206 x PI 542,044 (low KTI).
However, Patil et al. did not report what phenotyping system they used to discriminate
the low KTI lines from the high ones, making not clear if the KASP clustering correspond
to true low and high KTI phenotypes. Moreover, we tested the reported SNP genotyping
assay in the Glenn (high KTI) x PI 547,656 (low KTI) population with no successful results,
perhaps because PI 542,044 and PI 547,656 do not have common low KTI genes. In 2018,
Rosso et al. developed an HPLC method as a reliable method to quantify KTI in soybean
seeds. showing that this quantification method was strongly correlated with two popular
activity assays for measuring total TI activity. Additionally, the HPLC method overcomes
the flaws of activity assays because it can detect low levels of KTT on nonfunctional mutated
soybean lines, which is impossible for activity assays, and can measure only KTI, not the
mixture of KTI and BBTI as activity assays do. Therefore, the objectives of this study were:
(i) to identify SNP markers associated with the QTL that confers low KTI in soybean seeds;
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and (ii) to develop and validate a breeder -friendly KASP SNP genotyping assay linked
to low KTI content derived from ‘Kin-du’ as the KTI free donor, that could be used in
marker-assisted selection to incorporate the low KTI trait into elite breeding lines.

2. Results
2.1. Kunitz Trypsin Inhibitor Phenotyping

The HPLC method successfully quantified the concentration of KTI in soybean seeds
from the two selected parents, F3,4 (data not shown) and F3;5 lines from the mapping
population and the 93 PIs selected for the SNP validation. Analysis of variance and least
squares means Student’s ¢-test showed there was a significant (p = 0.007) variation in KTI
concentration between the two parents, Glenn and PI 547,656 (Tables 1 and 2). There was
no significant difference between location and the parent by location interaction was not
significant either (Tables 1 and 2). Analysis of variance indicated that there was a significant
difference among the F35 lines (Table 3) on KTI concentration, ranging from 0.05 mg/g to
24.14 mg/g (standard errors = 0.12) (Figure 1). The non-parametric Kruskal-Wallis test
and analysis of variance showed that there was a statistically significance difference in KTI
concentration between the different locations, Blacksburg and Orange (x> = 3.78, p = 0.05)
and also between years (x> = 164.76, p < 0.0001) (Tables 3 and 4). Frequency distribution
of the 93 Pls selected for SNP validation also showed a wide range of KTI concentration,
ranging from 0.8 mg/g to 8.02 mg/g (Figure 2).

Table 1. Analysis of variance of Kunitz trypsin inhibitor concentration (KTI) between the two parents
Glenn (normal KTT) and PI 547,656 (low KTI) planted in Blacksburg and Orange, VA in 2016 and 2017.

Effect df Sum of Squares f-Value p-Value
Environments 3 63.36 1.33 0.27
Residual Error 14 1131.39

Parent 1 505.80 10.50 0.017
Residual Error 14 688.95

Parent by Location interaction 3 50.83 10.60 0.32

Table 2. Least squares mean differences using Student’s t test of Kunitz trypsin inhibitor concentration
(KTI) between the two parents Glenn (normal KTI) and PI 547,656 (low KTI) planted in Blacksburg

and Orange, VA in 2016 and 2017.

Level Student’s t Test Grouping  Least Square Mean ot t-Value
Glenn A 12.63 0.05 2.18
P1 547656 B 1.38
Blacksburg A 8.34 0.05 1.96
Orange A 8.06

Levels not connected by same letter are significantly different. ® level of significance « = 0.05.

Table 3. Analysis of variance of Kunitz trypsin inhibitor concentration (KTI) among 200 F3.4 lines
(2016) and 200 F3;5 lines (2017) as well as parents Glenn (normal KTI) and PI 547,656 (low KTI)

planted in Blacksburg and Orange, VA.

Effect df Sum of Squares f-Value p-Value
Genotype 201 18446.89 14.81 <0.0001
Residual Error 1614 12333.51
Year 1 3644.435 588.13 <0.0001
Residual Error 1614 27135.97
Location 1 67.21 10.84 0.0001
Residual Error 1614 30713.18
Replication 1 12.86 2.08 0.15
Genotype by Location interaction 201 1111.05 0.89 0.82
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Figure 1. Frequency distribution of KTI concentration (mg/g) of in 200 F3.5 lines developed from a
cross between Glenn (normal KTI) and PI 547,656 (low KTI) planted in Blacksburg and Orange, VA
in 2016 and 2017.

Table 4. Kruskal-Wallis test of Kunitz trypsin inhibitor concentration (KTI) among 200 F3.4 lines
(2016) planted in Blacksburg and Orange, VA in 2016 and 2017.

Level Count Score Sum Expected Score Score Mean
Location
Blacksburg 800 622434 640400 778.04
Orange 800 658366 640400 822.95
1-way Test
Chi-square daf Prob > ChiSq
3.78 1 0.05
Year
2016 800 521809 640400 652.26
2017 800 758991 640400 948.73
1-way Test
Chi-square df Prob > ChiSq
164.76 1 <0.0001

level of significance « = 0.05.

The broad-sense heritability (H?) of KTI was estimated to be 54% and was calculated
using variance components for KTI of the mapping population across two years (2016 and
2017) and two locations (Blacksburg and Orange, VA, USA).

2.2. QTL Analysis

Out of 6000 evaluated SNPs, a total of 1357 polymorphic SNPs (22.6%) were selected
for establishing the genetic linkage map. The linkage map generated by SMA from the
mapping population consisted of 20 chromosomes, which spanned 1278.69 cM and were
defined by 1272 SNP markers. The constructed map had a coverage ranging from 0.097
to 0.312 cM with an average coverage of 0.215 cM (Table 5). One QTL conferring low KTI
concentration was identified using IciMapping analysis. The QTL located in chromosome
8 (LG A2) was mapped between SNPs Gm08_44814503 and Gm08_45270892, with a peak
close to Gm08_44814503 (Figure 3). QTL detected in 2016 and 2017 showed LOD score of
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21.93 and 23.44 and explained 39.95 and 39.83% of the total variation of the trait, respectively
(Table 6). This QTL is stable across years and significantly associated with quantities of
KTIL We tentatively named this QTL for KTI concentrations as gKTI08. The additive effect
(Add) of gKTI08 was —1.88 mg/g in 2016 and —3.99 mg/g in 2017, indicating that the allele
at this QTL inherited from the low KTI parent (PI 547656) reduced KTI content (Table 6).
When analyzing the average KTI content across 2016 and 2017, gKTIO8 showed a LOD score
of 24.95, explained 41.34% of total phenotypic variation, and had a —2.93 mg/g additive
affect (Table 6).

25
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Figure 2. Frequency distribution of KTI concentration (mg/g) of Plant Introductions (PIs) selected
for the SNP Validation.

The SNPs Gm08_44814503 and Gm08_45270892 were located at 85.22 and 88.74 cM on
chromosome 8 (LG A2), respectively, in the most recently developed high density linkage
map for soybeans [29]. Based on the physical position information of the SNPs, the physical
distance between these markers is 1.91 Mb; and the corresponding genome positions of
Gm08_44814503 and Gm08_45270892 in the reference soybean genome (Glyma.Wm82.a2.V1
assembly) are 35.14 Mb-37.05 Mb [29].

2.3. SNP Validation

Molecular markers flanking the gKTI08 region on chromosome 8 that were significantly
associated (p-value < 0.0001) with low Kunitz trypsin inhibitor content across years and
locations were identified using single marker analysis (SMA) on IciMapping. Table 7
shows five SNPs significantly associated with KTI content in the mapping population
in 2016 and 2017. All these SNPs are tightly linked to gKTIO8 (Figure 2). We converted
three of them to KASP assays to validate the robustness of these SNP assays on selected
93 plant introductions with low and high KTI content. Out of the 93 PIs phenotyped
for KIT concentration by HPLC analysis, 51 lines were normal KTI and 42 were low KTIL.
Table 2 shows the selection efficiency of these three SNP markers. The three SNP markers,
Gm08_44265646, Gm08_44814503 and Gm08_45317135, were polymorphic between the
PIs and have a selection efficiency of 64%, 86% and 31%, respectively. Out of a total of
42 PIs with low KTI phenotype, 15 (36%) and 29 (69%) low KTI PIs were not selected by
Gm08_44265646 and Gm08_45317135, respectively. However, only six (14%) low KTI PIs
were not selected by Gm08_44814503 SNP marker, which means that Gm08_44814503 SNP
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marker was able to select 86% of the low KTI PIs from the core collection (Table 2). Figure 4
shows the results of the cluster analysis of Gm08_44814503 SNP marker where 31 lines
showed the normal KTI genotype, three lines showed the heterozygous genotype and
59 lines showed the low KTI genotype, the last two samples in the graph belong to Glenn
(normal KTI) and PI 547,656 (low KTI).

Table 5. Summary of single nucleotide polymorphism (SNP) marker mapping in F3-derived F5 mapping population from

Glenn x PI 547656.
Chr® LGP  Length(@)¢ No.allsNpsd  ATSNP g0 b gnps P-SNPs = No. of mapped
coverage coverage SNPs
1 Dila 70.90 263 0.270 71 0.999 71
2 Di1b 88.42 329 0.269 80 1.105 79
3 N 50.14 280 0.179 86 0.583 72
4 C1 38.42 266 0.144 64 0.600 50
5 Al 87.63 294 0.298 95 0.922 95
6 2 95.03 313 0.304 86 1.105 86
7 M 55.13 319 0.173 45 1.225 45
8 A2 92.40 380 0.243 91 1.015 90
9 K 81.39 261 0.312 77 1.057 75
10 o 66.34 317 0.209 77 0.862 72
11 Bl 63.03 279 0.226 39 1.616 39
12 H 68.79 258 0.267 45 1.529 44
13 F 70.78 381 0.186 61 1.160 60
14 B2 27.58 275 0.100 66 0.418 38
15 E 65.48 305 0.215 71 0.922 70
16 J 45.66 238 0.192 54 0.846 54
17 D2 55.85 265 0.211 41 1.362 40
18 G 37.01 380 0.097 107 0.346 92
19 L 40.36 326 0.124 41 0.984 40
20 I 78.35 271 0.289 60 1.306 60
Mean 63.93 300 0.215 67.85 0.998 63.60
Total 1278.69 6000 1357 1272

a Chromosome. P Linkage group. ¢ Chromosome length in centimorgan. d GNP, single nucleotide polymorphism. Number of markers
screened for each chromosome: all SNPs (all 6K SNPs), and P-SNPs (polymorphic SNPs). ¢ Distribution of SNP markers on chromosomes
(total chromosome length/number of SNP markers screened): all SNPs (all 6K SNPs), and P-SNPs (polymorphic SNPs).

Table 6. Quantitative trait loci (QTL) mapping, marker intervals, logarithm of odds (LOD) scores, percentage of variance
(PVE), and additive effects of QTL for KTI concentration (qQKTI08) in the F3:5 mapping population derived from Glenn x

PI 547656.
QTL a Position Confidence c or d e
Year Name Chr. (LG) (M) Interval b Peak LOD PVE (%) Add (mg/g)
GmO08_44814503
2016 gKTIO8 8 (A2) 86 GmO08_45270892 Gm08_44814503  21.93 39.95 —1.88
Gm08_44814503
2017 gKTIO8 8 (A2) 85 GmO8. 45270892 Gm08_44814503  23.44 39.83 —3.99
Avg Gm08_44814503
2016-2017 gKTIO8 8 (A2) 86 GmO08_45270892 Gm08_44814503  24.95 41.94 —-293

2 Chromosome (Linkage Group). ® Physical position of interval markers in base pairs on the William 82 reference genome (Wm82.a2.v1). ¢
Logarithm of odds. 9 Percentage of variance explained. ¢ Additivity effect (mg/g) on the specific QTL (a negative effect indicated a low
concentration of KTI contributed by PI 547656).



Int. J. Mol. Sci. 2021, 22, 2675 7 of 16

00 Gm08_3369110
08 Gm08_2018731
10 GmOS_2852874
11 GmOS_2043284
28 Gm08_23946847
27 Gm08_2467547
40 Gm08_1882181
44 Gm08_1817703
78 Gm08_5727
152 GmOS_7512528
159 Gm08_7 7
1838 GmOS_7714968
170 Gm08_7780581
178 GmOS_7876754
184 Gm08_8268861
198 Gm08_8895745
199 Gm08_8803704
24 Gm08_9426305
28 Gm08_S274750
21 Gm08_ 9597333
37 Gm08_9741542 P
28 Gmos 5700052 owsoadBE3IH
248 GmOS_103306858
249 Gm08_10303031
282 Gm08_10570097
289 Gm08_10735245
e ¥ Gm08_10947242
77 I GmOs_11052135 GmOS_11073425
282 GmOS_11215154
286 { Gm0S_11257840
27 N GmOS_11359720
291 N: Gm0s_11451417
24 Gm0S_11560988
27 GmOS_11501419
311 V- Gm08_11971416
319 %Gmos_um:m
2 Gm08_12251183

28| [Nemos
2.0 —|—j— Gm08_13348835

12309919

72 [™Gmos 12782412

04 GmOS_14646849

28 Gm08_14709181

410 GmOS_14742607

419 GmOS_14833954

452 Gm02_15882920

482 Gm0S_18683505

497 Gm02_18984379

507 GmOS_17171212

519 GmOS_17207109

522 GmOS_17579848

528 GmOS_17928709

5.1 GmOS_18714238

573 GmOS_18379278

575 GmOS_18628338

55 GmOS_19162244

59 Gm02_19292385

812 Gm08_20538524

@7 Gm08_21443387

23 Gm08_21425355

837 Gm03_22013368 s
843 Gm0S_22122551 -
848 GmOS_22073352 &
849 GmOS_22568050

851 GmOS_22530478 Gm0S_22502688
858 GmOS_22702507

857 GmOS_22804628

67 Gm08_23245678

723 Gm08_40220221

7 Gm08_43212289

781 Gm0S_43146859

72 GmOS_43499027

824 GmOS_44675264

823 GmOS_44832488

831 GmOS_44543582

825 GmOS_44456175

844 GmOS_44285648

852 GmO8_44814503

837 GmOS_452708%2

289 GmOS_45317135

894 GmOS_45541908

90.1 GmOS_45590984

08 GmOS_45697460 Gm0S_45693628
910 Gm0S_45848181 Gm0S_45853888
915 GmOS_46022059

®3 Gm0S_48188971

®4 Gm0S_48188257

Figure 3. Quantitative trait loci (QTL) mapping of gKTI08 in chromosome 8 (LG A2) in the biparental
mapping population derived from Glenn x PI 547656.
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Table 7. KASP assay primers sequences significantly associated (p < 0.0001) with concentration of KTI in the mapping

population derived from Glenn x PI 547656.
Low KTI Will82 LOD 4

Position
a
Chr. (LG) Marker ID (M) Sequences Allele b Allele ©

FAM_primer:
GAAGGTGACCAAGTTCATGCCT-
TATGCACGCGCCGAAACTTA
Gm08_44265646_C_T ~ 84.42 VIC_primer: GAAGGTCGGAGT- T C
CAACGGATTCTTATGCACGCGCC-
GAAACTTG
Common reverse primer:
TGTACTCACCTGAAACTTCC

FAM_primer:

GAAGGTGACCAAGTTCATGC-

CTGGAGGTGTTGGCATTGAGGA

Gm08_44814503_C_T  85.22 VIC_primer: GAAGGTCGGAGT- T C 21.73 ¥
CAACGGATTCTGGAGGTGTTG-
GCATTGAGGG
Common reverse primer:
TCGACATGATTCTTTTAGAC

FAM_primer:
GAAGGTGACCAAGTTCATGC-
TAATGACAAAGGATAGATTGC
8(A2)  Gm08_45270892.A_G 88.73 VIC_primer: G A 18.84 ¥+
GAAGGTCGGAGTCAACGGATT-
TAATGACAAAGGATAGATTGT
Common reverse primer:
TGAACAAATATATATTAAGCC

FAM_primer:
GAAGGTGACCAAGTTCATG-
CACAGAAGAACAACCCGGCACC
Gm08_45317135_T_G  88.90 VIC_primer: T 18.53 ***
GAAGGTCGGAGTCAACGGAT-
TACAGAAGAACAACCCGGCACA
Common reverse primer:
CTTGGTTTCCGATGCTGTATC

FAM_primer: GAAGGTGAC-
CAAGTTCATGCGTCTTCT-
GATTGCTGAAGCAGG

8 (A2) Gm08_45541906_A_C 89.43 VIC_primer: GAAGGTCGGAGT-
CAACGGATTGTCTTCTGATTGCT-
GAAGCAGT

Common reverse primer:
AAATAAAACATCTAATTTTTA

2 Chromosome (Linkage Group).  Allele linked to low concentration of KTI. ¢ Allele linked to high concentration of KTI. 4 Logarithm of

21.68 ***

8 (A2)

8 (A2)

8 (A2)

A 17.6 ***

odds, *** SNPs significantly associated with low KTI concentration at a p-value < 0.0001.
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Figure 4. KlusterCaller™ genotyping results. Gm08_44814503 SNP genotyping results of the 93 PIs
and Glenn (well 12F) and PI 547,656 (well 12G) are shown in the Cartesian cluster plot. Blue data
points are homozygous lines for the low KTI allele reported by FAM dye, green data points are
heterozygous lines and red data points are homozygous lines for the normal KTI allele reported as
HEX dye. The black data point represents the no template control (NTC). The DNA sample 96-well
plate layout is shown below the cluster plot.

3. Discussion

The presence of Kunitz trypsin inhibitor (KTI) in soybean seeds has a negative impact
on the feed and food industry since it affects animal nutrient digestion and absorption,
reducing animal growth performance in meat production [4]. The best cost-efficient way to
overcome this problem would be to use soybean cultivars with low or null KTI content.
In an effort to develop soybean cultivars with low KTI content, we crossed the soybean
cultivar Glenn (normal KTI content of 12.63 mg/g) with the low KTI P1 547,656 (1.38 mg/g)
that carries the low KTI allele in 2014. The biparental population of 200 F.5 lines presented a
wide range of KTI content (0.5-24.14 mg /) (Figure 5). We estimated that H? for KTI content
as 0.54, which is considered a medium heritability [30]. A moderate broad-sense heritability
and significant difference of KTI content between years and locations (Tables 3 and 4)
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showed that genetic and environment affect this trait. Vollmann et al. (2003) also reported
that KTI activity in soybean was significantly affected by the environment and genotype.
Thus, the use of molecular markers would play an important role to incorporate the low
KTI trait into elite breeding lines. Molecular marker-based selection paired with phenotypic
selection is an efficient way to advance breeding lines with the desirable trait, plus selective
elimination of undesirable traits, in the shortest possible time. Microsatellite markers, such
as Satt 228, Satt 409 and Satt 429 have been previously used when breeding for low or null
KTI content [24,31,32], however, single nucleotide polymorphism markers have gained
importance in the breeding programs due to their large amount on the genome, high cost
efficiency, and high repeatability.
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Figure 5. Frequency distribution of KTI concentration (mg/g) of 500 soybean accessions collected by
the National Genetic Resources Program (USDA Soybean Germplasm Collection).

This study confirms the presence of a QTL on Chromosome 8 (LG A2) associated with
low concentration of KTI previously reported. In this study, one QTL (gKTI0OS) associated
with KTI was detected in PI 547,656 on chromosome 8 with a confidence interval from GmO08:
44,814,503 to Gm08:45270892 (Figure 2). This QTL is desired for marker-assisted selection
due to its stability across years and locations. As today, there are five published genes in this
region, two calcineurin B-like protein, two heat shock cognate protein and one proliferating
cell nuclear antigen [33]. However, close to this region, between Gm08_45730511 and
Gm08_45786029 SNP markers, seven Kunitz trypsin inhibitor proteins have been identified,
including KTI3 [34,35]. Therefore, chromosome 8 harbors several genes associated with
Kunitz trypsin inhibitors. Moreover, previously published SSR markers used for breeding
low TI lines [24,25,31,32] are also found close to this QTL, between region Gm08:46124977
to Gm08:47218108.

We found five SNP markers closely associated (p < 0.0001) with low KTI content across
years and locations (Table 7). Three out of these five SNP markers were converted to KASP
assays and use for validation on the genetically diverse 93 PIs. Gm08_44814503 KASP SNP
assay was able to select 86% of the low KTI PIs from the validation panel. This SNP marker
will be more useful in MAS than previously developed assay by Patil et al., 2017, since our
was validated in 93 plant introductions that have much more diverse genetic background
than Kin-du alone as the low KTI donor. The SNP assay previously developed by Patil
etal., 2017 for low KTI was based on a mutation on PI1 157,740 [7], however they only tested
this assay on an F, population derived from SP6A-209 x PI 542,044 lines, where PI 542,044
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is a germplasm with null KTIL. The validated KASP assay proposed in this work offers
a rapid and more economical genotyping assay compared to previous assays [36,37] in
practical applications such as MAS backcrossing, advance breeding lines, and germplasm
identification. Moreover, KASP assays has been proven to work very well for many traits
in the soybean genome [38].

Current published TI activity assays can only test total TI activity, but cannot differen-
tiate KTI or BBTI activity. Therefore, we focused on KTI content in this study. However,
breeding only for low or null KTI content in soybean would not be sufficient for practical
applications for a few reasons, such as the effect of environmental conditions on the trait,
the interaction of environment and genotype, the expression of one of the 13 iso-forms of
KTI3 gene in the seeds and presence of Bowman-Birk TT affect the TI activity in soybean
seeds. Gillman et al. indicated that low KTI lines had dramatically increased Bowman-Birk
TI level [14]. Therefore, the practical and effective approach for expanding the soybean
meal value for the poultry industry is to reduce both KTI and BBTI content in soybean. The
implementation of low total TI into breeding lines would reduce the need of postharvest
heat treatment, which will bring benefits to the soybean feed and food processing industry.

In conclusion, this study successfully mapped the QTL on chromosome 8 linked to
KTI content that was previously published and developed a robust, cost-effective and
high-throughput SNP assay that could be applied across different genetic backgrounds
in soybean breeding programs to facilitate marker-assisted selection for low KTI content
in soybean seeds with great efficiency and accuracy. The KASPar KTI assay is a breeder-
friendly SNP detection system for selection of low KTI soybean lines since KASPar assay
samples are amplified with a standard thermal cycler and can be genotyped with any type
of FRET reader, which can easily be done by many breeding programs. Future work will
focus on the identification of QTLs and SNP markers to select soybean breeding lines low
in BBTI content as well, as double null will have a stronger application to the feed and
food industry.

4. Methods
4.1. Population Development

Parental soybean lines were chosen based on the amount of KTI in the seeds. Glenn,
developed and released by Virginia Tech in 2009, was chosen as a normal KTI concentration
parent. PI 547,656 (cultivar name: L81-4871) was chosen as a low KTI parent. PI 547656,
derived from a cross ‘Clark 63’ x PI 157,440 (‘Kin-du’), was developed by the USDA-ARS
and the Illinois Agricultural Experimental Station in 1986 [15]. Glenn X PI 547,656 crosses
were made in summer of 2014 at the Virginia Tech farm in Blacksburg, VA. F; plants were
spaced-planted and increased for two generations with modified pod descent at each
generation in a Puerto Rico winter nursery in winter of 2014. Six SSR markers (Satt449,
Satt197, Satt281, Satt268, Satt431 and Satt345), which were polymorphic between parents,
were used to verify true hybrids. A total of 200 individuals of the F, were advanced to F3
in 2015. The parents and F,.3 lines were separately planted in single, 3.05 m long rows with
0.76 m row spacing and about 30 seeds per meter arranged in a randomized complete block
design in Blacksburg, VA, USA in 2015. Two parents and a population of Fz4 lines were
grown in Blacksburg and Orange, VA, USA in 2016, and two parents and a population of
F3.5 lines were grown in the same two locations in 2017 using the same experimental design.

4.2. Kunitz Trypsin Inhibitor Phenotyping

The two parents and 200 progenies of the Fz.4 and Fs.;5 mapping population were
phenotyped for KTI content using a quantitative HPLC method [39]. F3.4 phenotypic data
are not shown. Briefly, 10 mg of finely grounded soybean seed powder was mixed with
1.5 mL of 0.1 M sodium acetate buffer, pH 4.5. Samples were vortexed and shaken for 1 h at
room temperature. The samples were centrifuged at 12,000 rpm for 15 min. One-mL of the
supernatants were filtered through a syringe with an IC Millex-LG 13 mm mounted 0.2 pm
low protein binding hydrophilic millipore (PTFE) membrane filter (Millipore Ireland BV,
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Carrigtwohill, Republic of Ireland). The Kunitz trypsin inhibitor in solution were separated
on an HPLC Agilent 1260 Infinity series (Agilent Technologies, Santa Clara, CA, USA),
equipped with a guard column (4.6 x 5 mm?) packed with POROS® R2 10 um Self Pack®
Media and Poros R2/H perfusion analytical column (2.1 x 100 mm?, 10 um). The mobile
phase A consisted of 0.01% (v/v) trifluoroacetic acid in Milli-Q water and mobile phase B
was 0.085% (v/v) trifluoroacetic acid in acetonitrile. The injection volume was 10 pL and
the detection wavelength was 220 nm. The final KTI concentration of each sample was
calculated using the initial weight of each sample to calculate the KTI concentration on a
dry weight basis with results reported as milligrams per gram (mg/g).

4.3. DNA Extraction

A bulk sample of young leaves from three individuals of each F3.5 lines of the mapping
population and each PI from the validation panel were collected and stored at —80 °C
until DNA extraction. Leaves were freeze dried using a FreeZone 6 Liter Console Freeze
Dry System (—56 °C and 0.220 mbar) and about 200 mg of leaf tissue were placed in a
2.5 mL tube. Tissue was ground to fine powder in liquid N, using glass stirring rods. Total
genomic DNA was isolated from leaf tissue (0.20 g) by a modified protocol from the CTAB
method of [40].

4.4. Single-Nucleotide Polymorphism Genotyping

Fifty nanograms of genomic DNA for the parental lines and the population of F3:5
lines were sent to USDA-ARS Soybean Genomics and Improvement Laboratory (Beltsville,
MD, USA) and genotyped using the Illumina BARCSoySNP6K_v2 Beadchip containing
6000 SNPs. Single-nucleotide polymorphism genotyping was conducted according to
Song et al. 2013 [41] on the Illumina platform following the Infinium HD Assay Ultra
Protocol (Illumina, Inc., San Diego, CA, USA). Single-nucleotide polymorphism allele
calling was done using the Genome Studio Module v2.0.3 software (Illumina, Inc.). The
low KTI parent was scored as A and high KTI parent was scored as B. SNPs with no call
and the monomorphic SNPs between parents were discarded. SNPs with low minor allele
frequency (MAF) (<10%) and high missing data ratio (<5%), as well as severe segregation
distortion were filtered for quality control.

4.5. Linkage Map Construction and QTL Analysis

Linkage maps were constructed by JoinMap v4 [42] using a regression approach
with a minimum logarithm of odds (LOD) threshold of 3 for linkage group construction.
Recombination frequencies were converted to centimorgan (cM) using Kosambi’s mapping
function [43]. QTL analysis was performed by single marker analysis, interval mapping
and composite interval mapping implemented in IciMapping v 4.1 [44]. For single marker
analysis, SMA, p < 0.0001 was used as a threshold for significant markers. In the composite
interval mapping (CIM) and simple interval mapping (SIM), the empirical significance
threshold was determined by 1000-time permutation with a walk speed of 1 ¢cM and
significance level of 0.05. MapChart [45] was used to create the LOD plots based on
JoinMap v4 and IciMapping v4.1 data.

4.6. KASP Marker Development

The SNPs tightly linked to major QTL identified in the mapping population
(Table 7) were converted into Kompetitive Allele Specific PCR (KASP) SNP genotyp-
ing assays (LGC, Middlesex, UK) with the flanking sequences obtained from the G. max
genome Glyma.Wm82.al (Schmutz et al. 2010) following Zhu et al. [46]. Briefly, the
KASP oligos were synthesized by IDT (IDT, Iowa, USA), with primers carrying FAM tail
(5-GAAGGTGACCAAGTTCATGCT-3) or VIC tail (5'-GAAGGTCGGAGTCAACGGATT-3'),
and the target SNP in the 3’ end. Primer mix and PCR reaction was set up following LGC
Genomics recommendation (46 uL distilled water, 30 L common primer [100 uM], and
12 uL of each tailed primer [100 uM]) [46]. Thermocycling conditions consisted of the initial
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hot-start step at 95 °C for 15 min., followed by 10 cycles of touchdown PCR (annealing
65 °C to 57 °C, decreasing 0.8 °C per cycle), then 35 cycles of 20 s at 94 °C and 60 s at 57 °C.
PCR and fluorescent endpoint reading were performed in FLUOstar Omega microplate
reader (BMG LABTECH) [46].

4.7. KASP Marker Validation

The 6749 MGs IV and V soybean accessions collected by the National Genetic Re-
sources Program (USDA Soybean Germplasm Collection) were arbitrarily grouped in
500 clusters based on their genetic distance which were calculated using 42,509 SNPs that
were included in the SoySNP50K [47]. One accession with the highest average genetic
distance within each cluster was selected to form a collection with 500 accessions. These
500 accessions were planted in single, 1.83 m long rows with 0.15 m row spacing and about
30 seeds per meter arranged in a complete randomized design with no replication in Puerto
Rico in the winter of 2016, and in a randomized complete block design with three repli-
cations in Blacksburg, VA, USA and Clayton, NC, USA in 2017. The 500 accessions were
phenotyped for KTI content by HPLC analysis (Figure 5) and 93 diverse plant introductions
(PIs) were selected based on KTI content to have a wide range of KTI concentration for
the SNP validation. Out of these 93 PIs, 42 were low KTI and 51 were normal KTI. We
selected 93 PIs to fill a 96-well plate for PCR amplification (93 PIs, plus Glenn as a negative
control, PI 547,656 as a positive control and onel blank well). DNA was extracted from
bulk leaves of 6-8 plants of each of the selected 93 diverse PIs for the SNP validation. DNA
was extracted following the same procedure as used for the mapping population. Selection
efficiency (SE) of the selected KASP markers linked to low KTI was calculated as follows:
SE = total number of marker-selected lines with low KTI phenotype = total number of
lines with low KTI phenotype x 100 (Table 8).

Table 8. Selection efficiency of the SNP assays in 93 Plant Introductions (PIs) collected by the National Genetic Resources

Program to form a MGs IV and V core collection.

Genotypic Class (n)
Phenotype Number of Accessions (n)  GmO08_44265646 Gm08_44814503 Gm08_45317135
Normal KTI (mg/g) 2 51 48 31 64
Heterozygous . 0 3 6
Low KTI (mg/g) 42 45 59 23
No. low KTI lines selected o7 36 13
by marker
No. of low KTI lines not
selected by the marker 15 6 2
Marker selection Efficiency ° 64% 86% 31%

2 Normal KTI phenotypes consist of wild type and heterozygous phenotypes. ® Marker selection Efficiency: Total number of marker-selected
lines with low KTI phenotype + total number of lines with low KTI phenotype x 100.

4.8. Statistical Data Analysis

Concentration of KTI, collected in 2016 and 2017, were analyzed using JMP statistical
version Pro 14.2.0 (SAS Institute). KTI concentration was analyzed by analysis of variance
and the non-parametric method Kruskal-Wallis test for the 2016 and 2017 data at two
locations, Blacksburg and Orange, VA, USA. Student’s t test was used to determine if mean
of KTI concentration of parents and lines differed significantly at p = 0.05. Histograms of
KTI concertation were also performed by JMP. Analysis of variance was used to determine
phenotypic differences between parents, Glenn and PI 547656. Variance-component heri-
tability estimates were calculated by analyses of variance using R software. Broad-sense
heritability of seed coat deficiency was estimated using the equation:

H? =% /[s% + (s%ge/€) + (s*/1e)]
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2 . . o 2 . . . 2 . .
where H- is heritability, s°; is genotypic variance, s“ge/e is genotype x environment
interaction variance, s? is error variance, r is the number of replications, and e is the
number of environments [48].
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