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Abstract: Saponin, a secondary metabolite, is produced by various plant species, including soybean
(Glycine max (L.) Merr.). Soybeans synthesize triterpenoid saponins, which are classified by their
aglycone structure and sugar chain composition. Here, we characterized an ethyl methanesulfonate-
induced mutant, PE1539, without saponin and with a glucose moiety at the third position of the
C-3 sugar chain. The saponin phenotype of PE1539 is described by the accumulation of Ab-yg
saponin and deficiency of Ab-ag saponin and DDMP-«g saponin, similar to a previously reported
5g-3 mutant in soybean. Genetic analysis showed that the saponin phenotype of PE1539 is controlled
by a recessive mutation. We mapped the gene responsible for the phenotype of PE1539 and the
mapped region included Sg-3 (Glyma.10G104700). Further analysis of Sg-3 in PE1539 using DNA
sequencing revealed a single-nucleotide substitution in the exon (G804A), resulting in a premature
stop codon; thus, PE1539 produced a PSPG box-truncated protein. Saponin phenotype analysis of the
F, population—from a cross between wild-type Uram and PE1539—showed that the phenotype of
saponin was cosegregated with the genotype of Sg-3. Quantitative real-time PCR showed reduced
expression of Sg-3 in PE1539 cells. Together, our data indicate that the saponin phenotype of PE1539
results from a mutation in Sg-3.

Keywords: soybean; saponin; saponin phenotype; S¢-3; UDP-glycosyltransferase

1. Introduction

Soybean (Glycine max (L.) Merr.) is a crop of immense economic value owing to its
nutritional composition, with soybean seeds containing approximately 40% protein, 21%
oil, and 34% carbohydrates on a dry basis [1]. In addition to the primary metabolites,
soybean seeds contain phytochemicals, such as isoflavones, phytic acids, phytosterols, and
saponins [2]. Saponins of soybean account for 0.2-0.5% of the whole soybean seed [3], and
their levels are higher in the hypocotyls than in the cotyledons [4]. Soybean saponins have
been a subject of study due to their influence on human health. Saponins are reported to
have several effects, such as inhibition of HIV [5], suppression of cancer [6-8], antioxidant
activity [9], and restriction of inflammation [10].

Soybean saponins are categorized into group A and 2,3-dihydro-2,5-dihydroxy-6-
methyl-4H-pyran-4-one (DDMP) saponins (Figure S1) based on their structural differences.
Group A saponins have sugar chains at the C-3 and C-22 positions of the soyasapogenol A
aglycone structure, whereas DDMP saponins have a DDMP moiety at the C-22 position
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and one sugar chain at the C-3 position of the soyasapogenol B aglycone structure. Soy-
asapogenol A has an additional hydroxyl group at the C-21 position, which is attached
to CYP72A69 encoded by 5g-5 (Glyma.15¢243300) [11], whereas soyasapogenol B lacks a
hydroxyl group at the C-21 position. However, soyasapogenol B interacts with UGT73B4,
encoded by Sg-9 (Glyma.16G033700), and conjugates with the DDMP moiety at the C-22 po-
sition [12]. This DDMP moiety is an easily degradable residue; therefore, DDMP saponins
degrade to form structurally stable group B and E saponins depending on the structure of
the C-22 position [13-15].

The diversity of soybean saponins is determined by the combination of sugars in their
sugar chains. Previous studies have revealed several glycosyltransferases responsible for
the glycosylation of soybean saponins. Sg-1 (Glyma.07G254600) determines the type of ter-
minal sugar at the C-22 position of group A saponins [16]. Sg-1* and Sg-1" alleles produce a
xylosyltransferase (UGT73F4) and a glucosyltransferase (UGT73F2), respectively, whereas
the recessive sg-1” allele is not able to produce any active glycosyltransferase. Sg-3, Sg-4,
GmSGT2, and GmSGT3 regulate glycosylation at the C-3 position of group A and DDMP
saponins [17-20]. At the second position of the C-3 sugar chain, Sg-4 (Glyma.01G046300)
and GmSGT?2 (Glyma.11G053400) encode arabinosyltransferase (UGT73P10) and galacto-
syltransferase (UGT73P2), which conjugate arabinose and galactose, respectively. At the
terminal of the C-3 sugar chain, 5g-3 (Glyma.10G104700) and GmSGT3 (Glyma.08G181000)
determine the residue type. Sg-3 encodes a glucosyltransferase (UGT91H9), and GmSGT3
encodes a thamnosyltransferase (UGT91H4).

A natural mutant with the recessive sg-3 allele, Glycine max "‘Mikuriya-ao’, has been pre-
viously reported [18,20-22]. Mikuriya-ao is unable to produce Ab-«g saponin (CgyH104033)
and DDMP-«g saponin (Cs4HgsO27), which have a glucose moiety at the third sugar of
the C-3 position. Instead, it accumulates Ab-yg saponin (Cg1H94O58) and produces Ab-f3g
saponin (Cg7H104032) and DDMP-g saponin (Cs3HgsO51) with a rhamnose residue at
the third sugar of the C-3 sugar chain. Moreover, Mikuriya-ao has a large deletion in the
genomic DNA around the Sg-3 locus.

In this study, we isolated a mutant line, PE1539, which lacks saponins with glucose
at the third sugar position of the C-3 sugar chain from the ethyl methanesulfonate (EMS)-
induced mutant population of the soybean cultivar Pungsannamul. We found that the
PE1539 phenotype is caused by a single recessive allele. The mapped region of the gene
responsible for the PE1539 phenotype contains the Sg-3 locus. A single-nucleotide polymor-
phism was detected in the coding region of the Sg-3 gene of PE1539, and we designated
this allele as sg-3a. The expression of Sg-3 in PE1539 was significantly lower than that in
wild-type Pungsannamul. The saponin phenotype of PE1539 and the genotype of 5¢-3
showed cosegregation, strongly indicating that the sg-3a allele of PE1539 was responsible
for its saponin phenotype.

2. Materials and Methods
2.1. Plant Materials

An EMS-induced mutant population was developed by treating the seeds of soybean
cultivar Pungsannamul with 0.3% EMS [23]. The population progressed to the M, genera-
tion, and seeds were obtained from each of the 892 M; lines. The saponin phenotype of the
seeds was analyzed using thin-layer chromatography (TLC), and a mutant line, PE1539,
was isolated. The soybean cultivar Uram and PE1539 were crossed for a segregation analy-
sis and physical mapping, and F; individuals were harvested from the crossing and used
for cosegregation analysis. The plants were grown in the experimental fields of Kyungpook
National University (Gunwi, 36°07' N, 128°38' E, Korea).

2.2. TLC of Saponin Composition

To analyze the saponin composition of the Pungsannamul, Uram, PE1539, and F,
populations, saponins were extracted from the hypocotyl of mature seeds. A TLC analysis
was performed following the protocol described by Krishnamoorthy et al. [24] and Sun-



Agronomy 2022, 12, 1598

30f11

daramoorthy et al. [25] with slight modifications. Hypocotyl tissues were incubated in a
10-fold volume (v/w) of 80% (v/v) methanol (aqueous) at 25 °C for 12 h. Three microliters
of extract was loaded onto TLC silica gel plates (Merck, Darmstadt, Germany) and air-
dried, and then the TLC chamber was saturated with 50 mL of the lower phase of a mixed
solution of chloroform, methanol, and water (65:35:10, v/v), and the dried TLC plates were
developed in the TLC chamber at room temperature for 40 min. The plates were dried at
90 °C for 5 min and developed using 10% (v/v) HySO4 for 10 min in a chamber. Saponins
were colored by drying at 100 °C for 15 min.

2.3. Liquid Chromatography with Photodiode Array and Tandem Mass Spectrometry
(LC-PDA-MS/MS) of Saponin Composition

LC-PDA-MS/MS was performed to separate and identify saponins in PE1539 based on
the protocols established by Takada et al. [26] and Son et al. [27] with a few modifications
at each step. The analysis was conducted using a Prominence UFLC system (Shimadzu
Corporation, Kyoto, Japan) with a C30 reversed-phase column (Develosil C30-UG-3, 2.0 mm
LD. x 250 mm, Nomura Chemical, Seto, Okayama, Japan) and a tandem mass spectrometer
(LTQ Orbitrap XL, Thermo Fisher Scientific, Santa Clara, CA, USA). Saponins were extracted
by soaking the hypocotyl in a 10-fold volume of 80% aqueous ethanol (v/v). The extracted
samples were diluted 10 times and analyzed by injecting 2 mL of diluted solution. Solvent
A was acetonitrile with 0.1% (v/v) formic acid and solvent B was 0.1% (v/v) aqueous formic
acid. The flow rate used for the analysis was 0.15 mL/min. The analysis began with 20%
(v/v) solvent A and 80% solvent B, and the concentration of solvent A was increased to
65% (v/v) for 45 min. The concentration of solvent A was immediately increased to 100%
(v/v) and maintained for 5 min. Subsequently, the solvent composition was recovered
to 20% (v/v) of solvent A with 80% solvent B, which is the primary status for analysis,
and maintained for 15 min. The saponins were detected using ultraviolet (UV) light at a
wavelength of 205 nm. The tandem mass spectrometer was set in positive (+)-ion mode
and automatic full-scan mode of mass-to-charge ratio (m/z) from 300 to 2000. The UV
and MS spectral data were recorded and analyzed using the Xcalibur software, version 2.1
(Thermo Fisher Scientific, Santa Clara, CA, USA).

2.4. Extraction of Genomic DNA

Genomic DNA from the Pungsannamul, Uram, and F, populations was extracted for
physical mapping, sequencing, and cosegregation analyses. Genomic DNA samples from
F, mutant individuals for physical mapping were isolated using the HiGene™ Genomic
DNA Prep Kit (Biofact, Daejeon, Korea). Other genomic DNA samples were extracted
using the cetyltrimethylammonium bromide (CTAB) DNA isolation method [28].

2.5. Bulked Segregant Analysis and Sequencing of 5g-3

The same amount of genomic DNA from 20 F, mutant individuals was combined and
analyzed using the Axiom® Soybean Genotyping Array (Affymetrix, Waltham, MA, USA).
Bulked segregant analysis (BSA) was performed to detect the locus associated with the
phenotype of PE1539 by detecting recombinations in F; mutant bulk data using Microsoft
Excel. Primers were designed to verify the sequence of Sg-3 in PE1539 cells (Table S1).
Genomic DNA from Pungsannamul and PE1539 was used as a template for the PCR. The
PCR mixture was 30 pL volume of mixture consisting of 1 pL of template DNA, 1 pL of
5 mM dNTP mix, 1 pL of 10 pmol/uL forward and reverse primers, 3 uL of 10X e-Taq
Reaction Buffer (25 mM MgCl, mixed, Solgent, Daejeon, Korea), 22.9 uL of ddH,O and
0.1 pL of Solg™ e-Taq DNA Polymerase (5 U/uL, Solgent, Daejeon, Korea). The PCR
reaction was proceeded with 5 min of initial denaturation at 95 °C, 30 s of denaturation
at 95 °C, 30 s of annealing at 56 °C, 1 min of elongation at 72 °C and 5 min of final
elongation at 72 °C. The PCR products were purified using the HiGene™ Gel & PCR
Purification System (Biofact, Daejeon, Korea) and sequenced (Solgent, Daejeon, Korea).
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The sequenced data of Pungsannamul and PE1539 were compared using NCBI BLAST
(https:/ /blast.ncbinlm.nih.gov/Blast.cgi, accessed on 12 January 2021).

2.6. Multiple Alignment of UDP-glycosyltransferases

The amino acid sequences of UDP-glycosyltransferases were aligned. Amino acid
sequences were collected from NCBI GenBank (https:/ /www.ncbi.nlm.nih.gov/genbank/,
accessed on 3 April 2022) and analyzed using ClustalW (http://www.genome.jp/tools-
bin/clustalw, accessed on 3 April 2022).

2.7. Segregation and Cosegregation Analysis of Sg-3

The F; individuals crossing Uram and PE1539 were used for segregation and coseg-
regation of the saponin phenotype and 5g-3 genotype. The F, population consisted of
173 individuals. Hypocotyl tissues were used for the TLC analysis to investigate the
saponin phenotype. A derived cleaved amplified sequence (dCAPS) marker was designed
to target a 1-base pair substitution at the 804-nucleotide position, and the amplicon of the
mutant contained the restriction site of Mbol (Table 51). The composition of PCR mixture
for the dCAPS analysis was the same as that of sequencing analysis. The PCR reaction was
proceeded with 5 min of initial denaturation at 95 °C, 30 s of denaturation at 95 °C, 30 s of
annealing at 56 °C, 30 s of elongation at 72 °C and 5 min of final elongation at 72 °C. The
PCR products were digested with Mbol (Takara Bio, Kusatsu, Shiga, Japan) and separated
on 2% agarose gel using electrophoresis. The segregation and cosegregation ratios were
calculated using the chi-square test.

2.8. Expression Analysis of Sg-3

Hypocotyl tissue samples were collected from developing seeds 50 days after flower-
ing, and total RNA was extracted using the QIAzol® Lysis Reagent (Qiagen, Germantown,
MD, USA). The DNA remaining in the extracted RNA samples was removed using recom-
binant DNase I (Takara Bio, Kusatsu, Shiga, Japan). The cDNA samples were synthesized
using the DiaStar™ RT Kit (Solgent, Daejeon, Korea). The expression of 5g-3 was quan-
tified using primers designed for quantitative real-time PCR (qRT-PCR) (Table S1) and
WizPure™ gPCR Master (SYBR; Wizbiosolutions, Seongnam, Korea) with a LightCycler®
480 Real-Time PCR System (Roche, Basel, Switzerland).

3. Results and Discussion
3.1. Phenotypic Characterization of a New EMS-Induced Mutant

To isolate saponin mutants in an EMS-induced population of Pungsannamul, TLC
analysis was conducted. TLC analysis of PE1539 showed the accumulation of Ab-yg and a
deficiency of Ab-ag compared to that in Pungsannamul and Uram (Figure 1a). LC-PDA-
MS/MS analysis was performed to elucidate the saponin composition of PE1539. The
LC-PDA-MS/MS results revealed that PE1539 lacked Ab-ag saponin, DDMP-ag saponin,
and B-ag, which have glucose as the third sugar at the C-3 position. Instead, PE1539
had increased amounts of Ab-yg, Ab-fg, and DDMP-Bg saponins (Figure 1b,c). The
investigated saponin phenotype of PE1539 is identical to the previously reported mutant
Mikuriya-ao [20]; therefore, we hypothesized that the phenotype of PE1539 is caused by
the disabled Sg-3 UDP-glucosyltransferase. The accumulation of Ab-yg saponins can be
explained by the fact that the substrates of Sg-3 remained. The increased amounts of Ab-f¢g
saponin and DDMP-{3g saponin could be the result of an increased likelihood of GmSGT3
interacting with the precursor saponins (Figure S2).
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Figure 1. Phenotypes of saponin in wild-type soybeans and PE1539. (a) Thin-layer chromatog-
raphy (TLC) patterns of Pungsannamul, Uram, and PE1539. The TLC pattern of PE1539 shows
accumulation of Ab-yg and deficiency of Ab-ag in comparison with the typical wild-type saponin
TLC patterns of Pungsannamul and Uram. (b) Liquid chromatography with photodiode array and
tandem mass spectrometry (LC-PDA-MS/MS) results for Pungsannamul and PE1539. Black triangles
indicate the peaks at corresponding retention times (RTs) of saponins. Ab-ag (RT = 28 min), Ab-3g
(RT = 28.65 min), Ab-yg (RT = 30.48 min), B-ag (RT = 31.20 min), B-fg (RT = 32.15 min), DDMP-ag
(RT = 36.10 min), and DDMP-Bg (RT = 37.20 min). (c) Proportions of individual saponins to total
saponins in Pungsannamul and PE1539. Each type of saponin is distinguished by a different color.
The error bars indicate the standard deviation.

3.2. Physical Mapping and Molecular Characterization of PE1539

For the segregation analysis, a cross was made between the soybean cultivar Uram and
PE1539. The cross obtained 173 F, individuals, which was segregated into 132 individuals
of the typical saponin phenotype (Uram type) and 41 individuals of the mutant phenotype
(PE1539 type). According to the chi-square test, the segregation ratio was 3:1, which means
that the phenotype of PE1539 is controlled by a single recessive allele (Table 1).
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Table 1. Segregation and cosegregation analysis of F, population.
Parents and
Their Saponinphenotype Observed (Expected) x? Value Probability * Genotype 1 Observed (Expected) x? Value Probability *
Progenies
P1: Uram Typical \
P2: PE1539 Ab-yg rich M
F, population Typical 132 (129.75) 0.156 0.69 W 41 (43.25) 0.468 0.79
Ab-yg rich 41 (43.25) H 91 (86.5)
M 41 (43.25)

* Not significant (p > 0.05). T W, wildtype homozygote; H, heterozygote; M, mutant homozygote.
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To determine the candidate gene responsible for the PE1539 phenotype, we performed
BSA by applying the Axiom® soybean genotyping array on bulked genomic DNA of
20 mutant F, individuals from the cross between Uram and PE1539. The locus was mapped
to a 45-Mb region between Affx-89235864 and Affx-89101343 on chromosome 10 (Figure 2a).
We anticipated that the saponin phenotype of PE1539 was a result of a dysfunctional Sg-3
because the mapped region included the Sg-3 locus. Therefore, the Sg-3 gene of PE1539
was sequenced to identify any polymorphisms. The sequencing results revealed that a
single-nucleotide substitution occurred from G to A at the 804 nucleotide position in the
exon of 5¢-3 in PE1539 compared to that in Pungsannamul. This mutation results in a
premature stop codon. We designated this mutated allele sg-3a (Figure 2b).

a
Affx-89245864 So-3 Afix-89101343
5,269,316 8- 50,392,364
| A 4 45 Mb |
Gml10 i
0 51,638,687
b PE1539
ATG G804A TAA
Sg-3 +1 (W208+) +1395
(Pungsannamul) —_—
—_ —_ - PSPG -«—
a c b d
c Sg—3 330 RGIVWKSWAPQIKILGHAAIGGCITHCGTNSLVEMLNFGHVLVTLPYLLDQALFSRVLEE 389
GmSGT3 339 RGIVWKTWAPQLKILAHGAIGGCMSHCGSGSVIEKVEFGHVLVTLPYLLDQCLFSRVLEE 398
Sg-1 328 KGMIVKGWAPQLLILAHPAVGGFLSHCGWNSSLEAVTAGVPMITWPVMADQFYNEKLITE 387
Sg-1 346 KGYLIWGWAPQLLILENRAIGGMVSHCGWNTVVESMNVGLPMVTWPLFAEEFFNEKLVVD 405
GmSGT2 342 KGYLIWGWAPQLLILENPAIGGLVTHCGWNTVVESVNAGLPMATWPLFAEHFFNEKLVVD 401
Arabidopsis thaliana 348 KGLIIPGWAPQVLILDHKAIGGFVTHCGWNSAIEGIAAGLPMVTWPMGAEQFYNEKLLTK 407

Oryza sativa

Homo sapiens

360 VGLLVPSWAPQTKVLAHRATGGFLTHCGWNSVLESLVHGVPMVAWPLFAEQRONAVMLTE 419

350 SNTRLYKWLPONDLLGHPKTKAFITHGGTNGIYEAIYHGIPMVGIPLFADQHDNIAHMKA 409

Caenorhabditis elegans 349 KNVHLFKWLPQKDLLLHNKTKAFITHGGYNSMQEAISAGVPLVTIALFGDQPKNSKVAKK 408
oKk ok T * . %
PSPG Box

Figure 2. Genomic characterization of PE1539. (a) Physical map of Sg-3. A candidate region of 45 Mb
based on the BSA result is shown on chromosome 10 of soybean. Twenty F, mutant individuals from
the cross of Uram and PE1539 were used for the physical mapping. Indicated physical positions
are based on the Williams 82 version 4 assembly. (b) Polymorphism of Sg-3 (Glyma.10G104700) in
Pungsannamul and PE1539. The sg-3a allele of PE1539 has a single-nucleotide substitution causing
the generation of a premature stop codon before the plant secondary product glycosyltransferase
(PSPG) box. The black box indicates exon of Sg-3. The region marked with black brackets indicates the
PSPG box. Arrows indicate the location and direction of primers used for sequencing. a, Gm-Sg3-F1;
b, Gm-Sg3-R1; ¢, Gm-Sg3-F2; d, Gm-Sg3-R2. (c) Multiple amino acid sequence alignment of UDP-
glycosyltransferases. Amino acid sequences of UDP-glycosyltransferases from different species were
aligned together. The region marked with black brackets indicates PSPG box. The regions marked
with gray highlighting and asterisks indicate identical amino acids. Colons indicate conserved
substitutions. Dots indicate semi-conserved substitutions. GenBank accession numbers of UGTs:
Sg-3, NP_001348424.1, GmSGT3, NP_001240857.1; Sg-1, NP_001237242.2; Sg-4, XP_003517967.1;
GmSGT2, NP_001304384.2; Arabidopsis thaliana, NP_001189528.1; Oryza sativa, XP_015617717.1; Homo
sapiens, NP_001068.1; Caenorhabditis elegans, NP_497918.1.
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Among the UDP-glycosyltransferases, a conserved motif named plant secondary
product glycosyltransferase (PSPG) box is observed at the C-terminal [29]. This conserved
PSPG motif is known to play an important role in recognizing the sugar donor and receptor
in the reaction [30,31]. The PSPG boxes are conserved in Sg-3, GmSGT3, Sg-1, Sg-4, and
GmSGT?2 of soybean, and in UGTs of Arabidopsis thaliana, Oryza sativa, Homo sapiens, and
Caenorhabditis elegans (Figure 2c). Considering that the mutated protein translated from sg-3a
lacks the PSPG box, it is expected to lose its original function as a UDP-glucosyltransferase.

3.3. Cosegregation of the Sg-3 Polymorphism with the Saponin Phenotype

To determine the role of the sg-3a mutant allele in the saponin phenotype of PE1539,
we isolated genomic DNA of F, individuals from the cross of Uram and PE1539 and ana-
lyzed cosegregation with the dCAPS marker. The mutant allele sg-32 produced digestible
amplicons for the Mbol restriction enzyme. Wild-type homozygous individuals showed one
245-bp band, mutant homozygous individuals showed one 197-bp band, and heterozygous
individuals showed both 245-bp and 197-bp bands (Figure 3). Of the 173 individuals ana-
lyzed, 41 had the wild-type genotype, 90 had the heterozygous genotype, and 41 had the
mutant genotype. The genotype of the population was segregated at a 1:2:1 ratio (Table 1).
All progenies with the saponin phenotype of PE1539 had a homozygous genotype of sg-3a,
and the other progenies with the typical saponin phenotype of Pungsannamul were found
to have either heterozygous or homozygous genotypes of S¢-3. Therefore, we conclude that
the sg-3a allele is a new recessive allele responsible for the saponin phenotype of PE1539.

a
Template : 5°- TCTCAGAAAGGCATATTCCAG .......cocooooiiiiiniiiiiiiiieeiiiiiciceceeceeeeene.. TIGGACAAACAAGAGTCATCATCCGTGGTTTATATAGGGTTTGGGAGCG -3
Primer : 5°- TCTCAGAAAGGCATATTCCAG -3’ 3’- AGCCTGTTTGTTCTCAGTAGTAGGCACCAAATATATCCCAAACCCTCGC -5
PCR '
No Mbol
Uram (Sg-.?) 1 5°- TCTCAGAAAGGCATATTCCAG ....oovvveveeeeenene CAAAATTAAGGATTGGTCGGACAAACAAGAGTCATCATCCGTGGTTTATATAGGGTTTGGGAGCG -3’
PE1539 (sg—3a): 5’-TCTCAGAAAGGCATATTCCAG ........................  CAAAATTAAGGATTGATCGGACAAACAAGAGTCATCATCCGTGGTTTATATAGGGT TTGGGAGCG -3°
Mbol
P1 P2 1 2 3 4 5 6 7 8 9 10
e M B e e W e W Wy W W
M Pl P2 H W M M H M W W H W
300 bp 245 bp
200 bp 197 bp

Figure 3. Cosegregation analysis of the F, population. (a) Schematic diagram of the dCAPS marker
for sg-3a polymorphism. Reverse primer of dCAPS marker provides Mbol restriction site only for the
amplicon of sg-3a template. (b) Cosegregation analysis of the F, population based on a TLC analysis
and dCAPS marker. The dCAPS result shows the cosegregation of Sg-3 polymorphism and saponin
phenotype. The PCR amplicon was 245-bp-long, and the amplicons from sg-3a allele were digested
into 197-bp-long DNA fragments, whereas the amplicons from Sg-3 were not digested. P1, Uram;
P2, PE1539; #1-#10, individuals of F, population; M, a 1-kb marker; W, wild-type homozygote; H,
heterozygote; M, mutant homozygote.
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(PE1539)

3.4. Expression Analysis of Sg-3

To investigate the influence of the mutation on the expression of 5¢-3 in PE1539, we
monitored the expression levels of Sg-3 in PE1539 and wild-type Pungsannamul using
gRT-PCR. The expression of 5¢-3 was significantly lower in PE1539 cells than in Pungsan-
namul cells (Figure 4a). We hypothesized that the decreased expression of PE1539 was a
result of nonsense-mediated mRNA decay (NMD) derived from the premature stop codon
in the sg-3a allele. The NMD pathway is a highly conserved pathway in eukaryotes that
recognizes and removes mRNAs with premature stop codons. Therefore, it avoids the
risk of accumulating truncated proteins that may be potentially harmful [32]. In plants,
abnormally long 3’-UTRs (longer than 300 bp) work as cis-elements of NMD, and the
mRNA is finally degraded by the NMD mechanism [33-35]. For sg-3a in PE1539, the length
of the mutated 3’-UTR was extended by 591-bp nucleotides after the premature termination
codon (Figure 4b). Hence, we speculated that the nonsense mutation in sg-3a triggered
NMD and reduced the expression of sg-3a in PE1539.

0.8
=]
22 0.6
v
w2
£,
% 04
()
2
s 02 *
[}
o~ T
0
Pungsannamul PE1539
(*P < 0.05)
AUG UAA
+1 + 1395
-> <«
a b
AUG UGA
+1 + 804
-> <
a b

Figure 4. Expression of S¢-3 in PE1539. (a) Relative transcript levels of Sg-3 in Pungsannamul
and sg-3a in PE1539. The expression of sg-3a is significantly reduced in PE1539. Asterisk indicates
reduced expression determined using Student’s ¢ test (* p < 0.05). The error bars indicate the standard
deviation. (b) Schematic diagram of S¢-3 and sg-3a mRNA. Note that 3’-UTR is expanded due to the
premature stop codon in PE1539. Arrows a and b indicate location and direction of primers used for
gRT-PCR. The black boxes indicate exons. The white boxes indicate 5'-UTR and 3/-UTR. 5'-UTR, 5
untranslated region; 3'-UTR, 3’ untranslated region.

4. Conclusions

The study revealed that the lack of saponins with a third glucose moiety at the C-3
sugar chain in PE1539 was caused by a new allele of Sg-3, which was designated as sg-3a.
The new allele had a single-nucleotide polymorphism, which resulted in a premature stop
codon. The cosegregation analysis showed the recessiveness of sg-3a to the wild-type Sg-3
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allele and its relationship with the saponin phenotype of PE1539. These results suggested
that dysfunctional Sg-3 protein was produced, and Sg-3 gene expression was inhibited. We
concluded that the recessive sg-3a allele was responsible for the absence of saponins with a
third glucose moiety at the C-3 sugar chain in PE1539.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12071598/s1, Figure S1: Structure and nomenclature of
soybean saponins; Figure S2: Conjugation of third sugar moiety of soybean saponin; Table S1: List of
primers for sequencing, dCAPS, and qRT-PCR analyses.
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