. HOKKAIDO UNIVERSITY

Title Molecular Genetic Study on Tocopherol Synthesis in Soybean Seeds
Author (s) A, T
Degree Grantor biEEKE
Degree Name B (EF)

Dissertation Number FAE139305

Issue Date 2020-03-25
DOI https://doi.org/10.14943/doctoral. k13930
Doc URL https://hdl. handle.net/2115/87730
Type doctoral thesis
File Information Park cheol woo. pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Molecular Genetic Study on Tocopherol Synthesis in Soybean Seeds
(B4 AFEAIZBITD b a7 2o — VAERRKRICET 5 0 F8E R

Hokkaido University Graduate School of Agriculture
Division of Agrobiology Doctoral Course

Cheolwoo Park



Contents

Chapter 1 Il’ltI'OdUCtiOI'I ................................................................. 4

Chapter 2 Identification of quantitative trait loci for increased o-tocopherol

biosynthesis in wild soybean using a high-density genetic map-- 8

2.1  Background and PUIPOSES <+ +«««r+ssssrrreessmmmnrsasiiiee, 8

22 Materials and Methods -« rrerrrrremmmmmmmmaeimiaieaen 8

221 Plant Materials: -« -« ---«rrrrrerrrrmmrmmmarraiaaae. 8

222  Tocopherol qUantification «+-«««««+==swreeeesmmeessnnn. 9

223  Genotype data eneration:«««««++==«««wrsssssrressssineess 9

2.2.4  Linkage group construction and QTL mapping ----------- 10
2.2.5  Construction of y-TMT genes based on whole genome

TESEQUENCING data «++w«++rrrrrrerrrnes et 10

22.6  Cis-element prediction: «««««=-=-«wrreessmmrreeesnieann. 11

D3 RESUILS v cverrerrrmernmeee et 12

2.3.1  Tocopherol contents and ratios of parental lines under
different thermal conditions ................................. 12

2.3.2  Variation of a-tocopherol contents and ratios in

RIL pOPUIAtioNS: -+« ««+++wvrreeemmmreesesiiieeae 12
2.3.3  Construction of a high-density linkage map------------+- 13
234 QTLS for TOC CONtENtS -+ +++rwrrrrrresssessmmmieeraens 13
2.3.5  QTLS fOr TOC FAtios: ««««ww=s== s ssrrrrrrresaeeniiieeees 14
2.3.6  Additive effects of three QTLs on a/y ratio-«-----------+ 15
2.3.7  Candidate genes for QTLs for a-Toc biosynthesis:----+- 15
2.3.8  Sequence polymorphism of candidate genes- -+« 16
D DISCUSSION v rrrrrrrrrmmmnee e e et 34
Chapter 3 Molecular mechanism of thermal response of a-tocopherol biosynthesis
................................................... 36
3.1 Background and PUIPOSES -+ ++««««ws-wrrreesssmmmrnsssiieeee, 36
32 Materials and Methods -« -« -«-rrrrrrrrrmmmmmmeenaeaeaeaeen 36
321 Plant MAaterials: -« -« -rrrrrerrrrrmrmeeiieaeaaaaaaan 36

3.2.2  RNA extraction and expression analysig:-««--««--oxooeeeeeee 36



3.2.3  Methylation analysis:««======++ssssssessserreererere. 37
3.2.4  Tocopherol quantification:««««--==++r+rsrsrmmearreereinnn 37
3.2.5  Construction of y-TMT genes based on whole

genome resequencing data «rreeerreee e 37

3.2.6  Association test of a-tocopherol ratios with SNPs in

y_TMTI, y_TMT2 and y_TMT3 ................................. 38
327 Cl's_element prediction ......................................... 38
33 Results ................................................................. 38

3.3.1  Tocopherol ratios of various soybean accessions
under different thermal conditions -« «-«-exeoerreereeeeenee 38
3.3.2  Expression profiles for y-TMT genes in different tissues
under different thermal conditions -« «--x-veeveeeeeeeeeees 39
3.3.3  Expression profiles of candidate genes for
GOYR-T1/GQTC-T1+++++-+-nvvrreesemmreeeeeiicie 39
3.3.4  Methylation analysis:««««-=srereserrrmmerr 40
3.3.5  Association test between a-tocopherol ratios and SNPs--41
34 DISCUSSIONS =+ v errrrrrermnmnmenenaeet et aeaaieaaeaenns 59

3.4.1  Variation in thermal response of Toc biosynthesis and

Y- TMT @XPIESSION - -+ v+ v+ vvvesreesserensereieiiieiiinn 59
3.42  Expression profiles of candidate genes for

GOYR-T1/GOTC-11 -+ eeeeenmeereeiiiiii 59
3.43  Methylation analysig:«=========ssssseseeeerrrrrr 60

3.4.4  Association of a-Toc ratios with SNPs in y-TMT genes--60

Chapter 4 General DISCUSSION « -+« -+ -+ rrrerrersrmrearerarariererarimierarneeaenes 62
SUITIIIALY “+ 7+ r e e s e 65
ADDEEVIALIOIS =+« -+ -+ = e e e rermmmem e e 67
REFEI@INCES -+ v ereermmmemme et et ettt et e et e e e 68

ACkHOWledgementS ............................................................................ 79



Chapter 1 Introduction

Soybean

The soybean [Glycine max (L.) Merr.] is an important crop as a major source of oil,
protein, starch, dietary fiber, minerals, and vitamins. In East and Southeast Asia, it has been
used in various traditional foods, such as soymilk, soy sauce, soy paste, tempeh, miso, tofu,
and natto (Wilson, 1995). Nowadays, it is cultivated worldwide and mainly processed into
soybean oil and meal (residue after oil extraction) which are used as materials in the
production of edible oil, biodiesel, cosmetics and feed (Bandillo et al., 2015). About 55 % of
produced soybean oil is used as cooking and salad oil, 24 % as baking and frying fats and
oils, 4 % as an ingredient in margarines, 7 % for other food and industrial uses, and 11 % as a
substrate for biodiesel production (Wisner, 2012; Medic et al., 2014). The largest soybean
producer in 2018 is the USA, with 34 % share in the world’s production, followed by Brazil
(32 %), Argentina (15 %), China (4 %), Paraguay (3 %), India (3 %), Canada (2 %), and
others (6 %). Compared to the early 1960s, the soybean cultivation area has increased about 4
times and the yield per unit area has more than double (Masuda et al. 2009). Consequently,
the world’s gross output of soybean was increased from 28.6 million metric tons in 1961-65
to 337.48 million metric tons at 2019-20. It reflects the demand to accommodate the needs

for food, feedstuff and fuel of the growing world population.

Tocopherol

Tocopherols (the vitamin E family) are lipophilic antioxidants that prevent the oxidation
of unsaturated fatty acids. There are four isoforms of tocopherols (Toc), a-, B-, y-, and 6-Toc,
of which a-Toc has the highest vitamin E activity in humans because of its highest affinity
with the hepatic tocopherol transfer protein (Grusak and DellaPenna, 1999; Bramley et al.,
2000). As well as vitamin E activity, a-Toc also plays a role in the prevention of aging-
related diseases such as cardiovascular diseases and cancer (Grusak and DellaPenna, 1999;

Bramley et al., 2000) .

Tocopherol biosynthesis in plants
Tocopherol biosynthesis in plants is well characterized (Fritsche et al., 2017; Méne-
Saffrané and Pellaud, 2017) (Fig. 1). Fusion between the aromatic head of homogentisic acid
(HGA) and the polyprenyl side chain of homogentisate phytyltransferase creates 2-methyl-6-
4



phytyl-1,4-benzoquinol (MPBQ) which is further methylated by MPBQ methyltransferase
(MPBQ-MT) to 2,3-dimethyl-6-phytyl-1,4-benzoquinone (DMPBQ). MPBQ and DMPBQ
are converted to y-Toc and d-Toc, respectively, through cyclization of the HGA head by
tocopherol cyclase. The final step in the tocopherol biosynthesis pathway is the conversion of
v-Toc and 6-Toc to a-Toc and B-Toc, respectively, by y-tocopherol methyltransferase (y-
TMT). MPBQ-MT and y-TMT are crucial in determining the seed tocopherol composition.
The y-TMT activity is reflected in o/y ratio, a ratio of a-Toc content to y-Toc content,
whereas the MPBQ-MT activity is reflected in (o + y)/total ratio, a ratio of the sum of a-Toc
and y-Toc contents to the total Toc content (Fig. 1). In Arabidopsis, MPBQ-MT and y-TMT
are encoded by VTE3 and VTE4, respectively (Van Eenennaam et al., 2003; Bergmiiller et al.,
2003). The VTE4 overexpression in soybean seeds was reported to increase the a-Toc ratio by
up to 70 % (Van Eenennaam et al., 2003). VTE3 and VTE4 co-expression further increased
the a-Toc ratio by up to 90 % and decreased both the 6-Toc and y-Toc ratios in soybean seeds
(Van Eenennaam et al., 2003).

Tocopherol contents in soybean oil

The soybean oil has a relatively high total tocopherol content (1884 mg/L), compared
with other oilseed crops, maize (1511 mg/L), Brassica napus (1240 mg/L) and Sunflower
(1408 mg/L) (Li et al., 2019). However, the most predominant form is y-Toc. The a-Toc
content is typically less than 10 % that of the total Toc content (Grusak and DellaPenna,
1999; Bramley et al., 2000). Considering that soybean is a major oil source providing 30 % of
the total worldwide oil consumption, increasing the seed a-Toc content may open up

opportunities for new food and industrial uses of soybean.

Tocopherol research in soybean

Soybean cultivars have variable seed Toc contents and compositions (Ujiie et al., 2005;
Carra”o-Panizzi et al., 2007; Dwiyanti et al., 2007; Seguin et al., 2009). The genetic and
molecular bases underlying this natural variation have been extensively studied (Li et al.,
2010; Liu et al., 2010; Dwiyanti et al., 2011; Shaw et al., 2016; Shaw et al., 2017). Dwiyanti
et al. (2011) detected a major quantitative trait locus (QTL) for a-Toc ratio in chromosome
(Chr) 9 which accounted for 55 % of the phenotypic variation in a recombinant inbred line

(RIL) population of a cross between a Japanese standard soybean cultivar Ichihime (a-Toc



ratio < 10%) and a high a-Toc cultivar from Eastern Europe, Keszthelyi Aproszemu Sarga
(KAS; a-Toc ratio > 20%). The QTL region contained a y-tocopherol methyltransferase gene
designated as y-TMT3, which showed higher expression in developing seeds from RILs
having the KAS allele at the QTL than those having the Ichihime allele. A B-glucuronidase
reporter-aided analysis of y-TMT3 further confirmed that the promoter of y-TMT3 from KAS
had higher activity than that from Ichihime. The higher promoter activity is likely caused by
single nucleotide polymorphisms (SNPs) in cis-regulatory elements, such as MYBCORE and
CAAT box motifs, in the promoter (Dwiyanti et al., 2011). Based on these results, Dwiyanti
et al. (2011) suggested that the use of y-TMT3 with high promoter activity from KAS could
be a means of improving the a-Toc content in soybean seeds. The function of y-TMT3 as a
methyltransferase was confirmed by the catalytic assay of purified enzyme heterologously
expressed in Escherichia coli (Tewari et al., 2017). Soybean has additional two tightly linked
y-TMT genes, y-TMTI and y-TMT2, on Chrl12 (Li et al., 2010). The three TMT proteins (y-
TMTI1, y-TMT2, and y-TMT?3) exhibit high amino acid similarities of 90.5 %-94.4 % with
each other. The overexpression of y-TMT2 increased the seed a-Toc content 3—4.5 fold and 4—
6 fold relative to the wild type in maize (Zea mays) and Arabidopsis (Zhang et al., 2013),
respectively, supporting that it possessed the function of y-TMT. Based on plastid transit
peptide prediction (Emanuelsson et al., 1999), only y-TMT2 possesses a plastid transit
peptide signal, suggesting that y-TMT2 functions in the plastid (Dwiyanti et al., 2011).
However, the intracellular localization and function for the other two TMT proteins remain

undetermined.

Purposes of this study

Increasing o-Toc in soybean seed is an important breeding target of soybean seed
quality. But molecular mechanisms of tocopherol biosynthesis are not fully identified. The
purposes of the present study were first to determine the molecular genetic basis for an
elevated a-Toc ratio detected in a wild soybean accession, and second to characterize the
thermal responses of tocopherol biosynthesis and determine the association with DNA

polymorphisms in the three y-TMT genes.
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Fig. 1 Tocopherol biosynthesis pathway.

Enzymes are shown in green boxes. Phytyl-DP, phytyl-diphosphate; HGA, homogentisic acid; MPBQ, 2-
methyl-6-phytyl-1,4-benzoquinol; DMPBQ, 2,3-dimethyl-6-phytyl-1,4-benzoquinol; MPBQMT, 2-methyl-
6-phytyl-1,4-benzoquinol  methyltransferase; TC, tocopherol cyclase; y-TMT; y-tocopherol

methyltransferase.



Chapter 2 Identification of quantitative trait loci for increased a-tocopherol

biosynthesis in wild soybean using a high-density genetic map

2.1 Background and Purposes

The wild soybean (Glycine soja) is a huge reservoir of potentially useful variants for the
improvement of soybean cultivars. To date, it has been used to improve yield, stress
tolerances, disease resistances, and nutritional components of seeds in soybean breeding
(Hajika et al., 1996; Kikuchi et al., 1999; Concibido et al., 2003; Fukuda et al., 2005;
Kanamaru et al., 2008; Kim et al., 2010; Wang et al., 2007; Xu et al., 2012; Dwiyanti et al.,
2016). Based on a survey on 528 wild soybean accessions collected from various regions of
Japan and South Korea, Dwiyanti et al. (2016) discovered 11 accessions with high a-Toc
ratios. Sequencing analyses of the promoter and 5'-untranslated region (UTR) of y-TMT3
classified the 11 accessions into four haplotypes, of which one was identical to the y-TMT3
sequence of KAS. A molecular genetic study of the high a-Toc ratio of wild accessions,
particularly those with novel y-TMT3 promoter haplotypes, may therefore be useful in
broadening the genetic diversity of a-Toc biosynthesis in soybean.

In this chapter, I identified QTLs for a high a-Toc trait detected in a wild accession
B04009, and discussed the candidates for the QTLs, based on the results obtained from

sequencing analyses.

2.2 Material and Methods

2.2.1 Plant materials

The soybean breeding line TK780 and a wild accession (B04009) were used in this
study. TK780 is an early-flowering line with a low seed a-Toc content and ratio. B04009, a
wild soybean accession collected in Yamanashi Prefecture, Japan, has a high seed a-Toc
content and ratio (Dwiyanti et al., 2016). A RIL population of 94 Fg(2016) and Fy (2017)
lines was developed by a single seed descendent method from an F, population of the cross
between TK780 and B04009. RILs and parents were grown in pots under short-day
greenhouse conditions where air temperatures were set to 25°C with a fluctuation from 22 °C
to 28 °C from February to May in 2016 and 2018. Lights were supplied with high intensity
discharge lamps (HONDA-T; Panasonic Co., Osaka, Japan) in the daytime. Seeds were

harvested as a bulk from three to four plants in each line and dried in a desiccator until
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required for the assay. Parents were also grown at 25 °C in the greenhouse, and after
flowering were transferred to growth chambers set to 20 °C and 30 °C; seeds were harvested

individually from two to five plants.

2.2.2 Tocopherol quantification

Tocopherol contents of seeds were quantified according to Dwiyanti et al. (2011). Ten
fully dried seeds for each line were ground to a fine powder by Multi-Beads Shocker
(MB755U(S); Yasui Kikai Co, Osaka, Japan). Twenty mg of seed powder was thoroughly
mixed with 500 pL of cold 80 % ethanol (4 °C) containing 5 pL dI-Tocol solution (10 pg/ml;
Tama Biochemical Co. Ltd., Tokyo, Japan) as an internal standard. After sonication for 10
min, the mixture was thoroughly mixed with 1,000 puL of hexane with added pyrogallol as an
antioxidant. The mixture was sonicated again for 10 min, and then centrifuged for 5 min at
18900 x g at 4 °C. The supernatants were analyzed by high-performance liquid
chromatography (LaChrom Elite, Hitachi High-Technologies Corp., Tokyo, Japan) using a
reverse-phase column (Inertsil ODS-3, 3.0 mm x 250 mm; GL Sciences, Tokyo, Japan) with
methanol : acetonitrile (10 : 90 v/v) as a mobile phase at flow rate 0.5 mL/min at a constant
temperature of 40 °C. Tocopherol isoforms were detected at 295 nm with one peak for dl-
Tocol and three peaks for 6-Toc, the sum of y-Toc and B-Toc, and a-Toc, in order of retention
time. The content of each isoform was calculated with the ratio of the peak area against that
of dl-Tocol. In this study, the content calculated from the sum of y-Toc and B-Toc was
considered the y-Toc content because the actual B-Toc content is very low in soybean seeds

(Ujiie et al., 2005). The assay was carried out in triplicate.

2.2.3 Genotype data generation

Total DNA of RILs was extracted from young leaves using the modified CTAB method
(Doyle and Doyle, 1987). DNA was digested using the restriction enzymes BglIl and EcoRI
to create a DNA library for double digest restriction site-associated DNA sequencing (Baird
et al., 2008; Peterson et al., 2012). Sequencing was performed with 51 bp single-end reads in
one lane of a HiSeq2000 Sequencer (Illumina, San Diego, CA, USA) by Macrogen (Seoul,
South Korea). The resulting reads were trimmed with Trimmomatic ver 0.33 (Bolger et al.,
2014) using the following parameters: LEADING:19, TRAILING:19,
SLIDINGWINDOW:30:20, AVGQUAL:20, and MINLEN:51. These RAD-Seq procedures

were carried out by Clockmics, Inc. (Izumi, Osaka, Japan). The trimmed reads were mapped
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to the soybean reference genome Williams82.v2 using Bowtie2 (Langmead et al., 2012) with
a default parameter setting. SNP calling was performed using GATK-Unified Genotyper
(McKenna et al., 2010). Imputation of missing genotypes in RILs using parental SNP data
was performed using Beagle 4.0 (Browning and Browning, 2007). Filtering for monomorphic
SNPs and SNPs having many missing calls was performed using TASSEL.5.2.31 with
following parameters: minimum call rate per SNP 90 % and minimum allele frequency 0.05
(to remove monomorphic SNPs) TASSEL (v 5.2.31) (Bradbury et al., 2007). Using custom
script in R (RC Team, 2018), the nucleotide information was converted to AB genotype with
parentA=TK780 and parentB=B04009. All heterozygous genotypes were converted as
missing alleles. Further filtering for duplicated markers or markers having switch alleles was

performed in R/QTL (Broman et al., 2003) resulting in a final set of 7,710 SNPs.

2.2.4 Linkage group construction and QTL mapping

QTL IciMapping ver 4.1 (Wang et al., 2016) was used to construct a linkage map with
7,710 SNP markers. The Input algorithm, which re-estimates recombination frequency and
genetic distance without changing the marker order in the input file, was used to determine
the order of markers on the genetic map. The sum of adjacent recombinant frequencies with a
window size of 5 was used as a rippling criterion for fine tuning of the markers.
Recombination frequencies between linked loci were transformed into centimorgan (cM)
distances using Kosambi’s mapping function (Kosambi, 1943). Linkage map was drawn
using MapChart (Voorrips, 2002).

QTL analyses were performed with the inclusive composite interval mapping of additive
QTLs implemented in QTL IciMapping (Wang et al., 2016). The permutation test was
performed to determine the threshold of significant QTLs. Based on the result, LOD scores
more than 3.576 were used as criteria to delineate the significance of QTLs (p < 0.05). The
supporting intervals of QTLs passing threshold were defined by ICIMapping as leftCI = left

border of confidence interval and rightCI = right border of confidence interval.

2.2.5 Construction of y-TMT genes based on whole genome resequencing data

Raw reads of TK780 and B04009 from next-generation sequencing Illumina Hiseq XTen
were aligned to the soybean reference genome Williams82.a2 (Schmutz et al., 2010). The
alignment was performed using Bowtie2-2.2.9 (Langmead and Salzberg, 2012). The resulting
alignment was further processed to remove duplicate reads and to fix mate information using

10



Picard tools (http://broadinstitute.github.io/picard). The Genome Analysis Toolkit (GATK

ver 3.8; McKenna et al., 2010) was used to realign small indels. Subsequently, variants (SNP
and indels) were called using the GATK Unified Genotyper function which filtered out reads
having mapped base quality Phred scores below 20. Using the reference genome
Williams82.a2 and SNP dataset of each variety, sequences of y-TMT genes were

reconstructed by the FastaAlternateReferenceMaker function available in GATK.

2.2.6 Cis-element prediction

New PLACE, a Plant Cis-acting Regulatory DNA Elements database
(http://www.dna.affrc.go.jp/PLACE/) (Higo et al., 1999) was used to predict cis-acting
regulatory elements present in the promoter region (2,000-bp upstream of the start codons) of
y-TMTI, y-TMT2, y-TMT3, and genes for S-adenosyl-L-methionine-dependent
methyltransferases superfamily protein, RING-H2 finger C2A and GATA type zinc finger
transcription factor family protein in B04009 and TK780.

11
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2.3 Results

2.3.1 Tocopherol contents and ratios of parental lines under different thermal
conditions

Toc contents and compositions were compared between seeds matured at 20 °C and 30
°C. TK780 and B04009 had different characteristics for seed Toc biosynthesis. TK780
produced seeds with tocopherol contents approximately two-fold higher than B04009,
irrespective of the temperature during seed development (Table 1). B0O4009 produced more a-
Toc than TK780 both in 20 °C (r=8.36, p=1.6 x 10*) and in 30 °C (t=5.71,p=1.3 x 107)
despite its lower total Toc content. The a-Toc content elevation in B0O4009 was associated
with increments of both the (a + y)/total ratio (ratio of the sum of a-Toc and y-Toc contents to
the total Toc content) and the o/y ratio (ratio of the a-Toc content to the y-Toc content),
reflecting the extent of conversions from MPBQ to DMPBQ and from y-Toc to a-Toc,
respectively. a-Toc contents increased as temperatures increased in both B04009 (¢ = 7.57, p
= 1.3 x 10™*) and TK780 (¢ = 3.80, p = 0.032), as reported in previous studies (Almonora et
al., 1998; Britz et al., 2002; Britz et al., 2008; Seguin et al., 2010; Carrera et al., 2011;
Chennupati et al., 2011; Dwiyanti et al., 2016). The (a + y)/total and o/y ratios also increased
as temperatures rose, but this was particularly marked in the a/y ratio of B04009 which

increased 5.5-fold more at 30 °C than at 20 °C (Table 1).

2.3.2 Variation of a-tocopherol contents and ratios in RIL populations

Ninety-four RILs were developed by a single-seed descent method from the F,
population of the cross between TK780 and B04009. The two parents differed in flowering
habits; under natural daylength (ND) conditions of Sapporo (43°07'N, 141°35'E). TK780
flowered in the middle of July whereas B04009 flowered in late September. The flowering
time of RILs also varied widely within the range of parents’ flowering time under ND
conditions (data not shown). To reduce the variation induced by different thermal conditions
associated with flowering and maturing times, the RILs were grown under short-day
conditions in a greenhouse where the air temperature was controlled at 25 °C.

The seed Toc contents in the RILs varied continuously in a range of parental values in -
Toc, y-Toc, and total Toc contents, but the a-Toc content was slightly over the parental
values in the two years tested (2016 and 2017) (Fig. 2). The a-Toc contents ranged from 7—
115 pg/g in 2016 (24 ng/g seed in TK780, 62 pg/g seed in B04009) and from 9-91 pg/g in

12



2017 (32 pg/g seed in TK780, 46 pg/g seed in B04009). The correlation coefficients between
years were significant in all contents (p < 0.01); the highest was seen in the a-Toc content (»
= 0.772), suggesting that the biosynthesis of a-Toc was relatively stable compared with that
of other tocopherol contents (Table 2). The a-Toc contents did not correlate with -Toc and
v-Toc contents in either year (Additional file 1B), but weakly correlated with total Toc
contents; the correlation coefficient (» = 0.292) was significant only in 2016 (p <0.01; Fig.
3A and 3B). In contrast, there were strong positive correlations (» = 0.747 to 0.931) among d-
Toc, y-Toc, and total Toc contents (Table 3).

Next, the variation of (a + y)/total and a/y ratios in the RIL population was examined.
The RILs varied continuously almost in a range of parental values with respect to the (o +
v)/total ratio, whereas some lines showed higher a/y ratios than B04009 (Fig. 4). Both ratios
showed significant (p < 0.01) positive correlations between years, and the correlation
coefficient was higher in the o/y ratio (» = 0.768) than the (a + y)/total ratio (» = 0.474) (Table
2). Both ratios further positively correlated with the o-Toc content in both years; the
correlation with the a-Toc content was stronger in the o/y ratio than the (o + y)/total ratio
(Fig. 3C to 3F). The two ratios also exhibited significantly positive (p < 0.01) correlations
with each other ( = 0.541 in 2016, » = 0.472 in 2017). Collectively, these results suggest that
the seed a-Toc contents in the RIL population were associated primarily with the ao/y ratio,
indicating the extent of conversion from y-Toc to a-Toc, then the (a + y)/total ratio indicating
conversion from MPBQ to DMPBQ, but only weakly with the total tocopherol production
(Fig. 4A and 4B).

2.3.3 Construction of a high-density linkage map

Prior to QTL analysis, a genome-wide SNP-based genetic map was constructed with a
total of 7,710 SNPs obtained from restriction site-associated DNA sequencing. The linkage
map was constructed using IciMapping software (Wang et al., 2016). The entire length of the
linkage map was 3,211.6 cM, and the length of each chromosome ranged from 121.3 ¢cM for
the smallest linkage group of Chr9 to 221.1 cM for the largest one of Chrll. The average
genetic distance between neighboring SNP markers was 1.4 cM; the largest gap between
SNPs in each chromosome ranged from 5 ¢cM in Chr3 and Chr4 to 34.1 ¢cM in Chrll. The

gaps were mostly caused by a lack of SNPs available to map between the two lines.

2.3.4 QTLs for Toc contents
13



QTL analyses were performed with the inclusive composite interval mapping of additive
QTLs implemented in QTL IciMapping (Wang et al.,, 2016). Based on the results of
permutation test, a QTL could be considered as significant (p < 0.05) if the logarithm of odds
(LOD) score exceeded 3.576 for both years. Five significant QTLs were detected in the a-
Toc content. They were located in Chr5 (qaTC-5), Chr9 (qaTC-9), Chrll (qaTC-11), and
Chrl2 (qaTC-12) in 2016, and in Chr9 (qaTC-9) and Chrl12 (qaTC-12) in 2017 (Table 4 and
Fig. 5). Additionally, a QTL with a LOD score of 3.2 was detected in Chrll (qaTC-11) in
2017, although the LOD value was below the threshold of significance. The map positions for
the QTLs in Chr9, Chrll, and Chrl2 were identical or almost the same between the two
years, suggesting that the effects on the a-Toc content were caused by respective identical
QTLs. The B04009 allele increased the a-Toc contents at gaTC-9 and gaTC-12 but decreased
the contents at ga7C-5 and qaTC-11. Of these, gaTC-9 had the highest LOD scores (14.3 in
2016, 13.1 in 2017) with the largest additive effect on the a-Toc content. Collectively, the
QTLs detected accounted for 56.4 % (2016) and 54.2 % (2017) of the phenotypic variation
observed in the RIL population.

Three QTLs (qoTC-4, goTC-6, and goTC-19) were detected in the d-Toc content only in
2017. The wild allele increased the 6-Toc content at go7C-4 and goTC-6 and decreased it at
qoTC-19. Of these, goTC-19 exhibited the highest LOD score (14.1), solely accounting for 32
% of the phenotypic variation in the RIL population.

Three QTLs (gyTC-6, qyTC-13, and gyTC-14) were detected in the y-Toc content in
2017. The wild allele increased the y-Toc content at both QTLs, which collectively accounted
for 20.2 % of the whole variation. One QTL for y-Toc content in 2016 was detected in Chr7.

Only one QTL (¢77TC-1) was detected in the total-Toc content in 2016.

Taken together, the four QTLs detected in the a-Toc content did not overlap with those
for 6-Toc, y-Toc, and total-Toc contents, consistent with the absence of correlation between

the a-Toc content and the other contents (Fig. 3A and 3B, Table 3).

2.3.5 QTLs for Toc ratios
QTL analysis was also performed for (a + y)/total and o/y ratios. Significant QTLs were
detected in only the o/y ratio: four QTLs in Chr9 (gayR-9), Chrll (gayR-11), and Chrl2
(qoyR-12.1 and gayR-12.2) in 2016 and four QTLs in Chr9 (gayR-9), Chrll (qayR-11),
Chrl12 (gayR-12.1), and Chrl7 (qayR-17) (Table 4, Fig. 5). Because they had identical or
almost the same map positions in the two years, the three QTLs, gayR-9, qayR-11, and goyR-
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12.1, consistently controlled the a/y ratio. The B04009 allele positively controlled the o/y
ratios at gayR-9 and gayR-12.1 but negatively at gayR-11, goyR-12.2, and qayR-17. gayR-9
had the highest LOD scores in both years (18.2 in 2016, 21.1 in 2017). Collectively, the four
QTLs accounted for 63.3 % (2016) and 68.2 % (2017) of the whole variation detected in the
RIL population. The SNPs flanking gayR-9, qayR-11, and gayR-12.1 were identical to or
nearby those of QTLs for a-Toc contents (qaTC-9, qaTC-11, and qaTC-12), suggesting that

they controlled both the a/y-Toc ratio and a-Toc contents.

2.3.6 Additive effects of three QTLs on a/y ratio

Next, the additive effects were evaluated for the major three QTLs (qayR-9, qayR-11,
and qayR-12.1). RILs were classified into eight genotypic classes based on the flanking SNPs
at the QTLs, and mean o/y ratios were compared among genotypes. As shown in Fig. 6,
alleles from B04009 at gayR-9 and gayR-12.1 and those from TK780 at gayR-11 each

additively increased the o/y ratios in both years.

2.3.7 Candidate genes for QTLs for a-Toc biosynthesis

The Williams 82 genome sequence (Phytozome v12.1/Glycine max Wm82.a2.vl) was
surveyed for the genes annotated in the genomic regions of the QTLs in Chr9, Chrl1, and
Chrl2 for a-Toc contents and a/y ratios. The qalCl/ayR-9 region contained y-TMT3
(Glyma.09G22280, physical position: 44,341,974-44,346,311); this was previously identified
as a candidate of the QTL for a high a-Toc ratio in the cross between high and low a-Toc
soybean cultivars (Dwiyanti et al., 2011). There was no gene directly involved in tocopherol
biosynthesis between the nearest flanking markers of qaTClayR-12.1, but y-TMT2
(Glyma.12G014300.1,  physical  position: 1,033,151-1,037,054) and  y-TMT1I
(Glyma.12G014200.1, physical position: 1,025,584—-1,029,095) were located 703 kbp and
711 kbp, respectively, apart from the flanking marker S12_1740699.

There were 29 genes located within the qaTC/ayR-11 region between markers
S11 31748669 and S11 32039088 (Table 2, Table 5). Of these, 18 genes were expressed in

developing seeds and pods (SoyBase; https://soybase.org/). However, no genes were known

to be involved in Toc biosynthesis. The candidate gene may be located in the vicinity of
QTL. Therefore, I looked into a total of 71 genes in the flanking regions, 35 genes for the

upstream region and 36 genes for the downstream region. This survey totally encompassed
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the region of 400 kbp. Of the selected 100 genes (Glyma.11G219000 to Glyma.11G228900),
there were four zinc finger transcription factors, two of which were expressed in seeds and
pods; RING-H2 FINGER C2A (Glyma.11G220400) and Znf GATA (Glyma.11G226400)
(Table 5, SoyBase; https://soybase.org/). Additionally, S-adenosyl-L-methionine-dependent
methyltransferases superfamily protein (Glyma.11G222800) also existed in the gaTC/ayR-11

region. This gene was also expressed in seed and pods (SoyBase; https://soybase.org/).

2.3.8 Sequence polymorphism of candidate genes

The sequences of three y-TMT genes were compared between TK780 and B04009. The
1,350 bp sequence in the promoter region of y-TMT3 has already been determined in B04009
and shown to differ with respect to 21 SNPs and four indels from KAS (Dwiyanti et al.,
2016). TK780 and B04009 possessed the same coding sequence as the soybean reference
genome Williams 82 (Glyma.09G222800.1), but there were 13 SNPs in the promoter region,
of which 10 were located within known cis-elements (Fig.7). TK780 possessed
2SSEEDPROTBANAPA, a cis-element conserved in many storage protein gene promoters
(Stalberg et al., 1996), and a seed-specific cis-element CANBNNAP (Ellerstrom et al., 1996),
whereas B04009 contained MYB1AT and CAATBOX1, which were previously detected as
cis-elements specific to cultivars with high a-Toc ratios (Dwiyanti et al., 2011) .

A non-synonymous substitution was detected in exon 5 of y-TMT2; the amino acid
residue was serine in TK780 in place of threonine in Williams 82 (Glyma.12G014300.1) and
B04009 (Fig.8). A total of 46 DNA polymorphisms, 38 SNPs and eight indels were detected
in the promoter and introns (Fig.8). Of these, eight polymorphisms were located within
known cis-elements: B04009 possessed DRE2COREZMRABI17, a cis-element for genes
expressed during late embryogenesis and induced by abscisic acid (Busk et al., 1997), and
SEFAMOTIFGMT7S, a cis-element bound by soybean embryo factor 4 (Allen et al., 1989).

The coding sequences of y-TMT! in both TK780 and B04009 were identical to that of
Williams 82 (Glyma.12G014200.1; Fig.9). Additionally, a total of 17 SNPs and 12 indels
were detected in the promoter and introns, of which seven polymorphisms were located
within known cis-elements; there were 13 B04009-specific and four TK780-specific cis-
elements, of which PYRIMIDINEBOXHVEPB1 and RYREPEATBNNAPA in B04009 are
known to be involved in seed development and function (Cercos et al., 1999).

The sequences of three candidate genes of the QTL in chromosome 11 were also

compared between TK780 and B04009.
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The coding sequences of a gene for RING-H?2 finger C2A in both TK780 and B04009
were identical to that of Williams 82 (Glyma.11G220400). Additionally, a total of 9 SNPs
were detected in the promoter, 3'UTR and 5'UTR, of which four polymorphisms were located
within known cis-elements; there were seven B04009-specific and five TK780-specific cis-
elements. However, there was no cis-element known to be involved in seed development and
function (Fig.10).

The coding sequences of a gene for GATA type zinc finger transcription factor family
protein in both TK780 and B04009 were identical to that of Williams 82
(Glyma.11G226400). Additionally, a total of 8 SNPs were detected in the promoter and
3'UTR, of which one polymorphism was located within known cis-elements; there were three
TK780-specific cis-elements, however there is no cis-elements known to be involved in seed
development and function (Fig.11).

In a gene for S-adenosyl-L-methionine-dependent methyltransferases superfamily
protein (Glyma.11G222800.1), there were two non-synonymous substitutions in exon 3 and
exon 9. In exon 3, the amino acid residue was serine in TK780 and Williams 82, but cysteine
in B04009. In exon 9, the amino acid residue was serine in TK780 and Williams 82
(11G222800.1), but proline in B04009. The amino acid residues in TK780 were conserved in
the homoeologous copy (Glymal8G034800.1) and homologs in Arabidopsis and other plant
species. Therefore, the protein of B04009 might be a missense variant. Additionally, a total of
16 SNPs were detected in the promoter and introns (Fig.12). Of these, 6 polymorphisms were
located within known cis-elements. However, there were no cis-elements known to be

involved in seed development and function (Fig.12).
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Fig. 2 Tocopherol content variation in seeds in RILs of the cross between TK780 and B04009.
Closed arrow; B04009, Open arrow; TK780.
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Fig. 3 Scatter diagrams showing relationship between seed a-Toc contents with total tocopherol (Toc)

contents and Toc ratios in RILs. Relationship between seed a-Toc contents with total Toc contents in 2016

(A) and with total Toc contents in 2017 (B). Relationship between seed a-Toc contents with the (a + v)/0-

Toc ratio in 2016 (C) and 2017 (D). (o + v)/6-Toc ratio is the ratio of the sum of a- and y-Toc contents to

the 6-Toc content. Relationship between seed a-Toc contents with the a/y-Toc ratio in 2016 (E) and 2017

(F). a/y-Toc ratio is the ratio of the a-Toc content to the y-Toc content.

** p <0.01; ns, non-significant.
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Fig. 5 Location of QTLs for tocopherol contents and ratios in RILs of TK780 and B04009 cross.
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Fig. 7 Sequence polymorphisms in -TMT3 gene and promoter region.

A) »~TMT3 gene structure is depicted as follows. Exons are shown as red boxes, and areas between two
exons are introns. The 5'-UTR and 3'-UTR are shown as grey boxes. Arrows shows all SNPs and indels
located in cis-elements (C). Numbers above arrows correspond to SNPs and indels number in (B).

B) All SNPs and indels found in gene and promoter region between TK780 and B04009. Third rows show
the position of nucleotide polymorphisms relative to translational start site (ATG).

C) List of SNPs and indels located within cis-elements. Cis-elements present in TK780 but not in B04009
are shown in black, whereas cis-elements present in B04009 but not in TK780 are shown in red. SNPs or
indels position are underlined in Sequence column. Cis-elements specific to seed based on PLACE

prediction are written in bold letters.
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Fig. 8 Sequence polymorphisms in »~TMT?2 gene and promoter region.

A) »-TMT?2 gene structure is depicted as follows. Exons are shown as red boxes, and areas between two
exons are introns. The 5'-UTR and 3'-UTR are shown as grey boxes. Arrows shows all SNPs and indels
located in cis-elements (C). Numbers above arrows correspond to SNPs and indels number in (B).

B) All SNPs and indels found in gene and promoter region between TK780 and B04009. Third rows show
the position of nucleotide polymorphisms relative to translational start site (ATG).

C) List of SNPs and indels located within cis-elements. Cis-elements present in TK780 but not in B04009
are shown in black, whereas cis-elements present in B04009 but not in TK780 are shown in red. SNPs or
indels position are underlined in Sequence column. Cis-elements specific to seed based on PLACE

prediction are written in bold letters.
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Fig. 9 Sequence polymorphisms in »~-TMT1 gene and promoter region.

A) »-TMTI gene structure is depicted as follows. Exons are shown as red boxes, and areas between two
exons are introns. The 5'-UTR and 3'-UTR are shown as grey boxes. Arrows shows all SNPs and indels
located in cis-elements (C). Numbers above arrows correspond to SNPs and indels number in (B).

B) All SNPs and indels found in gene and promoter region between TK780 and B04009. Third rows show
the position of nucleotide polymorphisms relative to translational start site (ATG).

C) List of SNPs and indels located within cis-elements. Cis-elements present in TK780 but not in B04009
are shown in black, whereas cis-elements present in B04009 but not in TK780 are shown in red. SNPs or
indels position are underlined in Sequence column. Cis-elements specific to seed based on PLACE

prediction are written in bold letters.
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Fig. 10 Sequence polymorphisms in the promoter and genic regions of Glyma.11G220400 among TK780,
B04009 and Williams 82 (W82).

A) Gene structure of Glyma.11G220400(RING-H2 finger C2A), Red boxes, grey boxes and lines show
exons, UTRs and introns, respectively. Arrows shows the SNPs and indels located in cis-elements (C).
Numbers above arrows correspond to SNPs and indels number in (B).

B) The SNPs and indels found in the gene and promoter region between TK780 and B04009. Third rows
show the position of nucleotide polymorphisms relative to the Adenine of translational start site (ATG).

C) List of SNPs and indels located within cis-elements. Cis-elements specific to TK780 and B04009 are

shown in black and red, respectively.
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Fig. 11. Sequence polymorphisms in the promoter and genic regions of Glyma.11G226400 among TK780,
B04009 and Williams 82 (W82).

A) Gene structure of Glyma.11G226400(GATA type zinc finger transcription factor family protein ), Red
boxes, grey boxes and lines show exons, UTRs and introns, respectively. Arrows shows the SNPs and
indels located in cis-elements (C). Numbers above arrows correspond to SNPs and indels number in (B).
B) The SNPs and indels found in the gene and promoter region between TK780 and B04009. Third rows
show the position of nucleotide polymorphisms relative to the Adenine of translational start site (ATG).

C) List of SNPs and indels located within cis-elements. Cis-elements specific to TK780 and are shown in
black.
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Fig. 12 Sequence polymorphisms in the promoter and genic regions of Glyma.11G222800.1 among
TK780, B04009 and Williams 82 (W8&2).
A) Gene structure of Glyma.11G222800.1(S-adenosyl-L-methionine-dependent methyltransferases
superfamily protein), Red boxes, grey boxes and lines show exons, UTRs and introns, respectively. Arrows
shows the SNPs and indels located in cis-elements (C). Numbers above arrows correspond to SNPs and
indels number in (B).
B) The SNPs and indels found in the gene and promoter region between TK780 and B04009. Third rows
show the position of nucleotide polymorphisms relative to the Adenine of translational start site (ATG).
C) List of SNPs and indels located within cis-elements. Cis-elements specific to TK780 and B04009 are

shown in black and red, respectively.
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Table 1. Tocopherol contents and ratios in seeds of TK780 and B04009 produced in different thermal conditions

Content (ng/ Ratio (%
Thermal (ng/e) (%0)
condition 5-Toc v-Toc a-Toc total-Toc (at+y)/total ratio o/y ratio
TK780 20°C 178.0 +£29 204 £ 36 16+ 8 397 +73 55.1+0.9 75+£25
30°C 115+4 313 £26 43 £11 471 +£20 75.5+04 13.8+4.8
B04009 20°C 63+9 146 + 38 26+7 236+ 55 72.8+2.3 17.0+0.9
30°C 29+8 82 +21 77+ 18 187 +25 84.5+4.1 114.8+15.0

(o + y)/total ratio= ratio of sum of a-Toc and y-Toc contents to total-Toc content (%)
ao/y ratio= ratio of a-Toc content to y-Toc content (%)

Numerals within parenthesis are standard deviations
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Table 2. Correlation coefficients (r) between years for tocopherol contents and
ratios

Traits r

Contents

d-tocopherol 0.696 **

y-tocopherol 0.459 **

a-tocopherol 0.772 **

Total tocopherol 0.462 **
Ratios

(o + y)/total ratio 0.474 **

a/y ratio 0.768 **

(o + y)/total ratio; ratio of sum of y-Toc and a-Toc contents to total-Toc content
a/y ratio; ratio of a-Toc content to y-Toc content

** significant at 1% level



Table 3. Correlation coefficients (r) between contents of different tocopherol isoforms and total

tocopherol.
2016 2017
a-tocopherol content y-tocopherol content -0.023 ™ -0.172 ™
d-tocopherol content -0.145™ -0.112™
Total tocopherol content 0.292 ** 0.177 ™
y-tocopherol content d-tocopherol content 0.754 ** 0.747 **
Total tocopherol content 0.931 ** 0.909 **
d-tocopherol content Total tocopherol content 0.781 ** 0.847 **

** significant at 1% level, ns, non-significant
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Table 4. QTLs for seed tocopherol contents in RILs of TK780 and B04009 cross.

] Year Position  Supportinterval LOD PVE ) H
Trait QTL-Chr AE Flanking marker
tested (cM) (cM) score (%)
o-Toc content 2016 qoTC-5 142 141.5-144.5 6.1 9.2 -7.6 S05_37473691/37803884
qaTC-9 92 91.5-92.5 14.3 28.7 12.9 S09 43927286/44366371
qoTC-11 198 193.5-198.5 4.0 5.8 -5.8 S11_31748669/32054530
qolC-12 3 2.5-35 7.8 12.7 8.6 S12 2207593/2310293
2017 qoTC-9 92 91.5-92.5 13.1 394 11.2 S09_43927286/44366371
qaTC-11" 196 191.5-198.5 327 84 52 S11_31748669/32054530
qaTC-12 1 0-1.5 6.0 14.7 6.9 S12 1507927/1790872
d-Toc content 2017 qoTC-4 43 42.5-45.5 5.5 9.6 6.9 S04 6780105/7188146
qoTC-6 117 116.5-118.5 4.7 7.9 6.1 S06_42091687/43647797
qoTC-19 79 78.5-79.5 14.1 324 -12.4 S19_37454169/38007384
v-Toc content 2016 qyTC-7 97 96.5-99.5 4.0 16.4 -19.8 S07_19171390/19946051
2017 qyTC-6 75 74.5-76.5 5.6 7.3 13.9 S06_14027025/14268479
qyTC-13 20 16.5-20.5 6.8 8.6 -14.8 S13_14124674/14460816
qyTC-14 91 90.5-91.5 7.7 9.9 16.1 S14 25722294/30081672
Total-Toc content 2016 qTTC-1 141 139.5-141.5 5.5 22.5 -27.1 S01_52482586/53582878

1) Physical position of the QTL support intervals can be determined based on the flanking marker name. Two digits after S define chromosome,
whereas the number after underline define its physical position on the reference genome Williams82.a2.

2) p=0.066

PVE= percent of variation explained (%), AE; Additive effect of B04009 allele (ng/g)



Table 5. QTLs for seed tocopherol ratios in RILs of TK780 and B04009 cross.

Trait Year QTL-Chr Position Support interval LOD score PVE (%) AE Flanking marker"
tested (cM) (cM)
a/y ratio 2016 qoyR-9 96 95.5-97.5 18.2 42.8 6.9 S09 45093824/ 45831868
qoyR-11 198 194.5-198.5 5.5 8.5 -3.1 S11 31748669 /32054530
qoyR-12.1 1 0-1.5 5.7 9.8 3.3 S12 1507927/ 1790872
qoyR-12.2 49 47.5-49.5 3.7 5.6 -2.5 S12 9268661 /9725498
2017 qoyR-9 92 91.5-92.5 21.1 42.6 4.8 S09 43927286 /44366371
qoyR-11 197 192.5-198.5 4.6 6.3 -1.9 S11 31748669 /32054530
qoyR-12.1 1 0-1.5 10.5 16.0 3.0 S12 1507927/ 1790872
qoyR-17 44 43.5-44.5 4.1 5.1 -1.7 S17 8786113 /9025866

1) Physical position of the QTL support intervals can be determined based on the flanking marker name. Two digits after S define chromosome, whereas the

number after underline define its physical position on the reference genome Williams82.a2.

a/y ratio (%)= ratio of a-Toc content to y-Toc content

PVE= percent of variation explained (%), AE; Additive effect of B04009 allele (ng/g)
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2.4 Discussion

QTL mapping and genome-wide association studies have revealed molecular and genetic
bases underlying the natural variation in seed tocopherol contents and compositions in
Arabidopsis (Gilliland et al., 2006) and major crops such as maize (Diepenbrock et al., 2017,
Wang et al., 2018), barley (Graebner et al., 2015), rice (Wang et al., 2015), tomato (Almeida
et al., 2011; Quadrana et al., 2014), soybean (Li et al., 2010; Dwiyanti et al., 2011; Shaw et
al., 2016; Liu et al., 2017; Shaw et al., 2017) , and Brassica napus (Marwede et al., 2005;
Fritsche et al., 2012; Wang et al., 2012). The a-Toc contents and concentrations are strongly
associated with y-TMT (VTE4) in maize (Diepenbrock et al., 2017) and rice (Wang et al.,
2015). In tomato, epialleles with different DNA methylation levels in the promoter region
proximal to the start codon of the gene encoding MPBQ-MT (VTE3) affect VTE3 expression
levels and are inversely correlated with y-Toc contents (Quadrana et al., 2014). As well as
those in tocopherol biosynthesis pathways, novel genes also exhibit an association with
contents of y-Toc, d8-Toc, and total Toc, including two genes for protochlorophyllide
reductase in chlorophyll biosynthesis and a gene for long-chain acyl-coenzyme A synthase in
the fatty acid pathway of maize (Diepenbrock., 2017; Wang et al., 2018).

A number of QTLs for seed a-Toc contents have been reported in soybean (Marwede et
al., 2005; Li et al., 2010; Dwiyanti et al., 2011; Shaw et al., 2016; Liu et al., 2017; Shaw et
al., 2017). Li et al. (2010) identified four QTLs for a-Toc contents by single marker analyses
in a cross between the high a-Toc Canadian cultivar OAC Bayfield and the low a-Toc
Chinese cultivar Hefeng 25. Shaw et al. (2017) found nine and five QTLs, by single marker
analyses and interval mapping, respectively, for a-Toc contents in a cross with OAC Baytield
and a low a-Toc OAC Shire across three locations over two years, of which the QTL tagged
by Sattl17 (Chrl5) had the largest effect, accounting for up to 32% of the phenotypic
variation. Liu et al. (2017) reported a total of 18 QTLs for a-Toc contents in an RIL
population of a cross with the Chinese high a-Toc local variety Beifeng 9, of which four
QTLs in Chrl5 had stable and significant additive effects across six environments. These
studies similarly detected QTLs in Chrl5, although the candidate genes remained
undetermined. However, no genes encoding the enzymes directly involved in o-Toc
biosynthesis are colocalized in these QTL regions. Only a QTL detected in a cross with the
high a-Toc cultivar KAS harbored y-TMT3; the causal factor in the elevated a-Toc in KAS

seeds was considered the higher promoter activity of y-TM73 (Dwiyanti et al., 2011).
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In the present study, I identified three QTLs that were consistently detected in a 2-year
experiment in the RIL population of a cross between the high a-Toc wild accession B04009
and low o-Toc breeding line. In the RIL population, the a-Toc contents varied in close
association with the a/y ratio, which is the index for conversion efficiency from y-Toc to a-
Toc mediated by y-TMT. However, the a-Toc content was not associated with the contents of
total Toc or other isoforms. The three QTLs detected were involved in both the a-Toc content
and the o/y ratio. These QTLs may therefore bring about the accumulation of more a-Toc in
seeds by enhancing the conversion from y-Toc to a-Toc. The QTL with the largest effect was
located close to the QTL in Chr9 as previously detected in the cross between Ichihime and
KAS (Dwiyanti et al., 2011) (Tables 4 and 5, Fig. 5), suggesting that the high a-Toc trait in
B04009 may be controlled by the same QTL as detected in the Ichihime x KAS cross.

The other two QTLs, gayR-11/qaTC-11 and qayR-12.1/qaTC-12, were the novel QTLs
which were not detected in the previous studies. The genomic region of qayR-12.1/qaTC-12
was close to linked pair of y-TMT genes, y-TMT1 and y-TMT?2. Either of or both genes may be
a probable candidate(s) of gayR-12.1/qaTC-12.

The QTL in Chrl1 had an opposite effect compared with the other two QTLs, and likely
contributed to the transgressive segregation in the a-Toc contents and o/y ratios in the RIL
population. The genomic region of the QTL contained no known genes involved in Toc
biosynthesis but included two zinc finger transcription factors (Glyma.l11G220400 and
Glyma.11G226400) and S-adenosyl-L-methionine-dependent methyltransferases superfamily
protein (Glyma.11G222800), all of which are expressed in developing seeds
(https://soybase.org/). Of these, GATA-type zinc fingers are known GATA-binding

transcription factors that control embryo development in Arabidopsis (Dean Rider et al.,
2003). Furthermore, the synthetic zinc finger transcription factor, fused to a nuclear
localization signal and the maize C1 activation domain, successfully upregulated y-TMT by
binding to cis-elements in the promoter to elevate the seed a-Toc ratio in Arabidopsis (Van
Eenennaama et al., 2004). Resequencing analyses revealed that the three candidate genes for
the QTL in Chrl1 had a lot of DNA polymorphisms in the promoter, and additionally, a gene
for S-adenosyl-L-methionine-dependent methyltransferases superfamily protein had two non-
synonymous substitutions between TK780 and B04009. Because the amino acid residues in
TK780 were conserved in the homoeolog (Glymal8G034800.1) and homologs in
Arabidopsis and the other plant species, the protein from B04009 might be a missense

variant. | carried out the expression analysis for the three genes in the next chapter.
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Chapter 3

Molecular mechanism of thermal response of a-tocopherol biosynthesis

3.1 Backgroud and Purposes

Temperature during seed development is one of the environmental factors that influence
the a-Toc contents and ratios in seeds (Carrera et al., 2016). The a-Toc contents and ratios
increase as temperatures rise during seed maturation (Almonora et al., 1998; Britz et al.,
2002; Britz et al., 2008; Seguin et al., 2010; Carrera et al., 2011; Chennupati et al., 2011;
Dwiyanti et al., 2016). y-TMT is the key enzyme in the last step of tocopherol biosynthesis,
which converts y-Toc to a-Toc or 6-Toc to B-Toc (DellaPenna, 2005). Soybean has three y-
TMT genes, but it remains unknown how these y-TMT genes function in the Toc biosynthesis
in response to temperatures. In this chapter, I first evaluated the variation in thermal
responses of Toc biosynthesis among soybean cultivars and wild accessions, and second
compared expression profiles of y-TMT genes in leaves and immature cotyledons of plants
grown in different thermal conditions and investigated the methylation of the promoter
regions as one of factors for different expression profiles. Finally, I examined the associations

between a-Toc ratios and DNA polymorphisms for the three y-TMT genes.

3.2 Material and Method

3.2.1 Plant materials

Twenty-one soybean cultivars and 11 wild soybean accessions were used in this study.
The origins/collection sites are given in Table 5. These materials were grown at 25 °C in the
greenhouse, and after flowering, transferred to growth chambers set to 20 °C and 30 °C; seeds

were harvested individually from one to ten plants.

3.2.2 RNA extraction and expression analysis

Three to four pods of full seed stage (Fehr et al., 1971) and three to four leaves were
sampled individually from two to five plants for TK780, B04009 and KAS grown at 20 °C
and 30 °C 12 h after lighting. The sampled leaves and immature seeds were bulked
separately, immediately frozen in liquid nitrogen, and stored at —80 °C. Frozen tissue was
ground to a fine powder under liquid nitrogen by Multi-Beads Shocker. Total RNA was
isolated from 200 mg of frozen seed powder using TRIzol reagent (Thermo Fisher Scientific,
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Yokohama, Japan). DNase I (Takara Bio, Shiga, Japan) was used to remove genomic DNA.
cDNAs were synthesized from 1 pg of total RNA by using the M-MLYV reverse transcriptase
system (Invitrogen, Tokyo, Japan) with an oligo (dT) 20 primer. Transcript levels of three y-
TMT genes, y-TMTI1, y-TMT2 and y-TMT3, and three candidate genes for gayR-11/qaTC-11,
Glyma.11G220400, Glyma.11G222800 and Glyma.11G226400, were determined by
quantitative real-time PCR. The PCR mixture (20 pL) contained 0.1 uL of the cDNA
synthesis reaction, 5 pL of 1.2 pM primer premix, and 10 pL. SYBR Premix Ex Taq II
(Takara). A CFX96 Real-Time System (Bio-Rad, Osaka, Japan) was used. PCR cycling
conditions were 95 °C for 3 min followed by 39 cycles of 95 °C for 10 s, 57 °C for 20 s, 72
°C for 20 s, and 78 °C for 2 s. Fluorescence was quantified before and after incubation at
78°C to monitor the formation of primer dimers. Actin mRNA (Glyma.18G222800.1) was
used for normalization. A reaction mixture without reverse transcriptase was used as a control
to confirm the absence of genomic DNA contamination. Amplification of a single DNA
fragment was confirmed by melting curve analysis and gel electrophoresis of PCR products.
Averages and standard errors of relative expression levels were calculated from PCR results
for four independently synthesized cDNAs. Primer sequences used in expression analyses are

listed in Table 6.

3.2.3 Methylation analysis

Genomic DNA was extracted from immature cotyledons of full seed size sampled from
TK780 and KAS grown in two different thermal conditions (20 °C and 30 °C) after
flowering, using the modified CTAB method. DNA samples were digested with McrBC
(Takara Bio, Otsu, Japan) that cleaves DNA sequence containing two methylated cytosine
residues ((G/A)™C) separated by 30-2000 bp on one or both strands. Digested and undigested
samples were used in PCR amplification targeting different regions of y-TMT2 and y-TMT3

promoters. Primer sequences used in methylation analyses are listed in Table 7
3.2.4 Tocopherol quantification
Tocopherol contents of seeds were quantified according to the method described in the

previous chapter.

3.2.5 Construction of y-TMT genes based on whole genome resequencing data
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Raw reads of 15 soybean cultivars and 9 wild soybean accessions from next-generation
sequencing Illumina Hiseq XTen were aligned to the soybean reference genome
Williams82.a2 (Schmutz et al., 2010). The alignment was performed using Bowtie2-2.2.9
(Langmead et al., 2012). The resulting alignment was further processed to remove duplicate
reads and to fix mate information using Picard tools (http://broadinstitute.github.io/picard).

The Genome Analysis Toolkit (GATK ver 3.8; (McKenna et al., 2010) was used to realign

small indels. Subsequently, variants (SNP and indels) were called using the GATK Unified
Genotyper function which filtered out reads having mapped base quality Phred scores below
20. Using the reference genome Williams82.a2 and SNP dataset of each variety, sequences of
y-TMT genes were reconstructed by the FastaAlternateReferenceMaker function available in

GATK.

3.2.6 Association test of a-tocopherol ratios with SNPs in y-TMT1, p-TMT 2 and y-TMT3

The 24 soybean accessions and William 82 were classified based on the nucleotides at
SNPs. The significance of association between a-tocopherol ratio and SNPs was analyzed by
one-way analysis of variance. The SNPs tested included those in the promoter and introns

and the non-synonymous SNPs in exons.

3.2.7 Cis-element prediction
New PLACE, a Plant C(is-acting Regulatory DNA FElements database
(http://www.dna.affrc.go.jp/PLACE/) (Higo et al., 1999) was used to predict the position of

cis-acting regulatory elements in the promoter region (2,000 bp upstream from the start
codons) of y-TMTI, y-TMT2, and y-TMT3 of 15 soybean cultivars and 9 wild soybean

accessions.

3.3 Results

3.3.1 a-Toc ratios in seeds matured under different thermal conditions

The variation in the a-Toc ratios in seeds matured at 20 °C and 30 °C are presented in
Fig. 13-1. The seed a-Toc ratios of 21 cultivars varied widely from 3.9 % to 15.5 % at 20 °C
and from 9.1 % to 49.5 % at 30 °C. Similarly, the a-Toc ratios of 11 wild accessions varied
widely from 5.8 % to 23.0 % at 20 °C and from 10.1 % to 57.2 % at 30 °C. Of the 32
accessions tested, 14 cultivars and 10 wild accessions were tested in both temperature
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conditions. Fig. 13-2 presents combined data of a-Toc ratios in the two temperature
conditions for these 24 accessions. The a-Toc ratios increased as temperatures increased in
whole lines, as reported in Dwiyanti et al. (2016). However, there were large differences in
increasing rates of a-Toc ratios among cultivars and wild accessions. Some lines such as
Tanishi Daizu, Norin 2 go, KAS, Tachi Nagaha, B00092, and B08040 showed highly
elevated a-Toc ratios with the rise of temperatures. On the contrary, Feng Dihuang, Aomori

and B08045 showed only small changes in a-Toc ratios.

3.3.2 Expression profiles for y-TMT genes in different tissues under different thermal
conditions

The expression levels of y-TMTI, y-TMT2, and y-TMT3 were analyzed in leaves and
immature cotyledons of full seed size sampled from TK780, B04009 and KAS plants grown
in two different thermal conditions after flowering. The expression levels of y-TMTI and y-
TMT?2 in leaves were higher approximately 80 fold than immature cotyledons in both
temperatures in all lines. y-TMT3 also showed higher expression levels in leaves than
cotyledons in the two temperature conditions in TK780 and B04009; however, the extent was
low compared with those of y-TMT1 and y-TMT2. Interestingly, the y-TMT3 expression levels
were higher in immature cotyledons than leaves in KAS in both temperature conditions (Fig.
14).

In immature cotyledons, the expression levels of y-TMT1 and y-TMT3 were higher in
KAS than TK780 and B04009 in both temperature conditions. In contrast, the y-TMT2
expression was almost the same among three lines in 20 °C, whereas in 30 °C the expression
was significantly upregulated in KAS and B04009 (Fig. 14). TK780 and B04009, parents of
RIL population used in the QTL analysis, showed similar expression levels in y-TMT1, but

the expressions of y-TMT3 were higher in the latter than the former at both temperatures.

3.3.3 Expression profiles of candidate genes for gayR-11/qaTC-11

The expression levels of three candidate genes of QTL in Chrll, Glyma.11G220400
(RING-H2 FINGER C2A) Glyma.11G222800 (S-adenosyl-L-methionine-dependent
methyltransferases superfamily protein) and Glyma.11G226400 (GATA type zinc finger
transcription factor family protein), were analyzed in immature cotyledons of full seed size
sampled from TK780 and B04009 plants grown in two different thermal conditions after
flowering (Fig. 15). The expression levels of Glyma.11G220400 and Glyma.11G226400 did
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not produce any consistent and large differences between TK780 and B04009; the expression
levels were upregulated in 20 °C relative to 30 °C, except for Glyma.11G226400 of B04009.
The expression levels of Glyma.11G222800 were higher in TK780 than B04009 at both
temperatures (Fig. 15), in accordance with the finding that the TK780 allele at gayR-
11/qaTC-11 promoted the a-Toc ratios, differently from the other two QTLs.

3.3.4 Methylation analysis

As indicated in the expression analyses, the y-TMT genes exhibited different expression
profiles between tissues and between temperature conditions. The three lines exhibited
different expression profiles in response to different temperatures. To determine whether the
methylation is involved in different expressions, I analyzed the cytosine methylation in the
promoter regions of y-TMT2 and y-TMT3, using methylation-dependent restriction enzyme
McrBC. Primers used in PCR were designed for each of the targeted regions to be singly
amplified. PCR was performed for the McrBC-digested and non-digested DNA samples. If
the targeted genome region contains either or both of the cytosine residues methylated at two
McrBC-target sites ((G/A)™C) that are located within a distance of 30-2,000 bp, the region is
cleaved by McrBC, so that the PCR targeting the region cannot produce any amplicon.

The results of electrophoresis of PCR products are presented in Fig. 16. The PCR
amplification targeting the promoter region of y-TMT2 produced the amplicons of expected
lengths in both TK780 and KAS, irrespective of thermal conditions during maturation (Fig.
16A and 16C). In contrast, the PCR amplification targeting the promoter region of y-TMT3
from the start codon to 1,342-bp upstream produced no amplicon when the McrBC-digested
DNAs from TK780 grown at 20 °C were used as a template. The PCR amplification
produced the expected PCR product when the DNAs from TK780 grown at 30 °C were used
as a template. Therefore, this methylation was dependent on the temperatures. To delineate
the methylated region, the region was further divided into three regions of 653 bp (region B),
466bp (region C) and 224 bp (region D). Among them, the region B of 1,342 bp to 689 bp
upstream from the start codon did not show any amplicons, whereas the other two regions
produced the amplicons with the expected lengths (Fig. 16B and 16D). However, there was
no methylation in the regions tested in KAS. Accordingly, the temperature-dependent
methylation in the promoter of y-TMT3 was specific to TK780.

Then, the sequences of the methylated region were compared among TK780, KAS and
Williams 82. There were a total of seven SNPs among the accessions compared, of which
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two were located in the McrBC-targeted cytosine ((G/A)™C) sites of 1336 bp and 1266 bp
upstream of the start codon (Fig. 17). TK780 and William82 possessed the cytosine at the
two sites, whereas KAS possessed thymine (Fig. 17). These polymorphisms may be
responsible for the difference in methylation between TK780 and KAS.

3.3.5 Association test between a-tocopherol ratios and SNPs

To determine the association between o-Toc ratios and DNA polymorphisms, DNA
sequences of 2,000 bp covering the promoter and gene region were analyzed for each of three
y-TMT genes.

In the y-TMTI promoter region, a total of 23 SNPs and two indels were detected, but
there was no significant association between a-Toc ratios and DNA polymorphisms (Fig. 18).
In the y-TMTI gene region, a total of 26 SNPs and two indels were detected; there was no
non-synonymous substitution (Fig. 19). However, the accessions having the nucleotide T at a
SNP in intron 1 (Polymorphism number 28) produced higher a-tocopherol ratios in 30 °C
than those having the C nucleotide (p = 0.004) (Fig. 20).

In the y-TMT?2 promoter region, a total of 24 SNPs and one indel were detected (Fig. 21).
The accessions having the nucleotide T at a SNP in the promoter region (Polymorphism
number 6; SNP-6) produced higher a-tocopherol ratios in 20 °C than those having the C
nucleotide (p = 0.027). Similarly, the accessions having the nucleotide A at a SNP in the
promoter region (Polymorphism number 25; SNP-25) produced higher a-tocopherol ratios in
30 °C than those having the T nucleotide (p = 0.003). Furthermore, these SNPs generated the
changes of cis-elements; the accessions having the nucleotide T at SNP-6 possessed a cis-
element, WRKY710S, a binding site of transcriptional repressor of the gibberellin signaling
pathway (Zhang et al., 1996). The accessions having the nucleotide T at SNP-25 possessed a
cis-element -10PEHVPSBD which was bound by a chlorophyll-binding protein (Thum et al.,
2001)(Fig. 22). In addition, a total of 51 SNPs and seven indels were detected in the y-TMT2
gene region. There were four non-synonymous substitutions. However, there was no
significant association between a-Toc ratio and these DNA polymorphisms (Fig. 23).

In the y-TMT3 promoter region, a total of 72 SNPs and one indels were detected (Fig.
24). Three SNPs (Polymorphism numbers 36, 72 and 73) showed highly significant
associations in both temperature conditions. The accessions having the nucleotides G, C and
A at SNP-36, SNP-72 and SNP-73, respectively, produced higher a-tocopherol ratios than
those having the G, C and A nucleotides (20 °C, p = 0.058; 30 °C, p = 0.00001). In addition,
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three SNPs (Polymorphism numbers 3,26 and 57) produced significant associations only in
30 °C; the accessions having the nucleotides A, C and G at SNP-3, SNP-26 and SNP-57,
respectively, produced higher o-tocopherol ratios than those having the G, A and A
nucleotides (p = 0.005). Furthermore, some of these SNPs generated or abolished cis-
elements (Fig. 25). Particularly, the nucleotide A at SNP-26 generated a cis-element
SORLIP1AT, which is conserved in the genes with light-regulated expression patterns during
seedling development (Jiao et al., 2005), and the nucleotide A at SNP-73 did
CACTFTPPCAL, a key component of expression module found in the cis-regulatory element
(Gowik et al., 2004). Total of 28 SNPs and 10 indels were detected in the y-TMT3 gene
region (Fig. 26). There were three non-synonymous substitutions, any of which were not
associated with a-Toc ratios. Only a SNP in intron 1 (Polymorphism number 74) exhibited a
highly significant association (p = 0.0005) with a-Toc ratios in 30 °C; the accessions having
the nucleotide G produced higher a-tocopherol ratios than those having the C nucleotide (Fig.
27).
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Fig. 13-1 Variation in a -tocopherol ratios of seeds matured at different temperature conditions in various soybean cultivars and wild accessions.

A, B) a -tocopherol ratios in wild accessions in 20 °C (A) and 30 °C (B). C, D) a -tocopherol ratios in soybean cultivars in 20 °C (C) and 30 °C (D).
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Fig. 13-2 Different responses of a-tocopherol biosynthesis in seeds of various soybean cultivars and wild soybeans to different temperatures during maturation.
Blue bar: 20 °C, Orange bar: 30 °C
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Fig. 14 Expression profiles of three -TMT genes in leaf and immature cotyledons of plants grown in 20°C
and 30°C.

The relative expression is presented using actin (Glyma.18G222800.1) as an internal control. The
experiments were repeated four times using independently synthesized cDNAs. Error bars; standard errors,
Different alphabets indicate statistically significant (at 5 % level) differences between mean values tested

by Tukey’s HSD.
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Fig. 15 Expression profiles of three candidate genes for the QTL in chromosome 11 in leaf and immature

cotyledons of plants grown in 20°C and 30°C.

The relative expression is presented using actin (Glyma.18G222800.1) as an internal control. The
experiments were repeated four times using independently synthesized cDNAs. Error bars; standard errors,
Different alphabets indicate statistically significant (at 5 % level) differences between mean values tested

by Tukey’s HSD.
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Fig. 16 Analysis of DNA methylation in the promoter regions of y-TMT2 and y-TMT3 in TK780 and KAS using a methylation-sensitive restriction enzyme
McrBC .

A, B) the genomic regions tested in y-TMT2 (A) and y-TMT3 (B). Two regions (A and B) and four regions (A to D) were tested in y-TMT2 and y-TMT3,
respectively.

C, D) Amplified products in the genomic regions of y-TMT2 (C) and y-TMT3 (D). PCR was carried out for the genomic DNAs treated by McrBC (+) and
untreated (-). The DNAs were extracted from immature cotyledons of plants grown in 20 °C and 30 °C conditions. Amplicons were visualized in 1.0 % agarose
gels.
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1342 * *

CTAACAGCCATCTTGTCTCCACTCGTATCCACATCCARATCAATATCCCACRAATTGGGTCTACCARAAGTCATGTTCCGTGTGTCGTATCG
CTAACAGTCATCTTGTCTCCACTCGTATCCACATCCARATCAATATCCCACAATTGGGTCTACCAAAGTCATGTTCTGTGTGTCGTATCG
CTAACAGCCATCTTGTCTCCACTCGTATCCACATCCARATCAATATCCCACAATTGGGTCTACCARAAGTCATGTTCCGTGTGTCGTATCG

CAGGTCATRARAACRRARARAARATTGTCTTCATCGTGTAAGCTTAAGCCAACAACGTTCAATGTATGTCCTATTGTTTGTATTTGTARATT
CAGGTCATARRRAACARARAARATTGTCTTCATCGTGTAAGCTTAAGCCAACAACGTTCAATGTATGTCCTATTGTTTGTATTTGTARATT
CAGGTCATRRARAACRRRARAARAATTGTCTTCATCGTGTAAGCTTAAGCCAACRAACGTTCAATGTATGTCCTATTGTTTGTATTTGTARAATT

TTTGTTGTATTAATTCARATTTARATATTTTACTTCAATTCAATTTGTTTTTATATTTTIAATCTTCTTTTCATTGTTTGCTACATGCTT
TTTGTTGTATTAATTCARATTTARATATTTTIACTTCAATTCAATTTGTTTTTATATTTTIAATCTTCTTTTCATTGTTTGCTACATGCTT
TTTGTTGTATTAATTCARATTTARATATTTTIACTTCAATTCAATTTGTTTTTATATTTTIAATCTTCTTTTCATTGTTTGCTACATGCTT

CTTTTCTTTTTATTIATCATTTATATTTTTTTCACTTATTTTTIRAATRAAGTTIRARAATGTTTTIATCRARAACTRARAAATTTTARRATCRAATARRA
CTTTTCTTTTTIATTIATCATTTATATTTTTTTCACTTIATTTTTAATAAGTTARATGTTTTIATCRARAACTARAATTTTRARAATCARATARRA
CTTTTCTTTTTATTATCATTTATATTTTTTTCACTTATTTTTAATAAGTTIRRAATGTTTTIATCRAAACTRARARAATTTTARRATCRAAATARRA

TTAATTTTATCATTAACTTCATTATTTTTTCTAATTTTARRAGTCACTTTTRARAATTTTTIATTCAATGTTACACTCTTCTTAGTAATTCRA
TTAATTTTATCATTAACTTCATTATTTTTTCTAATTTTARARAGTCACTTTTRARAATTTTTIATTCAATGTTACACTCTTCTTAGTAATTCRAA
TTAATTTTATCATTRAACTTCATTATTTTTTCTRAATTTTARRAGTCACTTTTRARAATTTTTIATTCAATGTTACACTCTTCTTAGTAATTCRAA

AACATTTTATATGTATARATATCATRAAGTCATATCATTTCATACRRARAAAATATTTCATCAACATTCACRAATGTTATTIATCRARAATATCIAG
AATATTTTATATGCTATARAATATCATARAATCATATCATTTCATACRRARAAATATTTCATCAACATTCACRATGTTATTIATCRARAATATETIAG
AACATTTTATATCTATRARATATCATAAGTCATATCATTTCATACRARRARATATTTCATCAACATTCACAATGTTATTATCARATATCIAG

TAATAAGTAGGTAARAARATATAGCCATTCAATTTGGTCTIATAATCG 1 2 | 31 4 1] 5 ] 6 | 7
TAATAAGTAGGTCRARRRAAATGTAGGCATTCAATTTGGTCTIATAATCG Promoter (1342-689)
TAATAAGTAGGTCARAARATATAGGCATTCAATTTGGTCTIATAATCG -1336 | -1266 | -890 | -865 [ -806 | -700 | -680
665 wa2 | GC CG C G C A A
TK780 GC G C A C G A
KAS GT 1G T A T G G

Fig. 17 Predicted positions of cytosine methylated in the genomic region A in the promoter of y-TMT3 gene.

Seven nucleotide substitutions were presented in the target region between TK780 and KAS. Asterisks, cytosine in the TK780 sequence predicted to be

methylated
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Fig. 18 DNA polymorphism in the promoter region of y-TMTI among 25 wild soybean accessions or soybean cultivars. The positions of nucleotide

polymorphisms relative to the adenine of translational start site (ATQG) are presented at the second row.
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Fig. 19 DNA polymorphisms in the genic region of 5 UTR to 3' UTR in y-TMTI among 25 wild soybean accessions and soybean cultivars. The positions of
nucleotide polymorphisms relative to the adenine of translational start site (ATG) are presented at the second row.
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Polymorphism number

28

Position

TK780

William82

Toyomusume

Hidaka4

LDC350

Otofuke Ohsode

LDC351

B08045

LDC197

KAS

LDC344

B09092

T106

B0O0OOS0

B05023

B04009

B08040

B00092

631 (Intron1)

a — toc ratio 30°C (%) p=0004**

=]

20 40 60 80

TK780

Willam82

Toyomusume

Hidaka4
LDC350
COtofuke
LDC351
BOBO4S
LDC197
KAS
LDC344
B09092
T106
BOOQS0
BO5023
BO4009
BO8040
B0OOQ92

H“NHHU“JHUHHUUUU

Fig. 20 Significant association between a-tocopherol ratios and a SNP in the intron of y-TMTI gene. The

accessions tested were classified based on the nucleotides at SNPs. The association between the SNP and

the a-tocopherol ratios were analyzed by one-way analysis of variance.

50



Polymorphism 1 2 3 4 5 6 7| 8 9 lwo|nn |12 3]1a|l1s]|we]|17]1B|19]|2o0]|21]2]|23]24]|25

number

Position -1967 | -1791 | 1784 | 1480 [ 1261 | -947 | 863 | 861 | 803 | 790 | -772 | -770| -727 | 690 | -660 | -647 | 625 | 511 | 295 | 220 | -178| 175 | 153 | 146 | 29
LDC346 G G G G G
LDC351 G G G G G G
1LDC341 G €] €] €] €] €] (€]
LDC227 G G G G G G G
LDC197 G G G G G G G
LDC185 G G G G G G G
wa2 G G G G G G G

Hidaka4 G G G G G G
T106 €] €] G G G G
TN G G G G G G
LDC253 G G G G G G
LDC349 G G G G G G
LDC350 G G G G G G
KAS G G G G G G
oT €] €] €] €] €] €]
BB045 G G G G
BO092 G G G G
B8040 G G G G
TK780 G G G

Toyo G G G

1LDC344 €] €] €]

BOO90 G G G

B9092 G G G

BA009 G G

B5023 G G

* W82, Williams 82, Toyo, Toyomusume, OT, Otofuke Ohsode, TN, Tokachi Nagaha

Fig. 21 DNA polymorphism in the promoter region of y-TMT2 among 25 wild soybean accessions or soybean cultivars. The positions of nucleotide

polymorphisms relative to the adenine of translational start site (ATG) are presented at the second row.
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Fig. 22 Significant association between a-tocopherol ratios and a SNP in promoter of y-TMT?2 gene. The accessions tested were classified based on the nucleotides

at SNPs. The association between the SNP and the a-tocopherol ratios were analyzed by one-way analysis of variance.
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| Exonl Intron1 Intron3 Irtrond| Introns
Polymorphism| 56 |27 2a|29 3o|31|32|33|34 35| 36 |37 38|39|40|41|42|43|44|45|46|47|48|49|50|51|52|53|54|55|56|57|58|59|60|61|62|63 64|65|66|67||69|70|71|72|73|74|75|76|77 78|79 80 |81 32|33
1. 1 4} op81. 13} 104812481

Position 239 [282 | 441 515 [1153[11 276[1281] 1479 | 1745 | 1867 12 161 B162817481785124] 0| il 103514 B551|3596|

DDKKKL-DDKRKL GLTSL-GLSSL IKGALIKGVL CRKPE-CRIPE

* W82, Wilhams 82, Toyo, Toyomusume, OT, Otofuke Ohsode, TN, Tokachi Nagaha

Fig. 23 DNA polymorphisms in the genic region of 5 UTR to 3' UTR in y-TMT2 among 25 wild soybean accessions and soybean cultivars. The positions of

nucleotide polymorphisms relative to the adenine of translational start site (ATG) are presented at the second row.
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Fig. 24 DNA polymorphism in the promoter region of y-TMT3 among 25 wild soybean accessions or
soybean cultivars. The positions of nucleotide polymorphisms relative to the adenine of translational start
site (ATG) are presented at the second row.
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Fig. 25 Significant association between a-tocopherol ratios and a SNP in promoter of y-TMT3 gene. The

accessions tested were classified based on the nucleotides at SNPs. The association between the SNP and

the a-tocopherol ratios were analyzed by one-way analysis of variance.
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Fig. 26 DNA polymorphisms in the genic region of 5 UTR to 3' UTR in y-TMT3 among 25 wild soybean accessions and soybean cultivars. The positions of

nucleotide polymorphisms relative to the adenine of translational start site (ATG) are presented at the second row.
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Fig. 27 Significant association between a-tocopherol ratios and a SNP in the intron of y-TMT3 gene. The

accessions tested were classified based on the nucleotides at SNPs. The association between the SNP and

the o-tocopherol ratios were analyzed by one-way analysis of variance.
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Table 6. Primer sequences for ~-TMT gene expression analysis.

Primer Name

Primer Sequence

GTMT-1_F1
GTMT-1_R1
GTMT-2_F1
GTMT-2 RI1
GTMT-3_F1
GTMT-3 RI1
gGmActin-F
qGmActin-R

5-CTGGAGGCAGAGTATAGCG-3'
5'-AAACTCCCAGGTCCCACCCAAT-3'
5-GAAGCAAGTTTCCAACAGGTCG-3'
5-CGCCAATCATAGGAGATATTGCATATG-3'

5'-CAGTGGACTTAAAACCATAAAGGGAGC-3'

5-CCACATACTCTATATCATTCACACGAG-3'
5-CGGTGGTTCCTATCTTGGCATC-3'
5-GTCTTTCGCTTCAATAACCCTA-3'

Table 7. Primer sequences for methylation analysis.

Primer Name

Primer Sequence

G2-PRO-2245F
G2-PRO-987R
G2-PRO-1203F
G2-PRO--93R
G3-PRO-6F
G3-PRO-6R
G3-PRO-689F
G3-PRO-689R
G3-PRO-224F
G3-PRO-224R

5-CTCATTCTCGGCCACGAGATAACGAG-3'
5'-CTGCAACACACGGTCATAGGATTGG-3'
5-GGGACTAGAAATGGAAGGAGCCAAC-3'
5'-CGACCCGGATTCTGGCGAAAGTGCG-3'
5-CTAAGAGCCATCTTGTCTCCACTC-3'
5-GTAGTCCATTTCATGTGGTGCTGG-3'
5-GGGATTGAATTTGGTCTATAATCG-3'
5-CGATTATAGACCAAATTCAATCCC-3'
5-CCGTTAGAAACCGATCTCACAAAC-3'
5-GTTTGTGAGATCGGTTTCTAACGG-3'
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3.4 Discussion

3.4.1 Variation in thermal response of Toc biosynthesis and y-TMT expression

The o-Toc ratios in seeds in the cultivars and wild accessions tested increased as the
temperature rose from 20 °C to 30 °C. In both thermal conditions, a-Toc ratios were highly
correlated with a/y ratios (» = 0.99 in 20 °C and » = 0.98 in 30 °C). The a-Toc ratios were
also positively correlated with (a + y)/total ratios (» = 0.54 in 20 °C and » = 0.55 in 30 °C),
but the correlation coefficients were lower than those between a-Toc ratios and a/y ratios.
Furthermore, the ratio of 20 °C : 30 °C was highly correlated between a-Toc ratios and o/y
ratios ( = 0.98). From these results, the variations in a-Toc ratios and their thermal responses
among the soybean cultivars and wild accessions were mainly associated with the variations
in o/y ratio, but not in those in (a + y)/total ratio. The different accumulations of a-Toc may
therefore be mainly attributed to the variation in the conversion efficiency from y-Toc to a-
Toc mediated by y-TMTs.

The expression profiles of three y-TMT genes in immature cotyledons were analyzed in
three accessions, TK780, KAS and B04009. The expression levels varied with both
temperatures and genotypes. Particularly, the higher temperature upregulated the expression
of y-TMT2 in all of the three lines tested, but the extents were marked in KAS and B04009,
both of which accumulated a-Toc at higher ratios (Fig. 14). Therefore, y-TM72 may have an
important role in the accumulation of a-Toc as promoted by high temperature. In addition, y-
TMT3 showed higher expression levels in KAS than TK780 and B04009 at both
temperatures; the expression levels were also slightly but significantly higher in B04009 than
TK780. As indicated in the previous chapter, y-TMT3 is likely the candidate gene for the
qoyR-9/qoTC-9. Although the expression levels of y-TMT3 in B04009 were considerably low
compared with those of KAS, the different expression levels might be a molecular basis for

the QTL, as in the Ichihime x KAS cross. .

3.4.2 Expression profiles of candidate genes for the qayR-11/qaTC-11

Van Eenennaam et al. (2003) demonstrated that the y-TMT genes are main factor of high
a-Toc contents and ratio in soybean. However, the present study indicated that the QTL
located in Chr11 also had an effect on a-Toc content and ratio, despite that there was no gene

involved in known Toc biosynthesis. I picked up three candidate genes for the QTL, based on
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the annotations in Williams 82 genome sequence data base, and analyzed their expressions in
the immature cotyledons. The expression levels of genes for RING-H2 finger C2A
(Glyma.11G220400), GATA type zinc finger transcription factor family protein
(Glyma.11G226400) and S-adenosyl-L-methionine-dependent methyltransferases
superfamily protein (Glyma.11G222800) in immature cotyledons varied with both
temperatures and genotypes. In Glyma.11G220400 and Glyma.11G226400, there is no
consistent association between expression levels and a-Toc ratios. The expression levels of
Glyma.11G222800 did not show any distinct responses to temperatures, but the expression
levels in TK780 and KAS were significantly higher than those of B04009. A further study is

needed to determine whether these genes were involved in the a-Toc biosynthesis or not.

3.4.3 Methylation analysis

The methylation on the promoter or coding region is known to inhibit gene expression in
plant (Kilby et al., 1992; Hohn et al., 1996). As a causal factor of different expression levels
of y-TMT genes, I analyzed the methylation of the promoter regions of y-TMT2 and y-TMT3.
As a result, I found that the y-TMT3 promoter region of TK780 was methylated under 20 °C
condition, but not in 30 °C. The comparison of DNA sequences for the methylated region
further detected two SNPs located in the McrBC-targeted sites between TK780 and KAS, in
which TK780 possessed the cytosine residues. Because the region was methylated only in
TK780, these two cytosine residues might be subject to the methylation (Fig. 16).
Furthermore, the methylation was dependent on the temperatures; only low temperature of
20 °C produced the methylation. It would be intriguing to determine how these cytosine
residues were methylated in a further study. However, in TK780, the expression levels of y-
TMT3 increased at 20 °C relative to 30 °C (Fig. 14), in discord with the prediction that the
expression level at 20 °C was repressed by methylation. Therefore, the methylation of the y-

TMT3 promoter may be not a main factor of lowered a-Toc biosynthesis in TK780.

3.4.4 Association of a-Toc ratios with SNPs in y-TMT genes

In this study, I construct the y-TMT1, y-TMT2 and y-TMT3 sequences based on whole
genome resequencing data for 15 soybean cultivars and 9 wild soybean accessions. These
materials were classified based on the nucleotides at SNPs. The association analysis revealed

that a-Toc ratios were significantly associated with the SNPs in the intron of y-TMTI gene
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(SNP-28), y-TMT?2 promoter (SNP-6 and 25), y-TMT3 promoter (Group of SNP-3, 26, 57 and
Group of SNP-36, 72, 73) and gene regions (SNP-74). Of these, the SNPs (SNP-36, SNP-72
and SNP-73) in the y-TMT3 promoter showed the highest association between the SNP and a-
Toc ratios, particularly at 30 °C; All of the accessions having the nucleotides G, C and A at
these SNPs produced higher a-Toc ratios than those having different nucleotides (A, T and
C), except for only LDC197, a Chinese accession, which produced high a-Toc ratios at both
20 °C and 30 °C. The other associations were not necessarily so close; there were some
overlaps between a-Toc ratios and the nucleotides at SNPs. A further study is needed to
determine the roles of the SNPs in the control of a-Toc biosynthesis

Wild soybean accessions with high seed a-Toc ratios including B04009 exhibited diverse
DNA polymorphisms in the promoter sequence (1,350 bp) of y-TMT3; B04009 differed with
respect to 14 SNPs and four indels from KAS (Dwiyanti et al., 2016). However, all of the
wild accessions with high a-Toc ratios shared three SNPs with KAS, which were
differentiated from the low a-Toc cultivars tested (Dwiyanti et al., 2016). These SNPs
corresponded to three SNPs identified in this study, SNP-57, SNP-72 and SNP-73. The group
of accessions with SNP-57 included a wild accession with low o-Toc ratios (Hidaka 4).
Therefore, SNP-72 and SNP-73 may be more important in the regulation of y-TMT3 gene
expression. A further investigation using diverse germplasm collections would be useful to
confirm the validity of the associations of these SNPs with seed a-Toc contents/ratios, and
the identification of critical cis-element(s) would aid an understanding of seed a-Toc content

control by y-TMT3.
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Chapter 4 General Discussion

Tocopherols are lipophilic antioxidants. The soybean oil has a relatively high total
tocopherol content compared with other oilseed crops, maize, Brassica napus and sunflower
(Li et al., 2019). However, the most predominant form is y-Toc. The a-Toc content is
typically less than 10 % that of the total Toc content (Grusak and DellaPenna, 1999; Bramley
et al., 2000). In order to increase the a-Toc content and open up opportunities for new food
and industrial uses of soybean, the genetic and molecular bases underlying the natural
variation have been extensively studied (Li et al., 2010; Liu et al., 2010; Dwiyanti et al.,
2011; Shaw et al., 2016; Shaw et al., 2017). Up to now, a number of QTLs for tocopherol
biosynthesis have been identified. Dwiyanti et al. (2011) detected a major QTL for a-Toc
ratio in chromosome 9, which accounted for 55 % of the phenotypic variation in a RIL
population derived from the Ichihime x KAS cross. The molecular basis of this QTL is
suggested to be a different promoter activity of y-TMT3.

In this study, I identified two major QTLs and one minor QTL conferring higher a-Toc
contents in a cross between a low a-Toc soybean breeding line TK780 and a high a-Toc wild
accession B04009. Of these, the gayR/aTC-9 was located in the QTL detected in the Ichihime
x KAS cross, and harbored y-TMT3. The results suggest that the elevated a-Toc ratios
detected in both cultivated and wild soybeans are attributed to the same QTL. The other two
QTLs were novel QTLs, which had not been reported so far. The genomic region flanking
qoyR/0TC-12 contained tightly-linked y-TMT1 and y-TMT2, whereas there were no genes
involved in tocopherol biosynthesis in the gayR/aTC-11 region. The alleles from B04009
increased a-Toc ratios at gayR/aTC-9 and qayR/aTC-12, but decreased the ratios at
qoyR/0TC-11. The presence of the QTLs with opposite effects resulted in the transgressive
segregation in the RIL population. In the gayR/aTC-11 region, I found two zinc finger
transcription factors (Glyma.11G220400 and Glyma.11G226400) and S-adenosyl-L-
methionine-dependent methyltransferases superfamily protein (Glyma.11G222800.1) as
possible candidates for the QTL.

The a-Toc ratios in seeds matured in different thermal conditions were analyzed in the
cultivars and wild accessions. The a-Toc ratios were increased in response to the rise of the
temperatures from 20 °C to 30 °C. In both thermal conditions, the a-Toc ratios in
cultivars/accessions were highly correlated with the o/y ratios, indicating that the different

accumulations of a-Toc is mainly attributed to the variation in the conversion efficiency from
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v-Toc to a-Toc. Two parents, TK780 and B04009, and KAS were analyzed for the expression
profiles of y-TMT genes. Of the three genes, y-TMT2 exhibited distinct upregulation of
expressions by high temperatures in all of the accessions tested, but the extents were marked
in KAS and B04009, which accumulated o-Toc at higher ratios in 30 °C condition.
Therefore, y-TMT2 may have an important role in the accumulation of a-Toc as promoted by
high temperature. The expression levels of y-TMT3 were also high in KAS, compared with
TK780 and B04009. However, the expression levels were slightly but significantly higher in
B04009 than TK780 at both temperatures. Accordingly, the different expression levels of y-
TMT3 and y-TMT2 may be the molecular bases underlying the two QTLs for a-Toc contents
and ratios in Chr9 and Chr12 detected in the TK780 x B04009 cross.

The sequences of y-TMT genes and three candidate genes for qayR/aTC-11 were
compared between the parents of RIL population, and among cultivated and wild soybean
accessions. There were a lot of SNPs and indels in the promoter and genic regions for the
three y-TMT genes. The associations of SNPs with a-Toc ratios were then analyzed. The a-
Toc ratios were significantly associated with a number of SNPs in the promoters and introns
of y-TMT genes. Particularly, three SNPs in the promoter of y-TMT3 exhibited high
association with the a-Toc ratios. These SNPs were located within known cis-elements, such
as CGACGOSAMY3, ROOTMOTIFAPOX1 and
MYBI1AT/CAATBOX1/ANAERO1CONSENSIS. A further study is needed to confirm the
validity of the associations of these SNPs with the a-Toc ratios and to determine the roles of
cis-elements in the regulation of expression of y-TMT3.

Besides the contribution to human health as vitamin E activity, tocopherols function in
the prevention of non-enzymatic lipid oxidation during seed storage, germination, and early
seedling development (Sattler et al., 2004). Different isoforms have their own functions
against oxidative stresses. A lack of all isoforms of tocopherols abolished seed longevity,
germination, and seedling growths (Sattler et al., 2004). The reduction of a-Toc contents in
leaves showed an elevated susceptibility toward salt stress, but a diminished susceptibility
toward osmotic and oxidative stresses from methyl viologen-induced reactive oxygen
species, suggesting that y-Toc is more potent than a-Toc in conferring desiccation tolerance
(Abbasi et al., 2007). Tavva et al. (2007) found that the increment of a-Toc in seeds of
transgenic plants was associated with the reduction of lipid peroxidation products in seeds

and germinating seeds, although no specific differences were observed in seed germination or
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seedling growth between wild-type and transgenic plants. The B-Toc content negatively
correlates with seed longevity in rice cultivars (Lee et al., 2017).

In this study, the roles of tocopherol isoforms on stress tolerances in plant development
were not studied. Three y-TMT genes in soybean have high amino acid similarities to each
other, except for the N-terminal region in which only y-TMT2 possesses a plastid transit
peptide signal (Dwiyanti et al., 2016). The expression analyses revealed that the expression of
y-TMT2 was upregulated in response to the rise of temperatures during maturation. This
upregulation appeared specific to y-TMT2; there were no distinct responses of expressions in
the other two genes. The different protein structures, different expression profiles, and
different thermal responses of expressions may therefore indicate that the three y-TMT genes
have been subfunctionalized to each other, and possess different functions in the adaptation to
oxidative stresses that occur during various phases of development. A further study should be

directed to their roles in the adaptation to the oxidative stresses.
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Summary

The soybean oil has a relatively high total tocopherol (Toc) content compared with other
oilseed crops. However, the content of a-Toc which has the highest vitamin E activity in
human body is typically less than 10 % of the total Toc content in soybean. Increasing the
seed a-Toc content may therefore open up opportunities for new food and industrial uses of
soybean. The objectives of this study were to determine the molecular genetic base for an
elevated a-Toc ratio detected in a wild soybean accession, and to characterize the thermal
responses of tocopherol biosynthesis and determine the association with DNA
polymorphisms in the three y-TMT genes. The results obtained from this study were

summarized as follows.

Identification of quantitative trait loci for increased a-tocopherol biosynthesis in wild

soybean using a high-density genetic map

A recombinant inbred line population was developed from a cross between the low a-
Toc breeding line TK780 and the high a-Toc wild accession B04009. The tocopherol
contents and compositions were evaluated in the greenhouse of ambient temperatures of
25 °C to 30 °C in short day condition. The a-Toc content in seeds correlated closely with the
ratio of a-Toc to y-Toc contents (o/y ratio). QTL analysis using a high-density map
constructed with 7,710 single nucleotide polymorphisms (SNPs) generated by restriction site-
associated DNA sequencing detected six QTLs involved in Toc biosynthesis. Of these, three
in chromosomes (Chr) 9, 11, and 12 produced consistent large effects on a-Toc contents and
ratios during a 2-year trial. The B04009 allele at QTLs in Chr9 and Chrl2 and the TK780
allele at the QTL in Chrl1 each promoted the conversion of y-Toc to a-Toc, which elevated
the seed a-Toc contents and ratios. The opposite effects by the three QTLs thus resulted in
the transgressive segregation in the seed a-Toc contents and o/y ratios in the RIL population.
A survey on the Williams 82 genome database revealed that three genes (y-TMT1, y-TMT2
and y-TMT3) encoding y-tocopherol methyltransferase (TMT), which convert y-Toc to a-Toc,
were co-located in the QTLs in Chr9 (y-TMT3) and Chrl2 (y-TMTI and y-TMT?2), whereas
the QTL in Chrl1 had no known genes involved in Toc biosynthesis; there were two zinc
finger transcription factors (Glyma.11G220400 and Glyma.11G226400) and S-adenosyl-L-

methionine-dependent methyltransferases superfamily protein (Glyma.11G222800).
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Molecular mechanism on thermal response of a-tocopherol biosynthesis

The a-Toc ratios in seeds were analyzed in 15 cultivars and 10 wild accessions in 20 °C
and 21 cultivars and 11 wild accessions in 30 °C. In both thermal conditions, a-Toc ratios and
a/y ratios were highly correlated to each other. The increment of a-Toc ratios was mainly
associated with the conversion efficiencies from y-Toc to a-Toc. Expression analyses of
immature cotyledons developed in different thermal conditions were performed in TK780,
KAS (a high o-Toc cultivar) and B04009. Of the three y-TMT genes, y-TMT2 was
upregulated by high temperature, and this upregulation was marked particularly in KAS and
B04009. The expression levels of y-TMT3 were markedly high in KAS, compared with
TK780 and B04009; the expression levels were further slightly but significantly higher in
B04009 than TK780 at both temperatures. These findings suggest that different expression
levels of y-TMT3 and y-TMT2 may be the molecular bases underlying the two QTLs for a-

Toc contents and ratios in Chr9 and Chrl2.

Of the three candidate genes for the QTL in Chrll, Glyma.11G222800 encoding S-
adenosyl-L-methionine-dependent methyltransferase superfamily protein exhibited higher
expressions in TK780 than B04009 in both 20 °C and 30 °C conditions. There were two non-
synonymous substitutions between TK780 and B04009, in which TK780 had the amino acid
residues conserved in the homoeolog and homologs in other plant species. Therefore, it was
presumed that BO4009 had a missense variant of the protein. A further study is needed to

determine whether this methyltransferase protein has any function to convert y-Toc to a-Toc.

I analyzed the methylation of the promoter regions of y-TMT2 and y-TMT3 as a causal
factor for different expression profiles between tissues and between thermal conditions. As a
result, I found that a part of the y-TMT3 promoter of TK780 was methylated in 20 °C
condition, but not in 30 °C. However, the presence of methylation was not directly related to
the expression levels of p-TMT3 in different temperatures. Therefore, the observed
methylation in the y-TM73 promoter was not a main factor, if any, to control the Toc

biosynthesis in response to different thermal conditions in TK780.
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Finally, I performed the association analysis of SNPs in the y-TMT1, y-TMT2 and y-
TMT3 sequences detected based on whole genome resequencing data with a-Toc ratios for 16
soybean cultivars and 9 wild soybean accessions. I detected a number of SNPs significantly
associated with the variation in a-Toc ratios. The association analysis revealed that the a-Toc
ratios were significantly associated with one SNP in the intron of y-TMTI, two in the
promoter of y-TMT2, and seven in the promoter and genic regions of y-TMT3. Particularly,
three SNPs in the promoter region of y-TMT3 showed high associations with a-Toc ratios,
suggesting an involvement of SNPs in cis-elements of y-TMT genes in the different controls

of a-Toc biosynthesis among soybean cultivars and wild accessions.

Based on the results from the present study, I discussed 1) the molecular genetic basis of the
elevated a-Toc ratio of wild soybean accession, and 2) molecular genetic basis on the
variation in thermal responses of a-Toc biosynthesis in cultivated and wild soybeans. The
findings obtained in this study would be helpful in understanding of the molecular
mechanisms underlying a-Toc biosynthesis in soybean seeds and developing the cultivars

with high a-Toc contents in seeds.

Abbreviations

RAD-seq: Restriction-site  associated DNA sequencing, SNP: single nucleotide
polymorphisms, RIL: recombinant inbred line, QTL: quantitative trait locus, PCR:
polymerase chain reaction. qRT-PCR: quantitative real-time PCR, Toc: tocopherol, MPBQ:
2-methyl-6-phytyl-1,4-benzoquinol, MT: methyltransferase, DMPBQ: 2,3-dimethyl-6-phytyl-

1,4-benzoquinone, y-TMT: y-tocopherol methyltransferase.
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