D

E
LICH.

!

=

S

ive

5
MZEXE HAIGHA OF

O N

o
[

2|

M

creat
commons

—

[—

t

[¢]

LICt:

O M
st

)

C
MNERLEAlL A

ZHE Metor

—
=
=

R0 5 A

i 0 <4 15
o) B¢ 53 o0
) E[o} o
) = 7
&3 10 ol 00
< il R
jum] J—

ol 0~ =
il 3 o on
) X Rr
Rr S =

%_ =B s
r o m._ -
o o O
_ Rr RO
% R of
o © o il
—_ jum]

1] N ol =
R iS ol =
= T Uo gwo
) RE] S
1 ° s =
o) K —
= TR mrr
&= o

ol Kl <. KM
80 ol JIJ =
Ee) W = )
©

X ESLICH

I 2t

tOd

ot |

[¢]

H

=

[¢

o]
lection

=

=

Disclaimer
O

5

FAI LEEHLH O OF
E2FH 29

¢}
X

=

]

0l N2 0| =3 & 72 (Legal Code)

HEAH0l [E 0l8Ke als 2o ol o



http://creativecommons.org/licenses/by-nc-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-sa/2.0/kr/

A DISSERTATION FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Molecular and genetic analyses of a major gene

for seed protein content in soybean

By

Jang Young Eun

February, 2015

MAJOR IN CROP SCIENCE AND BIOTECHNOLOGY
DEPARTMENT OF PLANT SCIENCE

THE GRADUATE SCHOOL OF SEOUL NATIONAL UNIVERSITY



Molecular and genetic analyses of a major
gene for seed protein content in soybean

JANG YOUNG EUN

DEPARTMENT OF PLANT SCIENCE
THE GRADUATE SCHOOL OF SEOUL NATIONAL UNIVERSITY

GENERAL ABSTRACT

Seeds store nutrients for conservation and propagation of genetic materials
between two generations and propagation. Seed crops are cultivated to
supply those nutrients. Soybean is important seed crop since it has high
protein content to maintain body and generate energy. Continuous efforts of
soybean breeders are directed to improve the protein quantity by identifying
linked markers and quantitative trait loci (QTL). Danbaekkong has 48% of
seed protein content that its major protein QTL was founded on Chr 20,
surrounding region of Satt239 and Satt496 marker interval. We selected
three residual heterozygous lines heterozygous in the Satt239-Satt496

region from two recombinant inbred line populations of Sinpaldalkong 2 x



Danbaekkong and Daewonkong x Danbaekkong soybean crosses to
develop two sets of near isogenic lines (NILs), Prot_highsp/Prot_lowsp and
Prot_highpp/Prot_lowpp with different seed protein content. The maternal
parent cultivar Danbaekkong, carrying a high protein content allele, showed
high seed protein content. In the genomic region harboring the introgressed
Danbaekkong segment on Chr 20, we identified nucleotide differences
between low- and high-protein NILs through whole genome sequencing.
From the major protein QTL region, we found 66 non-synonymous single
nucleotide polymorphisms and one frameshifts are overlapped between
both low- and high-protein lines. After elimination of genes by expression
during seed stages, we identified two genes, calcium-dependent protein
kinase and exocyst subunit exo70 family protein, are more likely involved in

see protein accumulation in soybean.

The gene expression changes of developing seed between
Prot_lowpp and Prot_highpp represent the pattern of up-regulation of many
genes in Prot_highpp at 2 week after flowering (WAF), stage of early
maturation. Up-regulation pattern of storage protein genes in Prot_highpp
was increasing according to seed maturation. There is a block of gene
expression pattern that raised up-regulation in Prot_lowpp, consist of genes
involving protein degradation. Transcription factors were highly up-regulated
in Prot_highpp at 2 WAF, including major transcription factor to regulate seed

development. Gene expression of carbon precursors, protein, and oil
ii



metabolic enzymes are compared between 1 and 2 WAF in Prot_lowpp to
identify initial gene expression at early maturation stage. Glycine max
undergoes two rounds of whole-genome duplication; the number of genes
involved in the three synthesis pathways is more than two times higher than
that in Arabidopsis. Among these genes, five were conserved as single-copy
genes and 44 were high copy gene families consisting of more than seven
homolog members. We identified five differentially expressed genes in

immature seeds aged between 1 and 2 WAF.

To find out protein expression change according to storage protein
difference, additional proteomic research was hired for two NIL lines. Three
enzymes, sucrose synthase, glyceraldehyde-3-phosphate dehydrogenase
and ketol-acid reductoisomerase showed over two times differential
expression between Prot_high lines and Prot_low lines. In this research, we
developed two NIL pairs of high and low seed protein content derived from
different genetic backgrounds. Genomic, trasncriptomic and proteomic
analysis using these NILs indicates that development regulation from
transcription factors and initial carbon metabolism is important to seed

storage protein synthesis.

Key words: Glycine max; seed storage protein; near isogenic line; next

generation sequencing; seed development
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LIST OF FIGURES

Figure I-1 Schematic illustration of NIL construction to introgress high
protein alleles of Danbaekkong using foreground and background selection.
Foreground screening was performed to select residual heterozygous lines
(RHLs) at protein content locus, Prot 15-1 in two F7 RIL populations of
Sinpaldalkong 2 x Danbaekkong and Daewonkong x Danbaekkong using
two flanking SSR markers, Satt239 and Satt496. Only three RHLs that
showed genotypic segregation at the Prot 15-1 locus in the advanced
generation are shown in this figure. NILs were named by adding each first
character of parental cultivar names: SD, Sinpaldalkong 2 x Dangaekkong;
DD, Daewonkong x Dangaekkong. A striped box represents high protein
alleles from Dangaekkong and a blank box represents low protein alleles

from Sinpaldalkong 2 or Daewonkong.

Figure I-2 Genetic composition on Chr 20 of two NIL pairs. Genotypes of
Sinpaldalkong 2, Daewonkong and Dangaekkong in each locus were
illustrated as crossed lines, gray and black boxes. Pericentromeric region is

indicated by a dotted broken line at the leftmost side.

Figure 1I-1 SNPs and indels of genes encoding proteins with amino acid
changes between the low- and high-protein NILs from Prot 15-1 QTL region

on Chr 20. The left four lines show SSR marker haplotype of NILs on Chr 20.
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The region of sequence comparison is shown on the rightmost vertical line.
Green circles represent the locations of nine genes with non-synonymous
SNPs of those indicated on the right side. Each SNP and indel site in the
five genes is indicated by a black triangle, and the sequences of NIL lines
are shown in blue (low-protein) and red (high-protein). If the SNP has a non-
synonymous change, the amino acid change is shown below the SNP site.
As Glyma20g17500 has 35 SNPs in its genic region, only three non-

synonymous SNPs are shown in this figure.

Figure 1I-2 Predicted protein structures of calcium dependent protein kinase
(CDPK) between low- and high-protein lines. The protein sequence of low-
and high-protein lines were obtained from Williams 82 reference genome
and Danbaekkong, respectively. Green arrows indicate the site of protein
change caused by non-synonymous mutation. Black arrows point the

protein structure change on serine/threonine kinase domain of CDPK.

Figure lll-1 Soybean seed development during experimental period. a)
Seeds at four stages of seed filling. Seeds sampling was started at 1 WAF
and continued to 4 WAF with 7 days intervals. b) Seed size and mass of
each seed filling stage. Length, thickness, width and weight values are

average of 10 seeds and error bars are standard deviation

Figure llI-2 Venn diagram of differentially expressed genes (DEGs) of

differential expressed genes between Prot_high and Prot_low lines. Number

X



in each circles represents number of DEGs and the light blue, red, blue and

yellow colors of circles indicate each 1, 2, 3 and 4 WAF, respectively.

Figure llI-3 Heatmap and ontologies of differentially expressed genes
related with seed storage product metabolic pathway. Log; fold changes of
FPKM value between Prot_highpp and Prot_lowpp were calculated. On the
logarithmic color scale ranging from -3 to 3, dark blue represents at least 6-
fold higher gene expression in Prot_highpp comparison to Prot_lowpp, and
dark red represents 6-fold higher gene expression in Prot_lowpp comparison

to Prot_highpp.

Figure lll-4 Heatmap of transcription factors and TF gene expression in
Prot_highpp and Prot_lowpp. @) Heatmap of log, fold change value between
Prot_highpp and Prot_lowpp. b) Gene expression of major seed
development regulator ABI3 and LEC1-like genes. c) Gene expression of

C2C2-Zn-YABBY and b-ZIP.

Figure llI-5 Circos showing the distribution of expressed genes involved in
seed protein and oil storage metabolism and their duplication patterns. The
exterior circle indicates Glycine max chromosomes. The three inner circles
are gene distributions involved in synthesis of carbon precursor (red),

protein (green), and oil (blue). Genes that are expressed only at one stage

are depicted in red (1 WAF) and blue (2 WAF).

Figure 11I-6 Ks distributions of G. max synteny block.
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Figure lll-7 Fragments per kilobase of exon per million fragments mapped
(FPKM) expression patterns of a paralogous gene pair in different synteny
blocks at different times during seed development. Colored dots indicate the
FPKM expression value of duplicated genes involved in each of the three
metabolic pathways (carbon precursor, protein, and oil synthesis); trend

lines were drawn using linear regressions.

Figure IV-1 Number of up-regulated protein spots in each Prot_high and
Prot_low lines. Blue, red and green bars represent up-regulated protein spot

in each 2, 3 and 4 WAF, respectively.

Figure IV-2 Expression change of four proteins, sucrose synthase,
glyceradehyde-3-phosphate dehydrogenase and ketol-acid
reductoisomerase and glycinin during seed development. Each NIL pairs
are distinguished by different color. Strait lines are represent Prot_high lines

and dashed lines represent Prot_low lines.

X1



LIST OF TABLES

Table I-1 Cross of RIL populations for RHL selection and the size of each

lines.

Table I-2 Statistical analysis of seed protein contents of NILs about the
genotype factor and interaction between genotype and environmental

change by year.

Table I-3 List of SSR markers developed from the genome sequence

between Satt239 and Satt496 on Chr 20.

Table I-4 List of predicted genes with transcript sequences from 23 to 28 Mb

region surrounded by Satt239 and Satt496 markers on Chr 20.

Table II-1 Summary of nucleotide differences between low- and high-protein

lines of two NIL pairs from 20 Mb to 31 Mb on Chr 20

Table 1I-2 Non-synonymous SNPs and their amino acid changes between
the low- and high-protein NILs in the high seed protein QTL region on Chr

20.
Table IlI-1 Gene ontology of differentially expressed genes using Mapman.

Table llI-2 Classification of transcription factors that differently expressed

between Prot_highpp and Prot_lowpp during seed development

Xii



Table 1lI-3 Numbers of Arabidopsis thaliana genes and their Glycine max
homologs involved in the accumulation of seed storage products, and the

numbers of expressed genes during early seed-filling stages in G. max.

Table llI-4 The number of high copy member gene families in Glycine max

and Arabidopsis thaliana.

Table llI-5 Annotation of genes that were expressed only in 1 WAF soybean

seeds.

Table IlI-6 Annotation of genes that were expressed only in 2 WAF soybean

seeds.

Table -7 Five Glycine max genes and their homologs that are differentially
expressed at 1 and 2 WAF; QTLs linked to seed protein and oil synthesis

were detected within a 3 Mb region surrounding the gene location.

Table IV-1 Identification of protein spots that had different spot intensity over
two times fold change between between Prot_high and Prot_low in both SD

and DD NIL pairs at same developmental period.

xiii



LIST OF ABBREVIATIONS

QTL Quantitative trait loci

RIL Recombinant inbred line

NIL Near isogenic line

RHL Residual heterozygous line

SSR Simple sequence repeat

NGS Nest generation sequencing

PCR Polymerase chain reaction

SNP Single nucleotide polymorphism

SSR Simple sequence repeat

WGS Whole genome sequencing

DAF Day after flowering

WAF Week after flowering

DEG Differentially expressed gene

FPKM Number of fragments per kilobase of exon per million fragments
mapped

CDPK Calcium dependent protein kinase

SUS Sucrose synthase

INV Invertase

LEC1 Leafy cotyledon 1

ABI3 Abscisic acid insentitive 3

FUS3 Fusca 3

X1iv



LITERATURAL REVIEWS

Residual heterozygous line

Near isogenic lines (NIL) is one of the immortal breeding populations for
research quantitative traits. NIL is efficient at investigation and
characterization of (l) the effect of a single gene, which was identified by
QTL analysis from RILs (Glover et al. 2004, Kazi et al. 2010) and (Il) the
cumulative effect of each locus by taking advantage of gene pyramiding
(Moon et al. 2009). In rice, introgression of wild tiller gene PROG1 from
Oryza rufipogon to NILs using O. sativa as a recurrent parent was effective
for gene cloning and characterization of expression pattern (Jin et al. 2008).

Thus, NILs are a powerful genetic material for map-based cloning.

Donor chromosomal region of NILs can be taken from any resources
like advanced backcrosses (BCs), recombinant inbred line (RILs), double
haploid (DHs), heterozygous inbred families (HIFs), or other mapping
populations (F./F3) (Kooke et al. 2012). Among those resources, HIF, also
known as residual heterozygous lines (RHLs) is the unique one (Tuinstra et
al. 1997). RHLs are selected from populations through more than five

generation of inbreeding. Most of the genetic background in each RHL is



homozygous except for the targeted heterozygous QTL region. To select
balanced NILs for more precise mapping and homogeneous genetic
background using RHL methods, original RIL populations have advantages
to be larger size, and more advanced inbred generations (Haley et al. 1994,
Tuinstra et al. 1997). For instance, some genetic researches identified
genes from NILs developed from RILs. Two sets of NILs were developed
from RIL to identify two different resistance genes to sudden death
syndrome in soybean (Triwitayakorn et al. 2005). Soybean flowering time
and maturity genes were also investigated using the same RHL-derived

NILs (Thakare et al. 2010, Watanabe et al. 2009, Yamanaka et al. 2005).

Seed storage protein

Plants undergoes seed stage between two vegetative generations for
propagation genetic materials. Seeds are sources of dietary protein that
have various protein contents and the major seed storage proteins are
classified to albumins, globulins and prolamins (Shewry et al. 1995).
Storage proteins are synthesized as the precursor forms at the cytoplasmic
side of endoplasmic reticulum (ER) and they are matured and deposited to
protein storage vacuoles (PSVs) via vesicle transport system (Herman and

Larkins 1999, Mlntz 1998). Like this, seed protein storage is complex
2



metabolic process that involving transport, gene expression and signal
transduction (Baud et al. 2008, Gao et al. 2012, Verdier and Thomson 2008,
Weber et al. 2005). The essential elements for protein synthesis, nitrogen (N)
and carbon (C) are transported from vegetative tissues to developing
embryo (Angeles Nufiez and Tiessen 2011, Masclaux-Daubresse et al.
2010). Sink capacity of N and C and N/C ratio in the embryo is major factors
of amino acid synthesis for seed protein accumulation (Takahashi et al.
2003, Schmidt et al. 2011). N is converted from amino acid and C is
dissolved from sucrose in developing embryo. Sucrose is a primary
molecule of glycolysis which is involved in not only synthesis of starch and
lipid but also interconversion of amino acids for storage protein synthesis
(Pandurangan et al. 2012). The intermediate molecules including 3-
phosphoglycerate, pyruvate, a-ketoglutarate and oxaloacetate are used as
carbon backbones for amino acids synthesis.

The storage protein synthesis is a part of genetically determined
process for seed development and maturation (Gao et al. 2012). In
Arabidopsis, LEAFY COTYLEDON (LEC) 1 and 2, ABSCISIC ACID-
INSENTITIVE 3 (ABI3) and FUSCA 3 (FUS3), encoding transcription factors
(TFs), are known as ‘master regulators’ for seed development. These
master regulators and other TFs regulate initiation of seed storage protein
gene expression as intrinsic seed condition (Verdier and Thompson 2008).

The phytohormone ABA and GA are other key factors regulating seed
3



maturation processes including the initiation of the maturation phase, filling
of seed reserves and entrance into dormancy through signal transduction to
master regulators (Finkelstein et al. 2002). In addition, sugars act as signal
molecules that regulate gene expression of gene involved in seed filling and
maturation notably triggered by sucrose/hexose ratio in the embryo (Weber
et al. 2005). Therefore, seed filling regulation factors including TFs,
hormones and sugars crosstalk in complex regulation network system (Abid

et al. 2010).

Next generation sequencing

In recent years, sequencing methods using different methods with traditional
Sanger method were hired to whole genome and transcriptome, so called as
next-generation sequencing (NGS) technologies (Shendure and Ji 2008,
Grada and Weinbrecht 2013). They have allowed to expand more sequence
database in a shorter time than the Sanger method (Burger et al. 2008,
Schmutz et al. 2010). Due to the rapid growth rate of sequencing technology
in all areas of science, whole genome sequencing can be performed
efficiently by NGS technologies at a substantially reduced cost and higher

accuracy. These advantages allow to construct high resolution density maps
4



and genetic diversity analysis on cultivars, landraces, and wild species (Van
et al. 2013). First plant genome scale sequencing using NGS technology
was hired for hybridization-based resequencing of A. thaliana (Clark et al.
2007). After that, de novo plant genome sequencing has been performed
using NGS for plants such as woodland strawberry, barley, tomato,
pigeonpea and chickpea (Shulaev et al. 2011, Consortium PGS 2011,
Consortium IBGS 2012, Varshney et al. 2012, Varshney et al. 2013).
Resequencing analysis of related plant genomes are increased which based
on reference sequence data (Nowrousian, 2010). Through NGS technology,
transcriptome atlas of various crops are also rapidly increased (Yamakawa

and Hakata 2010, Sekhon et al. 2011, Fasoli et al. 2012).

In soybean, the whole-genome of G. max was de novo sequenced
at the 1.1 Gbs genome by a whole-genome shotgun approach (Schmutz et
al. 2010). The genome of G. soja was resequenced to 43-fold average,
resulted in a consensus sequence covering 97.65% of the G. max published
genome sequence (Kim et al. 2010). Soybean transcriptome databases
were established from analyses using NGS technology (Libault et al. 2010,

Severin et al. 2010).
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CHAPTERI

Identification of high seed protein allele effect on
chromosome 20 in soybean using near isogenic lines

derived from two recombinant inbred lines

ABSTRACT

Soybean produces the highest protein yield per unit area and provides
protein through various food types for humans and animals. Soybean seed
protein content is shown to be regulated by a small number of genes.
Several research groups have identified soybean seed protein quantitative
trait loci on linkage group I, now Chromosome 20. Using a recombinant
inbred line population, seed protein QTL from high-protein cultivar
Dangaekkong was mapped near marker Satt239 and Satt 496 on Chr 20. In
this study, three different sets of near isogenic lines were selected from two

different RIL populations, Sinpaldalkong 2 x Dangaekkong and Daewonkong
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x Dangaekkong using marker-assisted selection (MAS) with Satt239 and
Satt496. From background selection, genotype identities of markers
between high- and low protein NILs on non-carrier chromosomes were more
than 97% in three selected NILs. From phenotypic data, the average seed
protein difference was 34.3 g kg and the protein difference between
Prot_highsp and Prot_lowsp was more than 40 g kg™'. For fine mapping of
this seed protein QTL, four undetected microsatellite markers were newly
developed between Satt239 and Satt496. These NILs will be effective
materials for further characterization of this major QTL and for analyzing
possible genetic interactions. Further studies using transcriptome and
protein profiling of these sets of NILs should provide a better understanding

about protein changes during seed development.

15



INTRODUCTION

Proteins are the essential nutrient for the human and animals that used
to build body tissue and generate energy. Soybean [Glycine max (L.) Merr]
is one of the major sources of protein which occupying about 70% of world
protein meal (http://www.soystats.com/2009/Default-frames.htm). Soybean
contains high protein and oil contents, approximately 40% and 20%,
respectively (Clemente and Cahoon, 2009). Therefore, soybean breeders
are interested in development of high seed protein cultivars and

identification of genes that controlling seed storage protein quantity

Research groups have investigated soybean seed protein quantitative
trait loci (QTLs). Over one hundred QTLs associated with soybean seed
protein have been discovered (www.soybase.org). Using F,.; progenies from
a cross between high-protein G. soja (P1 468916) and G. max (A81-356022),
restriction fragment length polymorphism (RFLP) analysis indicated that
QTLs for high-protein content were distributed on linkage groups (LGs) E
and | (chromosomes (Chrs) 15 and 20) (Diers et al. 1992). However, these
QTLs were identified only on Chr 15 with the recombinant inbred line (RIL)
population of PI 97100 x Coker 237. The high-protein genotype Pl 97100,

whose seed protein content was lower than Pl 468916, was used in this
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population (Lee et al. 1996). Recently, introgression of a high-protein allele
on Chr 20 from P1 468916 into A81-356022 increased seed protein about 12
to 30 g kg™ and the QTL region was positioned by fine mapping (Nichols et

al. 2006, Sebolt et al. 2000).

Precise mapping for protein QTL region on Chr 20 was performed with
other populations. Using the high-seed protein accession G. max Pl
437088A (>480 g kg™') as parental line of a recombinant inbred line (RIL)
population, a major QTL for protein and oil content flanked by SSR markers
Satt239 and Satt496 was identified on Chr 20. Five dominant random
amplified polymorphic DNA (RAPD) markers were mapped in the interval
between Satt239 and Satt496 and these RAPD markers increased the
Satt239-Satt496 interval from 0.85 to 6.63 cM. The QTLs for protein and oil
content and yield were mapped near marker OPAW13a, 0.84 cM away from
Satt239. This QTL is now designated as Prot 15-1 in Soybase
(http://soybase.org) (Chung et al. 2003). In previous research, we
investigated the major QTL that associated with a flanking marker Satt239
on Chr 20 for high-protein content in the Korean cultivar Dangaekkong (480
g kg™ in seed protein) using a RIL population from Benning x Dangaekkong

(Park 2002).

Neal isogenic lines (NILs) is immortal population that can be used to

investigate the effect of QTL. NIL is generally constructed by successive
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backcrosses and marker selections requires a considerable amount of time
and labor. In other cases, NILs could be selected from inbred lines that are
not completely homozygous also referred to as residual heterozygous line
(RHL) or heterozygous inbred family (HIF). For instance, some genetic
researches identified genes from NILs developed from RILs. Two sets of
NILs were developed from RIL to identify two different resistance genes to
sudden death syndrome in soybean (Triwitayakorn et al. 2005). Soybean
flowering time and maturity genes were also investigated using the same
RHL-derived NILs (Thakare et al. 2010, Watanabe et al. 2009, Yamanaka et

al. 2005).

The objective of this research was to obtain NILs for the seed
protein QTL flanked by SSR markers Satt239 and Satt496 in two RIL
populations, Sinpaldalkong 2 x Dangaekkong and Daewonkong x
Dangaekkong. Using these populations, we examined the effect of high
seed protein allele on Chr 20 of G. max in terms of seed protein content
depending on different genetic backgrounds and interactions between
genotypes and environments. Additionally, candidate genes for seed protein
content within a 5 Mb region of Chr 20, flanked by Satt239 and Satt496

were predicted.
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MATERIAL AND METHODS

Plant materials and NIL development

Five RIL populations for RHL selection were assembled by
Sinpaldalkong 2 x Dangaekkong, Daewonkong x Dangaekkong,
Jinpumkong 2 x Danbaekkong, Pungsanamulkong x Danbaekkong and
llpumgeomjeongkong x Danbaekkong crosses. At the F; generation, four F7
seeds from RILs were planted in a greenhouse at the University Farm of
Seoul National University (SNU) in Suwon for foreground selection of two
SSR markers, Satt239 and Satt496 locus. One of the 137 individuals in the
Sinpaldalkong 2 x Dangaekkong population (SD) and two from the 195
individuals from the Daewonkong x Dangaekkong populations (DD) were

identified as heterozygous around Satt239 and Satt 496 locus at F; and

segr
Cross Size

egat
Sinpaldalkong 2 x Dangaekkong 55

ed at
Daewonkong x Dangaekkong 59
Jinpumkong 2 x Danbaekkong 22 the
Pungsanamulkong x Danbaekkong 43 follo
[lpumgeomjeongkong x Danbaekkong 32 wing

Fs generation.

Table I-1 Cross of RIL populations for RHL selection and the size of each

19



lines.
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After selection in the F; generation, Fgplants from each F; line were
classified into three groups as paternal, maternal, and heterozygous
according to the genotypes of Satt 239 and Satt 496. Mature Fy seeds from
each parental genotype groups were harvested to evaluate seed protein
content. Candidates of NILs from Fy were selected with consideration of
protein contents of seeds and genetic background of plants. NILs were
constructed with two plants from each Fg line that had the significant
relationship between genotype of SSR markers and seed protein content

based on different homozygous.

Phenotype evaluation

Crude seed protein from Fe-derived progenies were measured in both 2008
and 2009 at the Legume and Oil Crop Research Div., National Institute of
Crop Science in Miryang-si. Each line was analyzed four times and the
amount of crude protein was determined by the Dumas combustion method
according to the Association of Analytical Communities (AOAC International.
1992) using Rapid N Cube (Elementar Analysensysteme GmbH, Hanau).
For each sample, 0.1 g was quantified with an analytical balance, Sartorius
BS224S (Sartorius AG, Goettingen). After perfect combustion, reduction,

purification, and detection, nitrogen content was measured using Rapid N
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Software v 3.4.0 (Elementar Analysensysteme). The conversion factor from
nitrogen to protein was 6.25. Protein content, experimental error, and
interaction between genotype and environment during two years were

statistically analyzed according to Gomez and Gomez (1984).

Genomic DNA extraction and SSR marker analysis

Fresh leaves from RILs and selected progenies were sampled at 25
days after emerging (DAE) and used to extract genomic DNAs according to
the urea extraction method (Shure at al. 1998). All plant samples were
screened by two SSR markers, Satt 239 and Satt 496, based on foreground
selection. For background screening of Fg plants, SSR markers were
selected from SoyBase (http://soybase.org) to cover all 20 soybean
chromosomes and tested to the three parents cultivars as template using 72
SSR markers. The selected marker sets were applied for screening the

genetic background of each population.

The component of PCR reaction mixture in 20 ul of total volume was
0.4 units of Taqg polymerase (VIVAGEN Co., Sungnam, Korea), 1 X reaction
buffer (750 mM Tris-HCI pH 8.5, 200 mM (NH,).SO4, 0.1% Tween 20, 25
mM MgCl,, 0.5% enzyme stabilizer), 0.16 mM of each dNTP, 2 uM of

template DNA, and 0.5 uM of each primer. PCR was performed in PTC-100
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MJ Thermo cycler (MJ Research, Watertown, MA, USA). The amplified
products were loaded on 3.5% acrylamide gel with Triple-Wide Mini-Vertical
System CE (TWC 202-33, CBS Scientific Company Inc., Del Mar, CA, USA).
Additional confirmation was performed by ABI 3730 automated DNA
sequencer (Applied Biosystems, Foster City, CA, USA) and GeneMapper®

software v3.7 (Applied Biosystems, Foster City, CA, USA).

New SSR marker development and in silico transcript screening

After the genomic sequence was taken from the DOE-JGI G. max
sequence (http://www.phytozome.net/soybean), primers were designed by
‘SSR screening and primer design method’ in BatchPrimer3
(http://probes.pw.usda.gov/cgi-bin/batchprimer3/batchprimer3.cgi). Physical
positions on Chr 20 with selected SSR markers were confirmed by BLAST
search against G. max genome sequence in Phytozome. Feasible transcript
selection was performed based on transcript sequences and compare
annotation of protein sequence using blast P of predicted sequences from

soybean transcript database in Phytozome.
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RESULTS

Development of NILs and marker analysis

In the process of NIL selection for the major protein QTL on Chr 20, two
SSR markers, Satt239 and Satt496, were used for foreground screening of
flanking region in F;, segregating Fg, Fg and NIL progenies. One of 137
plants from SD (SD-44) and two of 195 from (DD-01 and DD-24) DD RILs
were heterozygous at Satt 239 and Satt 496 (Fig. I-1). Subsequently, Fs
individuals were developed from these two RHLs and they showed
segregation for Satt239 and Satt496 markers (Fig. I-1). Based on SSR
marker analysis of Satt239 and Satt496, two Fg plants, SD-44-10, DD-01-05
and DD-24-07 were predicted to carry the homozygous high protein allele
from Danbaekkong. SD-44-03, DD-01-02 and DD-24-03 had the identical
alleles as Sinpaldalkong 2 and Daewonkong at the two SSR loci,
respectively. The remaining 13 Fs plants were heterozygous for Satt239 and
Satt496. These two NIL pairs of SD-44-03 / SD-44-10, DD-01-02/DD-01-05
and DD-24-03 / DD-24-07, which were developed from the SD and DD
RHLs, were designated Prot_lowsp / Prot_highsp (NILsp), Prot_lowpp1/
Prot_highpp1 (NILpp1) and Prot_lowpp2/ Prot_highpp2 (NILpp,) respectively.

No recombination occurred in the flanking region of these two markers
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during the subsequent generation. In the screening for selection of NILs
from Fg plants, similarity between high- and low protein NIL in each NILs
was usually over 97%. Among selected markers, 72 markers were identical

between a high protein lines and a low protein lines.

The genetic backgrounds of one NIL pair from Sinpaldalkong 2 x
Danbaekkong (NILsp pair) and 2 NIL pairs from Daewonkong x
Danbaekkong (NILpps and NILpp, pairs) were differed according to the F7
from which they derived. Marker profiles showed that NILgp pair had nine
pairs of chromosomes with no recombination, eight pairs with one
recombination, and three pairs with double recombination. NILpp4 pair
comprised nine pairs of chromosome without recombination, six pairs with
one recombination, four pairs with double recombination, and one pair with
triple recombination. NILpp, pair consisted of eight chromosome pairs
without recombination, six pairs with one recombination, four pairs with

double recombination, and two pair with triple recombination.
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Figure I-1 Schematic illustration of NIL construction to introgress high
protein alleles of Dangaekkong using foreground and background selection.
Foreground screening was performed to select residual heterozygous lines
(RHLs) at protein content locus, Prot 15-1 in two F7 RIL populations of
Sinpaldalkong 2 x Dangaekkong and Daewonkong x Dangaekkong using
two flanking SSR markers, Satt239 and Satt496. Only three RHLs that
showed genotypic segregation at the Prot 15-1 locus in the advanced
generation are shown in this figure. NILs were named by adding each first
character of parental cultivar names: SD, Sinpaldalkong 2 x Dangaekkong;
DD, Daewonkong x Dangaekkong. A striped box represents high protein
alleles from Dangaekkong and a blank box represents low protein alleles

from Sinpaldalkong 2 or Daewonkong.
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Phenotype evaluation for protein content

Protein content in three parents, Sinpaldalkong 2, Daewonkong, and
Dangaekkong was 407.2, 408.5, and 484.3 g kg™ in 2009, respectively.
Seed protein content according to Satt239 and Satt496 genotype of NILs
was maintained for two years (Table [-2). In the first phenotype quantification
of F7.o seeds, seed protein content was defined as associating with
segregating SSR markers, Satt239 and Satt496. The highest protein content
was shown in Prot_highgp. Differences according to genotypes between
high- and low protein NILs were 42.2 g kg™ at NlLgp pair, 20.7 g kg™ in
NILpp+ pair, and 29.8 g kg™ at NILpp, pair. In the second year, seed protein
differences increased to 44.8 g kg™ at NlLgp pair, 41.3 g kg™* NILpp+ pair, but
decreased to 26.9 g kg™ at NILpp, pair. Therefore, the effect of genotype of
Satt239 and Satt496 to seed protein content was significant at the 5% level

in three NILs.

Seed protein contents in three Prot_low NILs were decreased from
2008 to 2009 in common. Protein contents were decreased in the 2009 by
4.1 g kg™ at Prot_highsp and 9.5 g kg™ at Prot_highpp,. However, the seed
protein content of Prot_highpps was increased by 20.3 g kg™ and
consequently showed a significant interaction between genotype and

environment. From this environmental effect, NILpp, pairs are identified only
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NIL pair from Daewonkong x Danbaekkong that named as Prot_highpp and

Prot_lowpp (Table I-2).

Table I-2 Statistical analysis of seed protein contents of NILs about the

genotype factor and interaction between genotype and environmental

change by year.

; Seed protein content Everage
Cross Line . T a
(9 kg™) (9 kg™)
2008 2009

Sinpaldalkong 2 x Prot_highsp 486.0 481.9 483.9
Danbaekkong (SD) Prot_lowsp 443.8 4371 4405
Prot_highopp+ 455.3 475.6 455.3
Daewonkong X Prot_lowpp 434.6 434.3 434.6
Danbaekkong (DD) Prot_highons 4705 4610 4658
Prot_lowpp> 440.7 434.1 437.4

“ significant between genotype and seed protein at 5% level

° significant genotype and environment at 1% level
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Genetic composition of NILs on chromosome 20

We were able to identify genetic composition using SSR markers on Chr
20. In order to dissect the genotype of interval region between Satt239 and
Satt496, we developed SSR markers between two markers (Fig. I-3). To
develop new SSR markers, repeated sequences between Satt239 and
Satt496 were identified and screened. Screening of microsatellite repeats
was performed using Phytozome soybean genome sequence of Williams 82.
After the design of primers for 29 putative SSRs between Satt239 and
Satt496 from 2.4 Mb by BatchPrimer3, 16 primer sets were able to be
amplified when DNA from Sinpaldalkong, Daewonkong, and Dangaekkong
was used as template. Average marker interval was approximately 126 Kb
and four out of the sixteen SSR markers showed polymorphism among
three parents of NILs. Positions of these markers were 24.6, 24.7, 25.0 and
26.1 Mb on Chr 20, and repeat motif of three out of the four markers was
(AT)n (Table 1-3). Among four markers, AT4 and AT6 were detected at the
same sites with BARCSOYSSR_20_0554 and BARCSOYSSR_20_0559
(Song et al. 2010) and the other two markers, ATT1 and AT13, were our

SSR markers for fine mapping.

The segregation analysis of the SSR markers revealed that the
Danbaekkong genomic region that was introgressed into the high-protein
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NILs spanned from Satt239 (24.13 Mb) to Satt496 (26.50 Mb) and Satt354
(33.43 Mb) in Prot_highpp (previously NILpp2) and Prot_highsp, respectively
(Figure 1-2). No segregation for the SSR markers Satt587 (3.73 Mb) in NILsp
and Satt354 (33.43 Mb) in NILpp surrounding the interval of Satt239-Satt496
was observed between the low- and high- protein lines of NIL pairs (Figure
[-2), indicating that the genetic background of Sinpalkong 2 and
Daewonkong was fixed at these regions on Chr 20. However, Satt687 was
20.4 Mb away from Satt239 and the distance between Satt496 and Satt354

was 6.9 Mb.
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Table I-3 List of SSR markers developed from the genome sequence between Satt239 and Satt496 on Chr 20.

Znger Position Eé‘?:?;igth Forward Primer (5'-3’) Reverse Primer (5-3’) Motif EE:IT Remark®

AT1  24266894-24266675 220 ACAAACAACGCACCATTACT ~ CTCCTCCATAGCTAGTTCCATA  (AT)27 No

AT2  24295026-24296114 189 ATCTTCCTCGAGTATGTTCCTA  TACCTGCTATGTTTTCAGACCT  (AT)30 No  BARCSOYSSR 20 0544
AT3  24347254-24347454 201 CGAGCCTCTAATTACAMCAG  CTTCCGTATGAAGGTATTCG (AT)28 No  BARCSOYSSR 20 0546
AT4  24617375-24617601 227 GCTTGAAATGTGTCTCTCTGTA AGCTCATTTCCATGTGCTAT (AT)34 Yes  BARCSOYSSR 20 0554
ATT1  o4656864.04657118 225 GAGGACCATTTATTTTGCAAG  CCAGTTTGCATTGATCATCATCT %_1_"_1;2)1 saat(

AT5 ~ 24803287-24803612 328 SXQCTTGATTTGCTCAATGTTA GAAAATGGACAAAGTGGTGC (AT)33 No  BARCSOYSSR 20 0558
AT6  24994083-24994281 199 CCACGAAAGATCAACAAGAT  ACACAAGACATGAGCAAGTTTC  (AT)30 Yes  BARCSOYSSR 20 0559
AT7  25090880-25091095 216 GOCATGTAGATCAAGAATGA  ACATTAGATGTTTGGGCATC (AT)26 No

AT8  25189083-25189256 174 GTCATTTCCATATACCTCTC ~ CTACCTTAGAGTTCCATGTCC (AT)34 No  BARCSOYSSR 20 0560
ATO  25296423.25006793 371 GACACATTCTACTTTGCACTAC  CCTTGTTCTAATTTTCCCATGAT xry7, No

AC1  25737546-25737781 236 GGTGCAAATATATGCCCTAGT ~ CCACACTTTTCTTCACAACA (AC)25 No  BARCSOYSSR 20 0574
ATI0  25772809-25772982 174 AATGCCTTAAATGACCCTTC ~ TGTGCAAACATGACTTCAAC (AT)22 No

AT11  25827500-25827791 202 CGCTACGATATCACCACTCTA  GTATTCGGTTAAGCATTGGT (AT)29 No

AT12  25804897-25895211 315 CLCTCTTCAAGATGRATAACET  CCTAGGCGAATAGTTGTGTG (AT)77 No

AT13  26087651-26087867 220 CGGTTATGGGTTACTCTTCG gCTGAAGATTGAGTGGAATGAAC (AT)82 %

AT14  26296626-26296985 443 gﬁgAGAAAAAAACACACACCC GCGAACACCCCTAATTTACAC (AT)66 N
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Distance
Physical Genetic

(Mb)

3.7
3.9

241
24.3

246
247
25.0

26.1

26.5

33.4

34.2

38.5

42.2

45.7

(cM)

31.49 Satt587
31.94 Satt614

36.93 Satt239
35.02 Satt700

AT4
BARCSOYSSR_20_0554
ATT1

AT6
BARCSOYSSR_20_0559

AT13

36.40 Satt496

46.22 Satt354

50.11 Satt270

82.77 Satt292

100.77 Satt 148

109.60 Satt440

Figure I-2 Genetic composition on Chr 20 of three NIL pairs. Genotypes of

Sinpaldalkong 2, Daewonkong and Danbaekkong in each locus were

illustrated as crossed lines, gray and black boxes. Pericentromeric region is

indicated by a dotted broken line at the leftmost side.
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DISCUSSION

Dangaekkong has higher seed protein content than other existing
Korean cultivars and its high protein trait was known as originated from
G.max. Dangaekkong was developed from the cross between Tousan 69
and the high protein introduction line D76-8070 (Kim et al. 1996). D76-8070
breeding line has 495 g kg™'seed protein content and is derived from a
multiple crossing program (Hartwig 1990). The analysis of the pedigree of
D76-8070 suggests that high protein QTL in Danbeagkong might have been
introgressed from two high protein G. max accessions, Sioux (522 g kg™
and P1 96983 (510 g kg™'). Two SSR markers, Satt239 and Satt496 were
identified as flanking markers of high protein QTL from Dangaekkong in our
previous research. The same flanking SSR markers were already mapped
in other G. max accession and the QTL was named as Prot 15-1 (Chung et
al. 2003).

RHL selection about major protein QTL on Chr 20 was used to dissect
genetic region and measure genetic effect of major seed protein content
gene in our research. RHL selection ratios from our breeding processes
were similar with the selection ratios from other previous research
(Watanabe et al. 2011). Then our research is able to support that RIL
populations from Fgto Fsgeneration according to population size could be

suitable to detect one or two RHLs from 137 and 195 plants for a target
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locus. Therefore, we successfully confirmed the utility of two generations of
RHLs from two F7 RIL populations which saved time and labor and allowed
us to select NIL pairs with high genetic background identity.

The prior condition of original RIL population is important to selection
result of RHL to NIL for fine mapping of target locus. Distributions of gene,
genetic markers, recombination frequency of soybean genome are
concentrated on distal regions (Ott 2011). This phenomenon was a cause of
limitation of separation protein content gene from other locus to do fine
mapping in our research. The position of major protein QTL region
surrounding Satt239 and Satt496 located on pericentromeric region on Chr
20 and genes were seldom existed. Then the recombination event between
Satt239 and Satt496 was not occurred during RIL breeding and NIL
selection (Fig. I-2). Nevertheless of this limitation, selected NILs proved that
the introgression on Chr 20 from Danbaekkong is highly associated with
phenotypic differences in seed protein regardless of genetic backgrounds.
The protein difference between Prot_highsp and Prot_lowsp was more than
40 g kg 'and the protein content of Prot_highsp is similar with its high protein
parent, Danbaekkong. Therefore, RHL selection about soybean seed
protein content QTL has advantages to breeding several NILs that have
various genetic backgrounds at one time.

Prot_highpps seed protein content increased 20 g kg-1 in 2009, unlike

the other NILs decreased. Therefore, the response to environmental change
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in 2008 and 2009 was analyzed only in NILpp1 pairs. Seed protein content is
known to be affected by changes in several environmental factors such as
temperature and water stress and soil minerals (Carrera et al. 2009, Kumar
et al. 2006, Rotundo and Westgate 2009, Yaklich et al. 2002, Laszlo 1994).
Minerals in soil during two years were not significantly different, we assume
that climate changes were major cause of seed filling difference. According
to previous studies, responses of protein, oil and other residues to water
stress bring a result of significant increase of seed protein concentration. In
monthly weather reports in 2008 and 2009, a few localized torrential
downpours and following high temperature changes came in Suwon on July
and August in 2009. Thus differential protein filling of Prot_highpp inferred
that the genetic background of Prot_highpp1 is sensitive to environment
changes caused by water stress and temperature change during seed filling
stages.

We have verified the effectiveness of RHL strategy by using specific
genes or markers from existing F; generation RILs. This result in building
three NIL pairs having various genetic backgrounds and high genetic
identity between high and low protein genotypes. Three NIL pairs confirmed
the effect of the seed protein QTL region that originated from Danbaekkong
using selection with flanking markers Satt239 and Satt496. These NILs will
be effective materials not only for identification of the major QTL and the

candidate gene but also for investigating epistasis using their different
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genetic backgrounds. Further studies using these NILs should provide a
better understanding about transcription and translation changes during
seed development through genome resequencing, transcriptome analysis,

proteome analysis.
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CHAPTERIII

Nucleotide variations in the QTL region affecting seed
protein content in NILs carrying high and low seed
protein alleles on chromosome 20 in soybean

(Glycine max [L.] Merr.)

ABSTRACT

Soybean is a valuable crop, as its seeds are rich in protein. A major
quantitative trait locus (QTL) for soybean seed protein content has
previously been identified in the simple sequence repeat (SSR) marker
interval of Satt239-Satt496 on chromosome (Chr) 20. In the previous
chapter, we selected three residual heterozygous lines heterozygous in the
Satt239-Satt496 region from two recombinant inbred line populations of
Sinpaldalkong 2 x Danbaekkong and Daewonkong x Danbaekkong soybean
crosses to develop two sets of near isogenic lines (NILs) with different seed
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protein content. The maternal parent cultivar Danbaekkong, carrying a high
protein content allele, showed high seed protein content. In the genomic
region harboring the introgressed Danbaekkong segment on Chr 20, we
identified nucleotide differences between low- and high- protein NILs
through whole genome sequencing using lllumina HiSeq 2000. The 66 non-
synonymous single nucleotide polymorphisms and one frameshift that
overlapped at the same positions in both of the NIL pairs were predicted to
affect 30 genes in the high protein QTL region. Among these genes, five
genes were selected as candidates with possible involvement in the
accumulation of seed protein, showing gene expression during seed
development. Two genes, calcium-dependent protein kinase and exocyst
subunit exo70 family protein, are more likely involved in see protein

accumulation in soybean.
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INTRODUCTION

Intensive quantitative trait locus (QTL) mapping has been used to identify
more than 100 QTLs affecting seed protein content in soybean
(http://soybase.org). However, the molecular mechanism controlling seed
protein accumulation is not fully understood. On Chr 20, 14 QTLs for seed
protein content has been reported near the genomic region from 30 to 40
cM (http://soybase.org), explaining the high phenotypic variation of seed
protein content independent of environmental conditions (Brummer et al.
1997, Chung et al. 2003, Diers et al. 1992, Nichols et al. 2006, Sebolt et al.
2000, Tajuddin et al. 2003). Among these QTLs, the simple sequence repeat
(SSR) marker Satt239 was identified to be linked with high protein content
using a recombinant inbred line (RIL) population of Moshidou Gong 503
(high protein, 463 g kg™') x Misuzudaizu (low protein, 360 g kg™") (Tajuddin et
al. 2003). Another RIL population produced from a cross between PI
437088A (high protein, 480 g kg™') and Asgrow A3733 (low protein, 420 g kg’
') showed the seed protein QTL Prot 15-1 in the interval between Satt239
(36.9 cM in the composite linkage map of soybase) and Satt496 (36.4 cM)
with >10 of LOD (Chung et al. 2003). Furthermore, fine mapping using near
isogenic lines (NILs) developed from backcrosses of high protein Glycine
soja P1 468916 into G. max accession A81-356022 revealed that the QTL
for seed protein content was located between Satt239 and Satt496, even
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though Satt239 was not segregated in these high- and low protein NILs
(Bolon et al. 2010, Diers et al. 1992, Nichols et al. 2006, Sebolt et al. 2000).
Through comparing transcript profiles between high protein and low protein
NILs using Affymetrix® Soy GeneChip microarray and whole transcriptome
sequencing, 13 candidate genes located in the seed protein QTL region on
Chr 20 were found to show differential expressions between the NILs,
including a Mov34-1 regulatory protein, a heat shock protein, and an ATP
synthase (Bolon et al. 2010). The functional roles of these candidate genes

in seed protein accumulation are not yet identified.

Recently, next-generation sequencing (NGS) technology has been
used to conduct whole genome sequencing (WGS) in many crop species
(Boetzer et al. 2011, Gao et al. 2012). Due to the reliability of NGS data,
along with the high depth and low cost of NGS sequencing, the use of
NGS has been extended from WGS of a typical model crop species to the
resequencing of various populations (Boetzer et al. 2011, Gao et al. 2012).
Resequencing can be employed to study population genetics and
comparative genomics at the genome level (Mayer et al. 2011).
Resequencing is also a powerful technology for developing numerous
molecular markers, such as single nucleotide polymorphisms (SNPs), to
fractionate the QTL region of an important agronomic trait and to

construct high-density genetic maps (Huang et al. 2009, Yu et al. 2011).
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In the present study, we sequenced the whole genomes of two NIL
pairs and three parental genotypes to compare the sequences in the seed
protein QTL region from Satt239 and Satt496 on Chr 20. This sequence
analysis identified functional SNPs in several genes located within the
QTL region between the high- and low protein lines, including protein
kinase and exocyst complex subunit genes which likely play a role in

seed protein accumulation.
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MATERIAL AND METHODS

DNA extraction and SSR marker analysis

Genomic DNA was isolated from fresh soybean leaves according to the
method of Shure et al. The quantity and quality of the DNA were determined
using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). Two SSR markers, Satt239 and Satt496, were first
used for foreground selection relating to seed protein content. In addition, 72
SSR markers covering all 20 soybean chromosomes were employed to
investigate the homogenous genetic background between the low protein
and high protein NILs. To confirm the low protein and high protein NILs,
additional SSR markers that were located in the Satt239 and Satt496
interval were developed. Repeated sequences between Satt239 and
Satt496 on Chr 20 were obtained from Phytozome
(http://www.phytozome.net/soybean.php), and specific primers were
designed to amplify the repeated sequences using BatchPrimer3

(http://probes.pw.usda.gov/batchprimer3/index.html).

The PCR reaction mixture contained 0.4 units of Taq polymerase
(Vivagen Co., Sungnam, Korea), 1 X reaction buffer (750 mM Tris-HCI pH

8.5, 200 mM (NH,4),SOy4, 0.1% Tween 20, 25 mM MgCl,, 0.5% enzyme
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stabilizer), 0.16 mM of each dNTP, 2 uM of template DNA, and 0.5 uM of

each primer in a total volume of 20 ul. PCR was performed in a PTC-100 MJ
Thermo cycler (MJ Research, Watertown, MA, USA). The amplified products
were resolved using an ABI 3730 automated DNA sequencer (Applied
Biosystems, Foster City, CA, USA) and GeneMapper® software v3.7

(Applied Biosystems). Additional repeated markers were analyzed on a 3.5%
acrylamide gel in a Triple-Wide Mini-Vertical System CE (TWC 202-33, CBS

Scientific Company Inc., Del Mar, CA, USA).

Analysis of sequence variations

The developed NILs (Prot_lowsp/ Prot_highsp, and Prot_lowpp /
Prot_highpp) and their parental soybean genotypes (Danbaekkong,
Sinpaldalkong 2, and Daewonkong) were resequenced using lllumina HiSeq
(Ilumina, Co., San Diego, CA, USA). The adapter sequences of raw reads
were removed, and the low-quality end sequences were trimmed out, with a
quality value threshold of 20. To retrieve the genotype variants in the NIL set,
the reads of NILs and cultivars were mapped against the reference genome
Williams 82 (http://www.phytozome.net/soybean.php) using BWA software
(http://bio-bwa.sourceforge.net) (Li and Durbin 2009). The genotypes, which

were defined by the base positions of the reference genome, were
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compared, and the positions that exhibited polymorphism among NIL pairs
were retrieved, using SAMTools software
(http://samtools.sourceforge.net/index.shtml) (Li et al. 2009). The genotypes
of each base position were determined at a read depth ranging from 5 to
100 to resolve false genotype calling derived by sequencing errors and
genome duplication. Chromosomal locations of the detected SNPs were
assigned according to the reference soybean genome

(http://www.phytozome.net/soybean.php).
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RESULTS

Nucleotide variations in the high protein QTL region between

low- and high-protein NILs

To perform fine mapping of the seed protein QTL, we investigated sequence
differences between low- and high-protein NILs in the 20 to 31 Mb genomic
region, including additional 4 Mb from each marker of Satt239 and Satt496
on Chr 20 through WGS using lllumina HiSeq 2000 (Table 1I-1). A total of
322 predicted gene IDs were detected in this genomic region, based on the
Glyma1.1 gene set from Phytozome
(http://www.phytozome.net/soybean.php). We produced an average of 179
million 100 bp paired reads from each of the seven soybean genotypes
including four NILs and three parental cultivars, Danbaekkong,
Sinpaldalkong 2, and Daewonkong (Table II-2). These reads were aligned to
the G. max reference genome to identify the SNPs and small
insertions/deletions (indels) in the 11 Mb genomic sequences on Chr 20
between low- and high-protein NILs. More than 92% of the lllumina HiSeq
reads were properly mapped on the reference sequence, with a mapping
depth of each genome (of seven soybean genotypes) ranging from 15- to

20-fold.

52



Table II-1 Summary of nucleotide differences between low- and high-protein lines of two NIL pairs from 20 Mb to 31

Mb on Chr 20
Genic®
Varient No. of Nongenic 1kb upstreamb CDS° (no. of genes)
type variants variants (no. of genes)
Total 5 UTR Synonymous Non- Frameshift Non-frameshift 3'UTR Intron
synonymous
225 551
SNP (1 bp) 13,403 12,627 29 30(24) 66(31) NA NA 16 410
(89) (111)
34 61
Indel 985 890 5 NA NA 1(1) 1(1) 1 53
(28) (45)

8CDS, coding sequence; NA, not applicable; UTR, untranslated region.

®One kilobase upstream region of transcription start site was considered to be responsible for transcription regulation.

°All variants of high protein lines were determined using low protein lines as references.
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The predicted SNPs and indels between the low- and high protein lines of
two NIL pairs were subjected to additional filtering steps by comparing the
alleles of the corresponding parents at the same positions. The NILsp and
NILpp pairs had a total of 21,452 and 19,183 SNPs between low- and high
protein lines, respectively. Among these, 13,403 SNPs were present at the
same positions in two NIL pairs (Table II-1); the non-genic and genic regions
harbored 12,627 and 551 SNPs, respectively, and 225 SNPs were located
at 1 Kb upstream of the transcription start sites of 89 genes between low-
and high protein NILs. The noncoding regions contained 455 SNPs, with 45
in 5’ and 3’ untranslated regions (UTRs) and 410 in introns. A total of 96
SNPs, including 30 synonymous and 66 non-synonymous SNPs, were
located at the coding regions. The 20 to 31 Mb section surrounding the high
protein QTL on Chr 20 contained 2,112 indels in the NILgp pair and 1,483 in
the NILpp pairs. Of these indels, 985 were located at the same loci (Table II-
1). A total of 61 indels were positioned within the genic boundaries, and only
one indel in coding sequences appeared to be a putative frameshift
mutation. A total of 31 genes were predicted to be functionally affected by 66
non-synonymous SNPs and one frameshift indel (Table 1I-1). Among these
genes, twenty-three genes were involved in chromosome maintenance,
nucleotide metabolism or disease resistance, such as helicase, RNase,
endonuclease and NBS-LRR. Among the remaining seven genes, five

exhibited transcript accumulation during seed development based on
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soybean RNA-seq database SoyKB (Joshi et al. 2012) (Figure 1 and Table
3). These five genes included DCD (Development and Cell Death) domain
protein (Glyma20g16100), calcium-dependent protein kinase 1
(Glyma20g17020), Exocyst subunit exo70 family protein (Glyma20g17500),
double Clp-N motif-containing P-loop nucleoside triphosphate hydrolases
superfamily protein (Glyma20g17560), MOS4-associated complex 3
(Glyma20g21330). The high protein lines (Prot_highsp and Pro-highpp) had
missense mutations in these five genes that caused amino acid
substitutions compared with the low protein lines (Prot_lowsp and
Prot_lowpp; Table 3). The non-synonymous SNPs of CDPK and Exo70
between low- and high-protein lines were predicted to induce partial protein
structure change (Figure [I-2). CDPK showed the formation of beta-sheet on
serine/threonine kinase domain (115-373) was partially blocked by amino

acid change from 42Val to Ala. .
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Table 1I-3 Non-synonymous SNPs and their amino acid changes between

the low- and high protein NILs in the high protein QTL region on Chr 20.

Gene description Codon change Amino acid Gene
by homology to Location change expression in
Arabidopsis Prot low Prot_high (side chain developing
thaliana - - polarity) seeds®
bidirectional amino A74V
acid transporter 20,364,412..20,365,565 GCT GTT (Both no
nonpolar)
DCD domain 22.282,845.22,286,101  ATT cTT 1254L yes
protein (Nonpolar)
Calcium 23,983,441..23,991,,227 V42A
dependent protein GTA GCA yes
Kinase (Nonpolar)
T201I
edlaosl-g AGT AAT (Neutral to
methionine- nonpolar
dependent 24,439,521..24,440,457 L186M no
LS S CAG CAT (Neutral to
superfamily protein
nonpolar)
H132Y
CAT TAT (Basic to
neutral)
Exocyst subunit R146W
exo70 family 24,529,081..24,561,960 CGG TGG (Basic to yes
protein nonpolar)
T169A
ACA GCA (Neutral to
nonpolar)
Double Clp-N
motif-containing P-
't°.°p nucleoside 24,613,557..24,616,821 CAC CGC H454R yes
riphosphate (Basic)
hydrolases
superfamily protein
. M1l
podulin I3 29,089,773.29,991,402  CAT AAT (both no
amily protein
nonpolar)
MOS4-associated 30,528,612..30,537,544 R16Q
complex 3 CGG CAG (Basic to yes
neutral)

® RNA-seq data were obtained from http://soybase.org/soyseq/
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Figure 1I-1 SNPs and indels of genes encoding proteins with amino acid
changes between the low- and high protein NILs from protein QTL region on
Chr 20. Vertical lines on the left side represent the chromosome and the
region of sequence comparison. The leftmost line is Chr 20, and the next
four lines show SSR marker haplotype of NILs. The region of sequence
comparison is shown on the rightmost vertical line. Green circles represent
the locations of nine genes with non-synonymous SNPs of those indicated
on the right side. Each SNP and indel site in the five genes is indicated by a
black triangle, and the sequences of NIL lines are shown in blue (-low) and
red (-high). If the SNP has a non-synonymous change, the amino acid
change is shown below the SNP site. As Glyma20g17500 has 35 SNPs in

its genic region, only three non-synonymous SNPs are shown in this figure.
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Low-protein High-protein

Figure 1I-2 Predicted protein structures of calcium dependent protein kinase
(CDPK) between low- and high-protein lines. The protein sequence of low-
and high-protein lines were obtained from Williams 82 reference genome
and Danbaekkong, respectively. Green arrows indicate the site of protein
change caused by non-synonymous mutation. Black arrows point the

different beta-sheet structure on serine/threonine kinase domain of CDPK.
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DISCUSSION

Mapping of introgression sites using SSR markers revealed that the
introgressed regions included the major high seed protein QTL Prot 15-1
between Satt239 (24.13 Mb) and Satt496 (26.50 Mb) on Chr 20 in the two
pairs of NILsp and NILpp that we examined (Table lI-1). In a previous study,
we found that Danbaekkong has a favorable allele for increasing protein
content at the Satt239 locus on Chr 20 (Park 2002). Another NIL population
was previously developed by backcrossing the high protein G. soja (PI
468916) allele into a G. max background (A81-356022) (Bolon et al. 2010,
Nichols et al. 2006). The introgressed region in this NIL is flanked by
Sat_174 (24.54 Mb) and ssrqtl_38 (32.96 Mb) on Chr 20, corresponding to
an approximately 8.4 Mb genomic sequence (Bolon et al. 2010).Though
genotypic segregation was not observed at Satt239 between the Prot_low
and Prot_high NILs, the protein QTL region of this NIL was located in the
interval of Satt239 and Satt496 (Bolon et al. 2010). Therefore, we identified
nucleotide variations between low- and high protein lines within the genomic
region from 20 Mb to 31 Mb on Chr 20, which surrounds Satt239 to Satt496.
More recently, introgression sites of soybean NILs were efficiently
mapped based on SNPs identified by NGS (Severin et al. 2010). De novo
SNP discovery in NIL pairs with different protein contents was performed via

RNA-seq analysis by NGS. Among the 387 SNPs identified between the
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seed protein NILs, 142 are located in the well-known introgressed region on
Chr 20. The positions of these coding DNA variations stretch from 12.12 Mb
to 46.12 Mb (Severin et al. 2010). Comparative NGS analysis of DNA, as
well as RNA, enables high mapping resolution, high marker density, and the
prediction of non/missense or frameshift mutations using identified markers
(Severin et al. 2010). In the present study, comparative analysis of NGS
data between low- and high protein lines (Prot_lowsp vs. Prot_highsp and
Prot_lowpp vs. Prot_highpp) in two pairs of NILs revealed that 96 SNPs and
two indels in coding sequences overlapped at the same positions in two NIL
pairs (Table 2). The 66 non-synonymous SNPs and one frameshift were
predicted to affect 30 genes in the seed protein QTL region. Among these
genes, it is likely that five genes produce mRNA transcripts during seed
development in soybean (Figure 1I-2 and Table 1I-3).

The accumulation of storage products consisting of starch, oil, and
specialized protein during seed development is triggered by a complicated
regulatory network in the embryo (Weber et al. 2005). This regulatory
network is involved in genetic and biochemical reprogramming mediated by
multiple pathways in response to sugar and phytohormones (Gibson 2004,
Wobus and Weber 1999). Increased sugar concentration is thought to
promote glycolysis and the tri-carbonic acid cycle pathway, leading to the
production of a supplementary supply of carbon precursors for amino acid

synthesis (Weigelt et al. 2009). Amino acid biosynthesis controls storage
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protein synthesis (Weber et al. 2005). Additionally, protein phosphorylation
of relevant enzymes is implicated in the metabolism of storage protein
synthesis (Weber et al. 2005). In this study, one of the identified genes with
missense mutations between low- and high protein lines was annotated as
calcium (Ca**)-dependent protein kinase (CDPK; Glyma20g17020). CDPK
is required for storage product accumulation through phosphorylation of
sucrose synthase in rice seeds (Asano et al. 2002). Arrested seed
development occurs at an early stage in transgenic rice overexpressing
0sCDPK2 (Morello et al. 2000). Diverse members of the rice CDPK gene
family are preferentially upregulated during reproductive developmental
stages in response to abiotic stress, and OsCPK23 is specifically expressed
in the early stage (S1) of seed development (Ray et al. 2007). Five CDPK
genes, including OsCPK23, are upregulated at the endosperm stage in rice
subjected to hormone treatment (Ye et al. 2009). In addition, CDPK proteins
phosphorylate sucrose synthase in maize leaves under low-oxygen
conditions, causing activation of the cleavage reaction (Subbaiah and Sachs
2001). CDPKs are closely related to sucrose nonfermenting-1-related
protein kinase (SnRK1), which is a major component of the sugar signal
transduction mechanism (Weber et al. 2005). These results provide
evidence that phosphorylation is involved in metabolic regulation mediated
by sugar, ABA, and/or certain stress conditions during seed maturation

(Weber et al. 2005, Weber et al. 2010).
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Seed proteins of most plant species are synthesized within the
endoplasmic reticulum (ER) and are then transported to protein storage
vacuoles where they finally accumulate (Galili et al. 1993, Herman and
Schmidt 2004, Herman 2008, Ibl and Stoger 2012). Large masses of seed
storage proteins are concentrated in an aggregative form making them
insoluble protein assemblies (Herman 2008). Protein bodies which are
formed by the tubular ER sequester insoluble proteins and are released into
cytoplasm. Subsequently, the proteins bodies are transferred to vacuoles by
a direct ER-vacuole trafficking route that by passes the Golgi, different from
the classical ER-Golgi-vacuole route for delivery of most of soluble secretary
proteins (Galili 2004, Herman and Schmidt 2004, Michaeli et al. 2014).
Extensive microscopic evidence suggested involvement of autophagy in
internalization of protein bodies into the storage vacuole (Herman 2008,
Reyes et al. 2011). In maize seed aleurone cells, storage proteins are
transported from the ER to protein storage vacuoles using a special
autophagic process (Reyes et al. 2011), similar to the ER-vacuole trafficking
process also observed in wheat (Ibl and Stoger 2012). The direct ER to
vacuole transport using autophagy appears to show specificity depending
on the type of the storage proteins as well as the plant species and tissues
(Reyes et al. 2011). Selection of cargo to be delivered by autophagosome is
controlled by binding ofAtg8, embedded on the autophagosome membrane,

to the cargo protein or cargo receptor protein (Li and Vierstra 2012). In
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Arabidopsis, identification of two novel cargo receptor proteins, termed
Autophagy Interacting proteins 1 and 2 (ATI1 and ATI2) also supported
involvement of autophagy in the transport of functional proteins from the ER
to the vacuole (Honig et al. 2012). These two genes were found to contain
two consensus Atg8-binding motifs and also bind the Arabidopsis autophagy
associated Atg8f protein through various approaches. In addition, a recent
report revealed a subunit of the exocyst complex, Exo70B1 is co-
transported with the autophagy-associated Atg8 protein to the vacuole, as a
key player in autophagosome targeting into the vacuole (Kulich et al. 2013).
The exocyst complex, consisting of eight subunits — Sec3, Sec5, Secb6,
Sec8, Sec10, Sec15 Exo70 andExo84 — is originally involved in tethering of
complex between vesicles and plasma membrane prior to exocytosis
(Heider and Munson 2012). Existence of putative Atg8 interacting motifs
within the Exo70B1peptide also indicates the formation of a tethering
complex with Atg8 for autophagy-related Golgi-independent import into the
vacuole in plants (Tzfadia and Galili 2013). In the present study, the gene
(Glyma20g17500) showing the change of amino acids between low- and
high-protein NILs was found to be a homolog of the Arabidopsis exocyst
complex subunit Exo70. This exocyst complex subunit Exo70 gene
possesses 35 SNPs in genic regions, of which three are non-synonymous
(Figure 1I-2). Mutations in Exo70 subunits would cause target membrane-

specific deviations, since Exo70 subunits are those to bind the target
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membrane and to function as the landmark for vesicle targeting/tethering
(Heider and Munson 2012, Kulich et al. 2013, Munson and Novick 2006,
Zarsky et al. 2009).
The three genes with missense mutations between the low- and

high protein lines encode proteins with known functional domains (Table 3),
including DCD domain protein (Glyma20g16100), double Clp-N motif-
containing P-loop nucleoside triphosphate hydrolases superfamily protein
(Glyma20g17560) and MOS4-associated complex (MAC) (Glyma20g21330).
The DCD domain is plant specific and strongly induced during plant
development and programmed cell death. The putative A. thaliana ortholog
(At5g42050) of this gene is upregulated by external stresses including
ozone stress, osmotic stress, and cold stress, as determined from transcript
profiling data (Tenhaken et al. 2005 ENREF 33). While the Arabidopsis
homolog of Clp-N motif-containing P-loop nucleoside triphosphate hydrolase
superfamily protein appears to function in ATP binding, its biological role is
unknown. The MOS4-associated complex (MAC) consist of MODIFIER OF
snc1 4 (MOS4) associates, the Myb-transcription factor CELL DIVISION
CYCLE 5 (AtCDC5), and the WD-40 repeat protein PLEIOTROPIC
REGULATORY LOCUS 1 (PRL1) (Monaghan et al. 2009). The MAC 3A and
3B may function in the regulation of plant innate immunity.

In the current study, we developed two pairs of NILs with different seed

protein contents, derived from two RHLs to the high protein QTL in the
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interval of Satt239 and Satt496 on Chr 20 in the RIL populations. WGS
analysis demonstrated that these NILs may be effective materials for
identifying candidate genes likely involved in seed protein accumulation
through survey of functional nucleotide changes in the QTL region. Of the
identified candidate genes, two genes, CDPK and Exo70 subunit, may be
associated with synthesis and transport of seed storage protein, respectively.
Further functional validation of the candidate genes, using
transcriptome/proteome analysis, mutagenesis and association analysis,
should shed light on the molecular regulation of seed protein accumulation

during soybean seed development.
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CHAPTER Il

Gene expression profiling for seed protein and oil

synthesis during seed development in soybean

ABSTRACT

Soybean (Glycine max L.) is one of the most important crops because of its
high seed contents of protein and oil. However, little is known about the
molecular regulation of seed filling during accumulation of seed protein and
oil storage products. We identified soybean differentially expressed genes
between low- and high-protein NIL lines during seed protein stage at 1, 2, 3
and 4 WAFs. Gene annotation using Mapman and cluster heatmap
represent that genes related with seed reserve accumulation started to
represent differentially expression at 2 WAF and more genes were up-

regulated in Prot_highpp than Prot_lowpp at this period. Transcription factors
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including major regulators for seed development was identified as

differentially expressed.

To understand metabolic gene regulation during the start of early seed
maturation, we investigated G. max homologs of Arabidopsis genes involved
in metabolic pathways of carbon precursors, protein, and oil, and analyzed
gene expression patterns in immature seeds at 1 and 2 weeks after
flowering (WAF). G. max undergoes two rounds of whole-genome
duplication, the number of genes involved in the three synthesis pathways is
more than two times higher than that in Arabidopsis. Among these genes,
five were conserved as single-copy genes and 44 were high copy gene
families consisting of more than seven homolog members. We identified five
differentially expressed genes in immature seeds aged between 1 and 2
WAF, including CELL WALL INVERTASE, BRANCHED-CHAIN AMINO
ACID TRANSAMINASE, AMINO ACID PERMEASE, ALDEHYDE
REDUCTASE, and BIOTIN CARBOXYL CARRIER PROTEIN. Expression
analysis of the duplicated genes on the synteny block revealed that the
duplicated genes involved in protein synthesis had stronger positive
correlations between their expression patterns than those of oil synthesis
genes. This study provides novel insights into the molecular details of genes
associated with soybean seed protein and oil synthesis pathways. These

genes can be used as tools to improve seed nutrient composition.
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INTRODUCTION

Soybean [Glycine max (L.) Merr] belongs to the family Leguminosae,
also known as Fabaceae, along with many essential food legume crops
such as peas, chickpeas, alfalfa, lentils, fava beans, and peanuts. Soybean
has important nutritional benefits and is one of the most important crops, its
average annual global production reached 217.6 million tons in 2005-2007
and is expected to increase by 2.2% annually to 371.3 million tons by 2030
(Masuda and Goldsmith 2009). Soybean is a very unique legume crop
because it contains high protein and oil contents, approximately 40% and
20%, respectively (Clemente and Cahoon 2009). Continuous efforts of
soybean breeders are directed to improve the oil and protein quality by
identifying linked markers and quantitative trait loci (QTLs) (Burton 1985,

Wilcox 1985).

A previous study of the relationship between protein, oil, and sugar
metabolism in soybean seed reported a negative correlation between
protein and oil content and protein and sugar content, but a positive
correlation between sugar and oil content (Hymowitz et al. 1972). Consistent
with these results, a QTL analysis of selected molecular markers revealed a
negative relationship between protein and oil contents (Lee et al. 1996).

There are currently more than 100 QTLs associated with protein and oil
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content on all 20 chromosomes (Chrs) (http://www.soybase.org). Many seed
protein and oil QTLs have been identified on Chr 20 (LG I) (Brummer et al.
1997, Sebolt et al. 2000, Specht et al. 2001, Tajuddin et al. 2003, Chung et

al. 2003, Bolon et al. 2010).

The plant reproductive stage links two generations by producing
seeds as a repository of genetic materials along with storage products such
as protein and oil, which are metabolized by the embryo during germination.
The seed maturation stage known as seed filling involves the accumulation
of seed protein and lipid, this stage is crucial for establishing seed vigor and
germination competence (Dornbos and Mullen 1991). Seed filling is
dependent on metabolic network regulation and assimilate transport from a
source (Weber et al.1997, Weber et al. 2005, Weichert et al. 2010). Seed
protein and oil accumulation starts at an early stage of seed maturation after
carbon precursor synthesis, and sucrose is the major assimilated carbon
(Baud et al 2008). Substrates for seed protein and oil biosynthetic pathways
are derived from sucrose degradation, glycolysis, and the TCA cycle (Baud
et al. 2008, Baud and Lepiniec 2010). The accumulation of protein and oil in
seed requires the transport and metabolism of sucrose and carbon

precursors (Vigeolas et al. 2007, Weichert et al. 2010).

In the present study, we profiled gene expression between low-and

high-protein NIL during seed development. Differentially expressed genes
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were increased after 2 WAF, early maturation stage. Then we identified
soybean homologs of Arabidopsis genes involved in the metabolic pathways
of carbon precursor, protein, and oil. We analyzed the expression patterns
of these genes at early stages of seed maturation, at 1 and 2 weeks after
flowering (WAF). The soybean gene paralogs involved in metabolic
pathways of carbon precursor, protein, and oil are located in synteny blocks
generated by whole-genome duplication (WGD). The expression levels of
these paralogs were compared to determine functional correlations between

duplicated genes during biosynthesis of seed storage products.
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MATERIAL AND METHODS

Plant materials and RNA extraction

A recombinant Fgline (Prot_lowpp) developed by selecting single-
seed descendants following a cross between a low-protein cultivar
(Daewonkong) and a high-protein cultivar (Danbaekkong) was used in this
study. Prot_lowpp is homozygous for low-protein alleles in the seed protein
QTL located in the interval of Satt239-Satt496 on Chr 20, which was
inherited from Daewonkong. This experiment was conducted in a
greenhouse at the experimental farm of Seoul National University (Suwon,
Korea) on July 13, 2013. Seeds were sown 3 cm deep directly into the soll
covered with plastic mulch, with a spacing of 20 cm between plants along
the row and 60 cm between rows. The natural photoperiod was 11.5-14.5 h
per day. Each pod was tagged by the flowering date. Pods were harvested
to collect immature seeds at 7-8 days after flowering (DAF), 14-15 DAF, 21-
22 DAF and 28-29 DAF, which are equivalent to 1, 2, 3 and 4 WAF. To
minimize the effects of biological variations among individual soybean plants,
hundreds of pods at each stage were gathered from multiple plants (Jones
and Vodkin 2013). One gram of immature seeds was ground, and RNA was
extracted using a modified TRIzol® (Invitrogen, CA, USA) method. RNA

concentration and quality was evaluated by gel electrophoresis and
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NanoDropTM-1000 Spectrophotometry (Thermo Scientific, MA, USA).

RNA-seq analysis

Total RNA sequencing of immature soybean seed samples at 1 and 2
WAF was performed using lllumina Hiseq 2000 (lllumina, Co, CA, USA).
Then, cDNA libraries were constructed using TruSeq® RNA Sample Prep Kit
v2 (lllumina Inc., CA, USA). Sequencing data were generated through the
standard lllumina pipeline. Raw reads were filtered using the IlluQC tool
contained in the NGSQC Toolkit v.2.3.3. The resultant 32,283,577 and
31,725,878 cDNA reads from 1, 2, 3 and 4 WAF soybean seeds were
aligned to the G. max reference genome (ver. 1.0) provided by Ensembl
Plants (http://plants.ensembl.org/Glycine_max/Info/Index) using the Bowtie2
aligner (Langmead and Salzberg 2012) and Tophat v.2 (Kim et al. 2013),
with consideration of the inner distance of paired-end sequences and in a
reference-guided manner. Gene expression values were calculated based
on the number of fragments per kilobase of exon per million fragments
mapped (FPKM) (Mortazavi et al. 2008). Data given in FPKM were obtained
using Cufflinks, and comparisons of transcript/gene FPKMs in 1, 2, 3 and 4
WAF immature soybean seed samples were processed by Cuffdiff (Roberts

et al. 2011). Differntially expressed genes between Prot_highpp and
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Pro_lowpp was classified using Mapman hierarchial ontology system (Thimm

et al. 2004).

Survey of G. max homologs of Arabidopsis thaliana genes

involved in sucrose degradation and protein and oil synthesis

A. thaliana genes involved in synthesis of carbon precursor, protein,
and oil were identified in two public databases, the Plant Metabolic Network
(PMN; http://www.plantcyc.org) and The Arabidopsis Information Resource
(TAIR; http://www.arabidopsis.org). G. max genes homologous to the listed
A. thaliana genes were retrieved from the soybean genome sequence

database at Phytozome (http://www.phytozome.net).

Identification of synteny blocks in the soybean genome

The G. max WGD was estimated by comparing co-linearity of synteny
blocks. G. max protein sequences were self-compared using BLASTP
searches with an E-value threshold of 1e™® and by parsing out the top five

hits. Consequently, the collinear synteny blocks were calculated using
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MCScanX software with default parameters (Wang et al. 2012). We
calculated K; values of the homologs within collinearity blocks using the perl
script (add_ka_and_ks_to_collinearity.pl) from MCScanX. All K, values were
distributed; peak values were detected at 0.11 and 0.64, which
corresponded to WGD. The synteny blocks at the peak had median values
of 0.125; this K value was considered to be representative of the collinear

blocks.
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RESULTS

Characterization and developing soybean seeds and

transcriptome analysis

We harvested immature seeds at 1, 2, 3 and 4 week after flowering
(WAF) and each stage is corresponded to early cotyledon, early and late
mature green stages, respectively (Figure lll-1a). During the seed growth,
average sizes like length, thickness and width were increased steadily until
3 WAF. While seed weight increased faster approximately 3-fold between 3
and 4 WAF, representing active seed storage product accumulation (Figure

llI-1b).
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Figure lll-1. Soybean seed development during experimental period. a)
Seeds at 4 stages of seed filling. Seeds sampling was started at 1 WAF and
continued to 4 WAF with 7 days intervals. b) Seed size and mass of each
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values are average of 10 seeds and error bars are standard deviation.
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Seeds from four WAFs from NIL pair (Prot_highpp and Prot_lowpp)
consisted eight seed samples. High-throughput next generation
transcriptome sequencing using RNA-seq was performed on eight samples
of soybean seeds. We found the 54,140 transcriptionally active genes over
four weeks of seed development. To identify differentially expressed genes
(DEGSs) between Prot_highpp and Prot_lowpp lines, we compared FPKM
value genes at each developing stage. There were 647 genes that represent
differential expression in total (Figure 11l-2). Seed at globular stage (1 WAF),
3 genes were identified DEGs between Prot_highpp and Prot_lowpp. The
number of DEGs between Prot_highpp and Prot_lowpp were increased with
seed maturation as 97, 279 and 364 genes at each 2, 3 and 4 WAF. Among
the 97 DEGs at 2 WAF, number of up-regulated genes were 85 and 12 in
Prot_highpp and Prot_lowpp, respectively. Meanwhile, the ratio of up-
regulated genes in Prot_lowpp increased to similar level of up-regulated
genes in Prot_highpp at 3 and 4 WAFs. Over the three weeks period from 1
to 3 WAF, no DEGs maintained their expression regulation patterns, while
during 3 and 4 WAFs, the 77 DEGs maintained their differential expression
patterns. DEGs at 4 WAF were overlapped 17 genes with 2 WAF. (Figure IlI-

2).
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Figure lll-2 Venn diagram of difnfferentially expressed genes (DEGs) of
differential expressed genes between Prot-high and Prot-low lines. Number
in each circles represents number of DEGs and the light blue, read, blue

and yellow colors of circles indicate each 1, 2, 3 and 4 WAF, respectively.
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Gene annotation using Mapman allowed the assignment of 425
DEG classifications into 25 BINs (Table Ill-1). Other 222 DEGs were
classified as not assigned. Soybean stores seed storage components such
as protein, oil and starch. Genes included in those storage molecule
accumulation, such as major and minor carbohydrate metabolism, lipid
metabolism, amino acid metabolism, C1 metabolism and protein metabolism
were 78. Number of DEGs identified as stress, redox and miscellaneous
enzyme family (misc), RNA, signaling and development were 250 genes. At
2 WAF, DEGs including genes of lipid metabolism, hormone metabolism,
protein, cell, development and transport categories started to represent up-
regulation in Prot_highpp than up-regulation genes in Prot_lowpp (Table 11I-1).
In this classification, DEGs of soybean storage protein (glycinin, geta-

conglycinin, legumin) were put into subBINS of ‘development’ (supplement).

87



Table llI-1 Gene ontology of differentially expressed genes using Mapman.

BIN Ontology protein No. of up-regulated genes
1 WAF 2 WAF 3 WAF 4 WAF

1 Photosynthesis High 2
low 1

2 Major carbohydrate metabolism  High 2 2
low 1 2

3 Minor carbohydrate metabolism  High 1 1
low 2

9 Mitochondrial electron transport / High

ATP synthesis low 1 1

10  Cell wall High 2 3 9
low 9 7

11 Lipid metabolism High 3 3 4
low 6

13 Amino acid metabolism High 1 1
low 2

15  Metal handling High 2 2
low

16 Secondary metabolism High 2 3
low 1 4

17  Hormone metabolism High 4 5 5
low 1 8 8

18  Co-factor and vitamine High

metabolism low

19  Tetrapyrrole synthesis High
low

20  Stress High 2 5 8
low 5 9

21 Redox High 1 1
low 1

23  Nucleotide metabolism High 1 1
low 1 1

24  Biodegradation of xenobiotics High 1
low

25  C1-metabolism High 1 1
low 1

26  Miscellaneous enzyme families  High 15 11 16
low 3 11 17

27 RNA High 17 12 17
low 1 19 28

(Continue on next page)
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BIN Ontology protein No. of up-regulated genes

1 WAF 2 WAF 3 WAF 4 WAF

28 DNA High 1 1
low 2 1
29  Protein High 5 8 11
low 13 6
30  Signaling High 1 9 8
low 13 20
31 Caell High 1 1 3
low 1 2
33  Development High 2 8 14
low 2 7
34  Transport High 7 9
low 1 3 5
35  not assigned High 3 25 53 68
low 6 54 46

Table llI-1 (continued)
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Expression patterns of differential expressed genes related with

seed storage product metabolism during seed development

We investigated gene expression of 78 genes that involved in
metabolism of carbohydrate, oil and protein, protein and sugar transporters,
seed storage proteins during seed development. Clustering analysis showed
gene expression relationship between Prot_highpp and Prot_lowpp during
seed development (Figure 1lI-3). Genes related with seed reserve
accumulation started to represent differentially expression at 2 WAF and
more genes were up-regulated in Prot_highpp than Prot_lowpp at this period.
Genes of sucrose degradation enzymes like sucrose synthase (SUS) and
cell wall invertase (CWINV) were differently regulated. SUS gene was up-
regulated in Prot_highpp from 2 to 4 WAF and the differential expression
was identified at 3 WAF, while the expression of INVs were up-regulated in
Prot_lowpp and differences between two lines were continuously increased
to 4 WAF when represented differential expression. DEGs involved in
protein metabolisms were occupied 39 genes and 22 genes among them
had function of protein degradation. Expression patterns during seed
development, genes encodes storage proteins were up-regulated at 2 WAF
and increased to 4 WAF in Prot_highpp along with some genes involved in

protein posttranslational modification, TAG synthesis of lipid metabolism
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(Figure I1-3). The clusters that showed week up-regulation in Prot_highpp at
2 WAF than changed to high up-regulation in Prot_lowpp at 3 WAF
contatined ubiquitin, subtilases and protease genes involved in protein
degradation and sugar trasnproter. Meanwhile, transporters of peptides and
oilgopeptides were up-reguated in Prot_highpp at 3 WAF. Genes involved in
synthesis of carbohydrates such as starch, raffinose and sucrose were up-

regulated in Prot_highpp (Figure I11-3).
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Week after flowering BIN
1 2 3 4

protein.synthesis.ribosomal protein
major CHO metabolism.synthesis.starch
development.storage proteins
amino acid metabolism.degradation.branched chain group

[ protein degradation.subtilases

minor CHO metabolism.raffinose family.raffinose synthases

{ protein.degradation.ubiquitin.E3.SCF.FBOX
I protein.degradation.ubiquitin.E3.SCF.FBOX
protein.postranslational modification
major CHO metabolism.degradation.sucrose.Susy
protein.postranslational modification.receptor like cytoplasmatic kinase VI
protein.degradation.ubiquitin.E3.RING
lipid metabolism.FA synthesis and FA elongation.Acetyl CoA Carboxylation
. protein.degradation.serine protease
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Figure llI-3 Heatmap and ontologies of differentially expressed genes
related with seed storage product metabolic pathway. Log2 fold changes
FPKM value between Prot-highpp and Prot-lowpp based on their gene
expression data were calculated. On the logarithmic color scale ranging
from -6 to 6, dark blue represents at least 100-fold higher gene expression
in Prot-highpp comparison to Prot-lowpp, and dark red represents 100-fold

higher gene expression in Prot-lowpp comparison to Prot_highpp.
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Table lll-2 Gene BINs and the number of genes included in each cluster

group.
Group 1
Starch synthesis glucose-1-phosphate adenylyltransferase 1
Sucrose degradation sucrose synthase 1
Minor chrbohydrate galactinol-sucrose galactosyltransferase 1
Fatty acid synthesis biotin carboxyl carrier protein 1
Lipid transfer lipid transfer protein 1
Amino acid degradation branched-chain alpha-keto acid dehydrogenase 1
Amino acid activation tRNA synthetase class 1
Postranslational modification receptor like cytoplasmatic kinase VI 1
receptor like cytoplasmatic kinase VII 1
Protein degradation subtilase 1
C3HC4-type ring finger family ubiquitin 1
f-box family ubiquitin 2
serine carboxypeptidase 1
Storage protein Legumin 1
B-conglycinin 2
Group 2
Sucrose synthesis sucrose phosphate synthase 1
Minor chrbohydrate aldose reductase 1
Lipid metabolism hydroxyjasmonate sulfotransferase 2
Lipid degradation triacylglycerol lipase 1
Amino acid degradation branched-chain alpha-keto acid dehydrogenase 1
C1 metabolism formyltetrahydrofolate synthetase 1
Postranslational modification calcium-dependent protein kinase 1
receptor like cytoplasmatic kinase VII 1
Protein degradation f-box family ubiquitin 3
AAA-type ATPase 1
Protein folding embryo sac development arrest 1
Peptide transport protein peptide transporter 2
Group 3
Tag synthesis oleosin 3
Protein targeting mitochondrial import inner membrane translocase 2
subunit
Protein degradation cysteine protease 2
Storage protein B -conglycinin 1
glycinin 3

(Continue on the next page)
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Table llI-2 (continued)

Group 4
Postranslational modification receptor like cytoplasmatic kinase VII 1
Protein degradation subtilase 3
C3HCA4-type ring finger family ubiquitin 1
cysteine endopeptidase 1
Serine carboxypeptidase 1
Protein glycosylation galactosyltransferase 1
Sugar transport mannitol transporter 1
Group 5
Starch synthesis plant glycogenin-like starch initiation protein 1
Postranslational modification protein phosphatase 2C 1
Protein degradation subtilase 1
U-box domain-containing protein 1
f-box family ubiquitin 2
Group 6
Sucrose degradation Cell wall invertase 2
Minor chrbohydrate Myo-inositol-1-phosphate synthase 1
aldo/keto reductase 1
Lipid metabolism hydroxyjasmonate sulfotransferase 1
C1 metabolism GTP cyclohydrolase 1
Protein elongation protein elongation factor 1
Postranslational modification protein phosphatase 2C 1
Protein degradation subtilase 1
Group 7
Fatty acid synthesis 3-ketoacyl-CoA synthas 3
Phospholipid synthesis glycerol-3-phosphate acyltransferase 1
Lipid degradation triacylglycerol lipase 1
Amino acid synthesis chorismate mutase 1
Amino acid degradation tyrosine aminotransferase 1
Protein targeting mitochondrial processing peptidase alpha subunit 1
Postranslational modification receptor like cytoplasmatic kinase VII 1
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Expression patterns of differential expressed transcription

factors

We identified 65 differentially expressed transcription factors (TFs)
from 4342 genes of SoybeanTFDB hosted by the RIKEN plant science
center. We found 65 TFs were involved in 22 families. The expression
patterns of all differentially expressed TFs were analyzed during seed
maturation (Table IlI-2, Figure Ill-4). Among these genes, 12, 6 and 11
TFs were found to be up-regulated in Prot_highpp at 2, 3 and 4 WAF,
respectively. There were 12 and 30 TFs were up-regulated in Prot_lowpp
at 3 and 2 WAF (Table 1lI-2). We analyzed expression patterns of
differentially expressed TFs from log2 fold change of FPKM values
(Figure 1lI-4). ABI3/VP1, AP2/EREBP, bHLH, C2C2 (Zn)-YABBY, GRAS,
R2R3_Myb and Trihelix started to represent up-regulated gene
expression in Prot_highpp at 2 WAF. C2C2 (Zn)-YABBY were differentially
expressed only at 2 WAF. Zf-HD was only DEG at 3 WAF that up-
regulated in Prot_lowpp. C2C2 (Zn)-Dof and EIL were up-regulated DEGs
in Prot_highpp only at 4 WAF, while b-ZIP, SRS and ZIM were up-
regulated DEGs in Prot_lowpp. The expression pattern of TFs were
categorized to eight clusters (Figure 1lI-4). ABI3/VP1 (ABSCISIC ACID-
INSENSITIVE 3 (ABI3)), CCAAT/HAP3 (HAP3, LEAFY COTYLEDON 1

(LEC1)-like), FUSCA 3 (FUS3) that known as major transcriptional
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regulator during seed developlemt (Angeles-Nufiez and Tiessen 2012),
were commonly showed up-regulated pattern in Prot_highpp at 2 WAF. At
3 WAF, FPKM value in Prot_highpp of HAP3 gene was similar with
Prot_lowpp at 1 WAF and increased at 2 WAF, then HAP3 expression
was decreased at 3 WAF in Prot_highpp while increased in Prot_lowpp. In
the first cluster which represented highly up-regulated at 2 WAF included
five C2C2 (Zn)-YABBY genes. Gene expression of C2C2 (Zn)-YABBY in
Prot_lowpp were decreased to low level at 2 and 4 WAFs. The other
cluster represent highly up-regulated in Prot_lowpp at 4 WAF included
three b-ZIP genes which represented increased gene expression at 2 and

4 WAFs.
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Table 1lI-3 Classification of transcription factors that differentily expressed

between Prot_highpp and Prot-lowppduring seed development

No. of up-regulated genes in Prot_high

Transcription factor Protein > WAF 3 WAF 4 WAF
ABI3/VP1 High !
Low 1
High 2 1
AP2/EREBP Low 3 4
High 1 2
bHLH Low 1 3
High
bzIP Low 3
. High 1
C2C2(zZn) CO-like Low 1
C2C2(Zn) Dof E'gh 1
ow
High 1 1
C2C2(Zn) GATA Low
C2C2(Zn) YABBY High 5
Low
High
C2H2(Zn) Low 1 4
CCAAT/HAP3 High
Low 1
EIL High 1
Low
GRAS High 1 1 1
Low

(Continue on the next page)
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Table 1lI-3 (continued)

HB
R2R3Myb
Myb_related
NAC

SBP

SRS
Trihelix
WRKY (Zn)
zf-HD

ZIM

High
Low
High
Low
High
Low
High
Low
High
Low
High
Low
High
Low
High
Low
High
Low
High
Low
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Figure lll-4 Heatmap of transcription factors and TF gene expression in
Prot_highpp and Prot-lowpp. a) Heatmap of log, fold change value
between Prot_highpp and Prot-lowpp. b) Gene expression of major seed
development regulator ABI3 and LEC1-like genes. c) Gene expression of
C2C2-Zn-YABBY and b-ZIP families that members showed similar fold

change patterns.
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G. max homologs of A. thaliana genes involved in synthesis of

carbon precursor, protein, and oil

As described above, gene expression of storage protein is initiated
at 14 days after flowering. We examined differently expressed genes in
Prot_lowpp between 1 and 2 WAF to understand initially expressed genes
involve in seed storage reserve metabolism. Classification of the initial
materials and end products of the metabolic pathways generated the
following three pathways: carbon precursor, protein and oil synthesis. A.
thaliana protein homologs involved in these three pathways were identified
using the TAIR database (http://www.arabidopsis.org). Although one gene
was involved in multiple pathways, we assigned each gene into a single
pathway on the basis of its major function (Kim et al. 2013). We identified
445 members of 191 gene families in A. thaliana. The identified A. thaliana
genes involved in carbon precursor synthesis, protein synthesis, and oil
synthesis were 142, 210, and 93, respectively (Table llI-2 and Table I1I-3). G.
max had 1,012 orthologous counterparts of the A. thaliana genes, which
belonged to 189 gene families. These G. max homologs were evenly
distributed across all chromosomes; 319, 476, and 217 genes were involved
in carbon precursor synthesis, protein synthesis, and oil synthesis,

respectively (Figure IlI-5 and Table 11I-2).
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Figure llI-5 Circos showing the distribution of expressed genes involved in
seed protein and oil storage metabolism and their duplication patterns. The
exterior circle indicates Glycine max chromosomes. The three inner circles
are gene distributions involved in synthesis of carbon precursor (red),

protein (green), and oil (blue). Genes that are expressed only at one stage

are depicted in red (1 WAF) and blue (2 WAF).
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Table llI-4 Numbers of Arabidopsis thaliana genes and their Glycine max

homologs involved in the accumulation of seed storage products, and the

numbers of expressed genes during early seed-filling stages in G. max.

No. of genes®

No. of expressed genes in
G. max”

Pathway

A. thaliana G.max 1WAF 2WAF common
Carbon precursor synthesis
Sucrose transport 12 21 18 16 16
Sucrose degradation 41 113 76 77 72
Glycolysis 38 98 79 78 74
Acetyl-CoA biosynthesis 11 21 21 21 21
TCA cycle 40 66 53 51 50
Subtotal 142 319 247 243 233
Protein synthesis
Ala biosynthesis 5 8 7 7 7
Qi?s’yGnlt:]’eglsu’ His, and Pro 53 145 116 108 107
Asn and Asp biosynthesis 15 34 30 28 28
Cys, Gly, and Ser biosynthesis 32 70 57 57 55
lle, Leu, and Val biosynthesis 25 52 34 34 31
Lys, Thr, and Met biosynthesis 29 54 37 36 34
Phe, Trp, and Tyr biosynthesis 37 64 52 55 50
Transport of amino acid and protein 21 67 46 46 40
Subtotal 210 476 367 357 340
Oil synthesis
Acyl-CoA hydrolysis 4 4 4 4 4
Fatty acid biosynthesis 27 57 45 41 39
Gamma-linolenate biosynthesis 2 9 8 8 8
Linoleate biosynthesis 21 63 46 48 46
Triacylglycerol biosynthesis 39 85 69 67 62
Subtotal 93 217 172 168 159
Total® 445 1012 786 768 732
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Table IlI-5 The number of high copy member gene families in Glycine max

No. of genes in  No. of genes in

Gene G. max A. thaliana
and Arabidopsis thaliana.
Gene No. of genes in G. No. .of genes in A.

max thaliana
AMINO ACID PERMEASE 35 8
LONG-CHAIN ACYL-COA SYNTHETASE 25 8
GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE 24 9
FATTY ACID DESATURASE 21 4
PHOSPHOENOLPYRUVATE CARBOXYLASE (PPC) 20 4
SERINE HYDROXYMETHYLTRANSFERASE (SHM) 19 7
PHOSPHOFRUCTOKINASE 19 7
GLYCERALDEHYDE 3-PHOSPHATE 19 7
DEHYDROGENASE
SUCCINATE DEHYDROGENASE (SDH) 16 13
SUCROSE SYNTHASE 15 6
CELL WALL INVERTASE (CWIMV) 15 5
ASPARTATE AMINOTRANSFERASE (AAT) 15 6
GLUTAMINE SYNTHETASE (GLN) 14 6
ACONITASE (ACO) 14 3
PLASTIDIAL PYRUVATE KINASE 13 3
O-acyltransferase (WSD1-like) family protein 13 10
ENOLASE 13 3
VACULOLAR SORTING RECEPTOR 12 7
FRUCTOSE-BISPHOSPHATE ALDOLASE 12 7
SERINE ACETYLTRANSFERASE (SERAT) 11 5
METHIONINE SYNTHASE (MS) 11 3
HEXOKINASE 11 4
CYTOCHROME B5 ISOFORM (CB5) 11 3
BIDIRECTIONAL AMINO ACID TRANSPORTER 11 2
ALKALINE/NEUTRAL INVERTASE (A/N-Inv) 11 6
3-KETOACYL-COA SYNTHASE 11 5
2-ISOPROPYLMALATE SYNTHASE (IMS) 11 3
CHORISMATE MUTASE (CM) 10 3
PHOSPHOGLUCOMUTASE 9 4
LYSOPHOSPHATIDYL ACYLTRANSFERASE 9 4
BRANCHED-CHAIN AMINOTRANSFERASE (BCAT) 9 7

(Continue in next page)
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arogenate dehydrogenase

aldehyde reductase (ADR)

ALANINE:GLYOXYLATE AMINOTRANSFERASE (AGT)
SUCROSE-PROTON SYMPORTER (SUC)

PEROXISOMAL NAD-MALATE DEHYDROGENASE (PMDH)
O-ACETYLSERINE (THIOL) LYASE (OAS)

GLUTAMATE DEHYDROGENASE (GDH)

CYSTEINE SYNTHASE (CS)

UDP-GLUCOSE PYROPHOSPHORYLASE
TRIOSEPHOSPHATE ISOMERASE (TIM)

DELTA 1-PYRROLINE-5-CARBOXYLATE SYNTHASE (P5CS2)
CARBAMOYL PHOSPHATE SYNTHETASE (CAR)
ANTHRANILATE SYNTHASE (ASA)

N N NN N0 0 0o 0 0O O ©

W NN NN W W BAEDNDMN NN

Table llI-5 (continued)
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Overall, the G. max genome contained approximately two times
more homologous genes involved in the three biosynthesis pathways than A.
thaliana, as expected from two rounds of WGD. Although WGD generated
multiple copies of the genes in G. max, several genes were conserved as a
single copy. We identified five single-copy genes in G. max, including 2, 3-
BIPHOSPHOGLYCERATE-INDEPENDENT PHOSPHOGLYCERATE
MUTASE (PGAM; Glyma18g45121) involved in glycolysis; 3-DEOXY-D-
ARABINO-HEPTULOSONATE 7-PHOSPHATE SYNTHASE (DHS;
Glyma15g06020) and TRYPTOPHAN BIOSYNTHESIS (TRP;
Glyma0435820) involved in Phe, Trp, and Tyr biosynthesis; and ATP-
PHOSPHORIBOSYL TRANSFERASE (ATP-PRT, Glyma19G09080) and
HISTIDINOL-PHOSPHATE AMINOTRANSFERASE (HPA; Glyma16g27220)
involved in Arg, GIn, Glu, His, and Pro biosynthesis. There were no single-
copy genes identified in oil synthesis. All identified single-copy genes were
expressed at the early stages of seed maturation except ATP-PRT (Table

111-4).

We examined the genes involved in seed storage product synthesis
that have high copy numbers. Soybean genes were generally classified as
high copy number genes when at least seven homologs were present,
considering the two genome duplication events that occurred in G. max (Kim
et al. 2013). A total of 182 soybean gene families were involved in the

synthesis of carbon precursor, protein, and oil. Among these, 44 families
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have more than seven members with a high copy number. AMINO ACID
PERMEASE, which functions in amino acid transport, has the greatest
number of copies at 35. The genes with the next-highest copy numbers
were identified as LONG-CHAIN ACYL-COA SYNTHETASE (LACS)
involved in linoleate biosynthesis, GLYCEROL-3-PHOSPHATE
ACYLTRANSFERASE (GPAT) involved in triacylglycerol biosynthesis,
FATTY ACID DESATURASE (FAD) involved in gamma-linolenate and
linoleate biosynthesis, and PHOSPHOENOLPYRUVATE CARBOXYLASE
(PPC) involved in Arg, GIn, Glu, His, and Pro biosynthesis (Table IlI-3 and
Table IlI-4). These genes also were conserved as multiple copies in A.

thaliana (Table l11-4).

Among the 191 Arabidopsis gene families involved in the synthesis
of carbon precursor, protein, and oil, nine gene families did not have
orthologous counterparts in soybean. Most of these gene families were
associated with protein synthesis (data not shown). These genes include
PHOSPHOGLYCERATE/BISPHOSPHOGLYCERATE MUTASE (PGM)
involved in glycolysis; THREONINE ALDOLASE (THA) family proteins
involved in Cys, Gly, and Ser biosynthesis; ISOPROPYLMALATE
ISOMERASE (IPMI) involved in lle, Leu, and Val biosynthesis; aspartate
semialdehyde dehydrogenase and pyridoxal-5-phosphate (PLP)-dependent
genes involved in Lys, Thr, and Met biosynthesis; DEFECTIVE (EMB) 1144,

PHOSPHORIBOSYLANTHRANILATE ISOMERASE (PAl), and RNA 3'-
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terminal phosphate cyclase/enolpyruvate transferase gene involved in Phe,
Trp, and Tyr biosynthesis; and acyl-CoA thioesterase family protein gene

involved in acyl-CoA hydrolysis (data not shown).

Differentially expressed genes in immature soybean seeds at 1

and 2 WAF

We analyzed the expression patterns of genes involved in the
synthesis of carbon precursor, protein, and oil in early seed development
stages at 1 and 2 WAF (Table [1I-3). In the 1 WAF immature soybean seed
samples, 247, 367, and 172 genes involved in the synthesis of carbon
precursor, protein, and oil were expressed in the Prot_lowpp line,
respectively (Figure llI-5 and Table 11I-3). In 2 WAF samples, 243, 357, and
168 genes involved in the synthesis of carbon precursor, protein, and oil
were identified. Most genes were expressed in both 1 and 2 WAF immature
soybean seeds (Figure IlI-5 and Table 1lI-3). The number of genes
specifically expressed either at 1 or 2 WAF were 51 and 34, respectively,
which is an FPKM value lower than 1.82 (Table IlI-5 and -6). Among the
genes with an on-off expression pattern, five genes were identified as
significantly differentially expressed genes (DEGs) in the 1 and 2 WAF

samples (Table IlI-5 and -6). These five DEGs were homologs of CELL
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WALL INVERTASE (CWINV; Glyma10g08670), BRANCHED-CHAIN
AMINOTRANSFERASE (BCAT; Glyma07g30510), AMINO ACID
PERMEASE (AAP; Glyma10g40130), ALDEHYDE REDUCTASE (ADR,
Glyma20g37670), and BIOTIN CARBOXYL CARRIER PROTEIN (BCCP;

Glyma13g06080).

We surveyed known QTLs controlling seed protein and oil traits that
were co-localized within 3 Mb surrounding the five DEGs. Seven QTLs
associated with seed protein and oil were detected near four genes of
CWINV (Glyma10g08670), AAP (Glyma10g40130), ADR (Glyma20g37670),
and BCCP (Glyma13g06080). BCAT (Glyma07g30510) did not overlap with
any QTL for seed protein and oil traits (Table Il-7). QTLs associated with
seed oil, seed linoleic acid, and seed oleic acid contents were detected on

Chrs 10, 13, and 20 (Table IlI-7).

110



Table 1lII-6 Annotation of genes that were expressed only in 1 WAF soybean

seeds.
- FPKM
Pathway ﬁ) thaliana Annotation G. max ID at
2 WAF
Sucrose degradation At1g70730  PHOSPHOGLUCOMUTASE g_,')ym"‘°39°51 0‘12035
Sucrose degradation At2g36190  CELL WALL INVERTASE ?(I)yma109086 9.60033
Sucrose degradation At3g13790  CELL WALL INVERTASE %ymazogose 0‘41803
Sucrose degradation At4g34860  ALKALINE/NEUTRAL INVERTASE (73(|)ymaoegoo7 0.061 OS
Sucrose degradation At5g11920  6-&1-FRUCTAN EXOHYDROLASE g(')ym"‘209°35 0‘0958‘2)
Glycolysis At1g32440  PLASTIDIAL PYRUVATE KINASE Symat1g044  0.09715
Glycolysis At2g36460  FRUCTOSE-BISPHOSPHATE ALDOLASE Slymal0g077  0.07207
Glycolysis At4g04040  MATERNAL EFFECT EMBRYO ARREST 51 (731'3"“"‘1 4g109 o041 640?
Glycolysis At4g26270  PHOSPHOFRUCTOKINASE oyma05g360 002978
TCA cycle At5g50950  FUMARASE Syma02g019  0,02730
Arg, GIn, Glu, His and Pro Glyma18g129 0.07758
biosynthesis At4g26900 HIS HF 40 6
Cys, Gly and Ser biosynthesis At3g08860  PYRIMIDINE 4 g(l)ymaO3gO49 0‘0324}
Cys, Gly and Ser biosynthesis At3g13110  SERINE ACETYLTRANSFERASE f(')ym"”“gm 8 0‘0381‘1)
lle, Leu and Val biosynthesis At1g70560 ;’;X’;g’gﬂég fM’NOTRANSF ERASE OF %ymaomoss 0‘40102
lle, Leu and Val biosynthesis At1g70560 ;’;X’;g’gﬂég fM’NOTRANSF ERASE OF (73(')3’"“"‘029042 1.37185
lle, Leu and Val biosynthesis At1g74040  2-ISOPROPYLMALATE SYNTHASE giymm 3g124 0031 72
Lys, Thr and Met biosynthesis At4g19710 ng,@g;%fEﬂg’ggE'HOMoSER’NE g(')yma189006 0‘02973
Lys, Thr and Met biosynthesis At5g17920  METHIONINE SYNTHASE (33(')3’"“"‘179237 02641 ;
Phe, Trp and Tyr biosynthesis At3g06350  MATERNAL EFFECT EMBRYO ARREST 32 %ym"” 0g299 0‘1278;
Phe, Trp and Tyr biosynthesis At5g34930 arogenate dehydrogenase family f(l)yma139063 0.041 1‘%
Phe, Trp and Tyr biosynthesis At5g38530  TRYPTOPHAN SYNTHASE BETA TYPE 2 (33(')3"“"‘1 9g056 0‘0773;
Transport of amino acid and At1g58360  AMINO ACID PERMEASE Glyma08g092 5647
protein 80
Transl,pon of amino acid and At1g77380 AMINO ACID PERMEASE Glyma04g425 0.03966
protein 20 7
Transl,pon of amino acid and At1g77380 AMINO ACID PERMEASE Glyma14g243 0.05315
protein 70 6
Transl,pon of amino acid and At3g52850 VACULOLAR SORTING RECEPTOR Glyma07g148 0.02559
protein 00 3
Transl,pon of amino acid and At5g23810 AMINO ACID PERMEASE Glyma18g079 0.62554
protein 80 3
Transport of amino acid and At5g49630  AMINO ACID PERMEASE Glyma10g401 4 15959
protein 30
(Continue in next page)
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A. thaliana . FPKM at
Pathway D Annotation G. max ID 2 WAF
Linoleate biosynthesis At3g12120  FATTY ACID DESATURASE g'ym"” 592320 0‘10803‘
Linoleate biosynthesis At4g11030 gl\;lqi;;,dependent synthetase and ligase family protein glymao493272 006222
Triacylglycerol At1g02390  GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE Glyma19g4059 4 55798
biosynthesis 0
Triacylglycerol At2g38110  GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE Glyma01g2790  0.18725
biosynthesis 0 9
Triacylglycerol At2g38110  GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE Glyma20g1698  0.04568
biosynthesis 0 1
Triacylglycerol At3g02600  LIPID PHOSPHATE PHOSPHATASE Glyma08g3170  0.68677
biosynthesis 6 3
Triacylglycerol At3g11430  GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE Glyma14g0729  0.04334
biosynthesis 0 9
Fatty acid biosynthesis At1g54870 aldehyde reductase family glyma1994273 0‘04162
Fatty acid biosynthesis At1g74960  FATTY ACID BIOSYNTHESIS g'ym"” 592004 0‘43011
Table 1lI-6 (continued)
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Table llI-7 Annotation of genes that were expressed only in 2 WAF soybean

seeds.
- FPKM
Pathway ﬁ) thaliana Annotation G. max ID at
2 WAF
Sucrose degradation At1g70730  PHOSPHOGLUCOMUTASE g_,')ym"‘°39°51 0‘12035
Sucrose degradation At2g36190  CELL WALL INVERTASE ?(I)yma109086 9.60033
Sucrose degradation At3g13790  CELL WALL INVERTASE %ymazogose 0‘41803
Sucrose degradation At4g34860  ALKALINE/NEUTRAL INVERTASE (73(|)ymaoegoo7 0.061 OS
Sucrose degradation At5g11920  6-&1-FRUCTAN EXOHYDROLASE g(')ym"‘209°35 0‘0958‘2)
Glycolysis At1g32440  PLASTIDIAL PYRUVATE KINASE Symat1g044  0.09715
Glycolysis At2g36460  FRUCTOSE-BISPHOSPHATE ALDOLASE Slymal0g077  0.07207
Glycolysis At4g04040  MATERNAL EFFECT EMBRYO ARREST 51 (731'3"“"‘1 4g109 o041 640?
Glycolysis At4g26270  PHOSPHOFRUCTOKINASE oyma05g360 002978
TCA cycle At5g50950  FUMARASE Syma02g019  0,02730
Arg, GIn, Glu, His and Pro Glyma18g129 0.07758
biosynthesis At4g26900 HIS HF 40 6
Cys, Gly and Ser biosynthesis At3g08860  PYRIMIDINE 4 g(l)ymaO3gO49 0‘0324}
Cys, Gly and Ser biosynthesis At3g13110  SERINE ACETYLTRANSFERASE f(')ym"”“gm 8 0‘0381‘1)
lle, Leu and Val biosynthesis At1g70560 ;’;X’;g’gﬂég fM’NOTRANSF ERASE OF %ymaomoss 0‘40102
lle, Leu and Val biosynthesis At1g70560 ;’;X’;g’gﬂég fM’NOTRANSF ERASE OF (73(')3’"“"‘029042 1.37185
lle, Leu and Val biosynthesis At1g74040  2-ISOPROPYLMALATE SYNTHASE giymm 3g124 0031 72
Lys, Thr and Met biosynthesis At4g19710 ng,@g;%fEﬂg’ggE'HOMoSER’NE g(')yma189006 0‘02973
Lys, Thr and Met biosynthesis At5g17920  METHIONINE SYNTHASE (33(')3’"“"‘179237 02641 ;
Phe, Trp and Tyr biosynthesis At3g06350  MATERNAL EFFECT EMBRYO ARREST 32 %ym"” 0g299 0‘1278;
Phe, Trp and Tyr biosynthesis At5g34930 arogenate dehydrogenase family f(l)yma139063 0.041 1‘%
Phe, Trp and Tyr biosynthesis At5g38530  TRYPTOPHAN SYNTHASE BETA TYPE 2 (33(')3"“"‘1 9g056 0‘0773;
Transport of amino acid and At1g58360  AMINO ACID PERMEASE Glyma08g092 5647
protein 80
Transl,pon of amino acid and At1g77380 AMINO ACID PERMEASE Glyma04g425 0.03966
protein 20 7
Transl,pon of amino acid and At1g77380 AMINO ACID PERMEASE Glyma14g243 0.05315
protein 70 6
Transl,pon of amino acid and At3g52850 VACULOLAR SORTING RECEPTOR Glyma07g148 0.02559
protein 00 3
Transl,pon of amino acid and At5g23810 AMINO ACID PERMEASE Glyma18g079 0.62554
protein 80 3
Transport of amino acid and At5g49630  AMINO ACID PERMEASE Glyma10g401 4 15959
protein 30
(Continue in next page)
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Table llI-7 (continued)

A. thaliana . FPKM at
Pathway D Annotation G. max ID 2 WAF
Linoleate biosynthesis At3g12120  FATTY ACID DESATURASE g'ym"” 592320 0‘1080‘5‘
Linoleate biosynthesis At4g11030 AME-dependent synthetase and ligase family protein Glyma04g3272 0.06223
family 0 5
Triacylglycerol At1g02390  GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE Glyma19g4059 4 55798
biosynthesis 0
Triacylglycerol At2g38110  GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE Glyma01g2790 ~ 0.18725
biosynthesis 0 9
Triacylglycerol At2g38110  GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE Glyma20g1698  0.04568
biosynthesis 0 1
Triacylglycerol At3g02600  LIPID PHOSPHATE PHOSPHATASE Glyma08g3170  0.68677
biosynthesis 6 3
Triacylglycerol At3g11430  GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE Glyma14g0729  0.04334
biosynthesis 0 9
Fatty acid biosynthesis At1g54870 aldehyde reductase family glyma1994273 0‘04162
Fatty acid biosynthesis At1g74960  FATTY ACID BIOSYNTHESIS g'ym"” 592004 0‘43011
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Table 1lI-8 Five Glycine max genes and their homologs that are differentially expressed at 1 and 2 WAF; QTLs linked

to seed protein and oil synthesis were detected within a 3 Mb region surrounding the gene location.

FPKM'
Annotation Gene ID Reported QTL
1WAF> 2 WAF

Cell wall invertase Glyma10g08670 0 9.60 Seed oil 19-3 (Panthee et al. 2005)
Seed Glu 1-7 (Panthee et al. 2006B)

Branched-chain amino acid Glyma07g30510 4.30 0 -
transaminase

Amino acid permease Glyma10g40130 0 416 Seed oil 29-3, Seed linoleic 6-7 (Li et al. 2011)
Seed oleic 6-10 (Bachlava et al. 2009)

Aldehyde reductase Glyma20g37670 145.76 0 Seed oleic 6-4 and Seed linoleic 6-4 (Bachlava et al. 2009)

Biotin carboxyl carrier protein Glyma13g06080 7.16 0 Seed oil 24-4 (Qi et al. 2011)
Seed Ala 1-4, Seed Val 1-3, Seed Cys 1-2, and Seed Met 1-1 (Panthee et al.
2006B)

Seed Met plus Cys 1-2 (Phantee et al., 2006A)

"FPKM, fragments per kilobase of exon per million fragments mapped.

WAF, weeks after flowering
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Expression patterns of paralogous soybean genes involved in

the synthesis of carbon precursor, protein, and oil

In the G. max genome, 825 pairs of synteny blocks were
identified. The distribution of K; values of each pair of the duplicated
genes exhibited two distinct peaks, which represented two rounds of
WGD in soybean (Figure llI-6). The medians of the first and second K,
peaks ranged from approximately 0.10-0.15 and 0.50-0.67, respectively,
which identifies the recent and ancient WGD events. Four synteny blocks
at the K peak of 0.10-0.15 contained at least three paralogous pairs of
genes involved in synthesis of carbon precursor, protein, or oil, which
were assumed to be derived from a recent WGD. These synteny blocks
showed duplication co-linearity between chromosomes (Figure IlI-7).
Based on the transcriptome data of early immature seeds in the low-
protein line, we identified expression pattern differences between

duplicated genes in pairs of synteny blocks generated by the recent WGD.
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Figure 11I-6 Ks distributions of G. max synteny block
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Figure llI-7 Fragments per kilobase of exon per million fragments
mapped (FPKM) expression patterns of a paralogous gene pair in
different synteny blocks at different times during seed development.
Colored dots indicate the FPKM expression value of duplicated genes
involved in each of the three metabolic pathways (carbon precursor,
protein, and oil synthesis); trend lines were drawn using linear

regressions.

119



Within four pairs of the synteny blocks, there were 80 paralogous
gene pairs, among which 28, 37, and 15 were involved in the synthesis of
carbon precursor, protein, and oil, respectively. The Pearson correlation
coefficient (r) was considered to be moderate when the values ranged
over 0.3-0.6 and strong when r > 0.6. Within the four pairs of synteny
blocks, paralogous gene pairs involved in the synthesis of seed storage
products had stronger correlations than other gene pairs (Figure 1lI-7). In
synteny block 232, the gene pairs of carbon precursor and protein
synthesis had strong and moderate positive correlations at both 1 and 2
WAF, respectively (Figure Ill-7). The paralogous genes participating in the
oil synthesis pathway likely diverged functionally after the recent WGD
because synteny block 232 had a negative correlation, but synteny
blocks 246 and 647 had positive correlations. In immature seeds at 1 and
2 WAF, the duplicated genes involved in the synthesis of carbon
precursor and protein showed strong or moderate correlations in mRNA
expression in all synteny block pairs, indicating functional conservation

after the recent WGD (Figure 11I-7).
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DISCUSSION

In this study, we extended our investigation on soybean seed
accumulation by transcriptome analysis. We classified DEGs into
functional categorize and clustered expression patterns of genes involved
in storage reserves metabolic pathway and transcription factors between
Prot_highpp and Prot_lowpp during seed maturation from 1 to 4 WAF.
Although previous studies investigated whole-transcript profiling in
developing soybean seeds (Jones and Vodkin 2013, Severin et al. 2010),
very little research has focused on genes involved in the synthesis of
carbon precursors, protein, and oil. The accumulation of seed storage
products to vacuole complex is started with maturation stage (Le et al.
2007). The metabolic pathways for synthesize storage products are
regulated by complex transcriptional network that specified to their
developmental stage. (Weber et al. 2010). We found differentially
expressed transcription factors that are major regulator of seed
development and genes that involved in seed storage prodect metablic
pathways. There were more up-regulated genes in Prot_highpp than up-
regulated genes at Prot_lowpp which indicates gene expression
regulation in early seed maturation is important in soybean seed reserve
accumulation (Figure 1lI-2). From clustering analysis according to gene

regulation change between Prot_highpp and Prot_lowpp, gene involved in
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metabolic pathways had more hp-regulated genes at 2 WAF in

Prot_highpp than transcription factors (Figure 1lI-3 and -4).

The metabolic pathway of seed reserves such as protein, oil and
starched are depend on their carbon precursor synthesis, and sucrose is
the major assimilated carbon (Baud et al. 2008). We identified the genes
of had opposite expression patterns that SUS was up-regulated in
Prot_highpp and two CWINV were up-regulated in Prot_lowpp. SUS and
INV degrade sucrose into hexoses. SUS produce fructose and UDP
glucose from sucrose degradation. INV also produce fructose from
sucrose, but INV produce glucose instead of UDP glucose. Cell wall
invertase (CWINV) in insoluble invertase that expending sink tissue and
assimilate unloading by the concentration gradient of sucrose (Weber et
al. 2005). INV can produce twice hexose than SUS, INV does not
regulate actively in condition of low oxigen, such as developing seed
(Koch 2004). Transcription level of SUS is correlated with starch
accumulation and protein storage regulation gene expression (Weber et
al. 2010). In Arabidopsis, regulator transcription factors including LECA1
and 2, FUS3. ABI3 are involved in seed development (Vicente-Carbajosa
and Carbonero 2005). LEC1 induces expression of FUS1 and ABI3 which
proceed seed storage protein synthesis by interaction with seed storage
protein gene (Kagaya et al. 2005). We found five C2C2(Zn)-YABBY
genes were up-regulated in Prot_highpp and three b-ZIP were up-
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regulated in Prot_lowpp. The domain of b-ZIP transcription factors can
also interact to seed storage protein genes and induce expression
(Vicente-Carbajosa and Carbonero 2005). C2C2(Zn)-YABBY has
important role for cell fate and organ development and function of these
gene family in Arabidopsis are highly conserve that all YABBY genes

have similar roles (Golz and Hudson 1999).

We attempted to identify the orthologous counterparts of A. thaliana
genes involved in the synthesis of seed storage proteins and oil in G.
max using the currently available genome data. We investigated
expression changes of these genes during early immature seed
development at 1 and 2 WAF, and characterized the paralogous gene
expression patterns on the pairs of synteny blocks. Although previous
studies investigated whole-transcript profiling in developing soybean
seeds (Severin et al. 2010, Jones and Vodkin 2013), very little research
has focused on genes involved in the synthesis of carbon precursors,

protein, and oil.

After the increase of gene copy number by large-scale WGD or
small-scale duplication (SSD), most organisms control gene expression
levels against the dosage imbalance (De Smet et al.2013). G. max is a
diplodized paleopolyploid, in which many genes exist as multiple copies
(Schmutz et al. 2010). However, five genes were found to be conserved

as a single copy: PGAM, DHS, TRP, ATP-PRT, and HPA. PGAM
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encodes phosphoglycerate mutase, which is a key enzyme catalyzing the
reversible interconversion of 3-phosphoglycerate and 2-phosphoglycerate
during sugar metabolism in the glycolysis pathway (Mazarei et al. 2003).
DHS and TRP are active in the Phe, Trp, and Try synthesis pathway.
DHS encodes 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase,
which is the first enzyme in the shikimate pathway. In higher plants, this
pathway provides chorismate as the precursor of three aromatic amino
acids, Phe, Tyr, and Trp (Zhang et al. 2011). The TRP protein,
phosphoribosyl anthranilate, catalyzes the second committed step of Trp
biosynthesis from chorismate (Rose et al. 1997). ATP-PRT and HPA are
active in His metabolism. Phosphoribosyl transferase encoded by ATP-
PRT catalyzes the first committed step of His biosynthesis. This enzyme
is feedback-inhibited by the end product (L-His) of this pathway (Winkler
1987, Alifano et al. 1996, Ohta et al. 2000). HPA encodes histidinol-
phosphate aminotransferase, which catalyzes the formation of L-histidinol
phosphate from imidazole-acetol phosphate and glutamate in the

histidine biosynthesis pathway (Zhang et al. 2014).

Single-copy genes might be sensitive to dosage balance, that is,
it is important that they are maintained in the correct relative dose
because an increase in copy number might unbalance their interactions
with other proteins (De Smet et al. 2013). Genomic-scale studies
comparing single-copy genes of various plants with A. thaliana indicate
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that single-copy genes commonly have features of housekeeping
functions, such as protein catabolism and synthesis, RNA processing,
and DNA repair (Armisén et al 2008, De Smet et al 2013). Our results
suggest that some duplicated genes with protein catabolic and synthetic
activities are quickly fractionated after duplication because the genes are

sensitive to dosage balance, which results in single-copy genes.

We detected 44 gene families with high copy number members,
including genes involved in transport and oil synthesis. The highest copy
number gene (AAP) encodes amino acid permease. This protein
transports amino acids into the cell, and high-affinity with ligand is
important to maintain the amino acids and to prevent leakage out of the
cell (Fischer et al. 1998). LACS, GPAT, and FAD are involved in fatty acid
synthesis. Acyl-CoA synthetase is essential for de novo fatty acid
catabolism by producing acyl-CoA. LACS encodes acyl-CoA synthetase,
which specifically activates fatty acid metabolism of chain lengths 12 to
20 carbon atoms (Soupene and Kuypers 2008). LACS activity is
important for the synthesis of soybean major fatty acids such as linoleic
acid (C-18:3) and oleic acid (C-18:1) (Scrimgeour 2005). GPAT encodes
glycerol-3-phosphate 1-O-acyltransferase, which catalyzes the first
committed step in the pathway for de novo synthesis of membrane and
storage lipids. The enzyme transfers an acyl group from acyl-CoA or acyl-
ACP to the sn-1 position of sn-glycerol-3-phosphate (Yang et al. 2012).

125



FAD encodes fatty acid desaturase, which converts a single bond
between two carbon atoms to a double bond in a fatty acyl chain. The
resultant unsaturated fatty acid is essential for membrane function and

lipid storage (Los and Murata 1998).

We analyzed alterations in gene expression patterns of immature
soybean seeds at 1 and 2 WAF because induction of seed protein gene
expression was reported to occur at 2 WAF (Mienke et al. 1981). We
identified five DEGs of G. max: Glyma07g30510, Glyma10g40130,
Glyma10g08670, Glyma13g06080, and Glyma20g37670.
Glyma10g08670 encodes cell wall invertase (CWINV), which binds to the
cell wall and catalyzes the cleavage of transported sucrose (Weber et al.
1997). In maize (Zea mays L.), CWINV controls the levels of seed
glucose and fructose, which likely influences the expression of genes
involved in seed filling (Chourey et al. 2012). Glyma07g30510 is a
homolog of BCAT, which encodes branched-chain amino acid
transaminases; these enzymes catalyze the last step of synthesis and/or
the initial step of degradation of branched-chain amino acids (BCAA)
such as Leu, lle, and Val (Diebold et al. 2002). A previous study using
BCAT-null A. thaliana mutants reported that BCAT contributes to the
natural variation of BCAA levels, glutamate recycling, and free amino acid
homeostasis in seeds (Angelovici et al. 2013). Glyma10g40130 is a
member of the AMINO ACID PERMEASE homologs described above.
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Glyma20g37670 is a homolog of ALDEHYDE REDUCTASE (ADR). This
enzyme catalyzes the in vitro reduction of carbonyl groups on saturated
aldehydes and on alpha- and beta-unsaturated aldehydes with five or
more carbons; its function in planta has not been extensively investigated
(Yamauchi et al. 2011). Glyma13g06080 encodes biotin carboxyl carrier
protein (BCCP), which catalyzes the irreversible carboxylation of acetyl-
CoA to produce malonyl-CoA in fatty acid biosynthesis. In A. thaliana,
overexpression of BCCP reduces the fatty acid content and elevates the
protein content in seeds (Chen et al. 2009). We also determined that
CWINV, AAP, ADR, and BCCP were co-localized with QTLs associated
with seed protein and oil content traits including oil, linoleic acid, oleic
acid, Ala, Cyc, Glu, Met and Val (Phanthee 2005, Phanthee 2006A,
Phanthee 2006B, Bachlava et al 2009, Li et al 2011, Qi et al 2011). These
results suggest that the identified DEGs likely affect seed protein and oil
accumulation, and may be important in the control of soybean seed

protein and oil contents.

Transcriptome analysis of immature soybean seeds at 1 and 2
WAF showed that paralogous genes involved in the synthesis of carbon
precursor and protein, which are located on synteny block pairs, have
stronger positive correlations between their expression patterns than
those of oil synthesis genes. Duplicated genes have a short lifespan
during which they eventually become non-functionalized, neo-
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functionalized, and sub-functionalized (Lynch et al. 2000). In this study,
the gene duplications involved in protein synthesis were expressed
during seed maturation, which likely indicates the maintenance of gene
function after WGD. Genes involved in oil synthesis showed a negative
correlation at 1 and 2 WAF in synteny block 232. GPAT, FAD, LACS, and
ADR are oil synthesis genes on this block; they are multicopy gene
families, and some members of these families are not expressed in
immature soybean seeds. Gene duplication also elevates gene functions
and induces genetic redundancy, which may lead to phenotypic changes.
Mutation of these genes rapidly occurred, and genes would not be
expressed (non-functionalization) or expression would be reduced (sub-

functionalization) (Lynch et al. 2000).

The basic pathways of seed storage product synthesis are likely
to be relatively well conserved between A. thaliana and G. max. Thus, a
candidate gene approach may be a powerful first step to verifying the
molecular nature of genes involved in synthetic pathways of carbon
precursor, protein, and oil. Transcript profiling of these homologous genes
can identify additional key enzymes affecting soybean seed storage
proteins and oils. Protein synthesis-related genes duplicated by WGD
likely retain their function during soybean seed maturation. The results of
this study provide a deeper understanding of seed storage pathways and
the evolution of protein and oil metabolic genes in soybean.
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CHAPTER IV

Comparative analysis of protein expression using 2-DE

during seed protein accumulation

ABSTRACT

Seed storage protein accumuation is important prcess of soybean [Glycine
max (L.) Merr.]. This accumulation process is complex including enzyme
expression that regulated by the various factors. A proteomic approach was
employed to determine the enzyme expression change during seed filling
between low- and high- protein soybean NILs. Soybean seed was analyzed
at 2, 3 and 4 week after flowering using two-dimensional gel electrophoresis
and matrix-assisted laser desorption ionization time-of-flight mass
spectrometry. Protein spots that represented different intensity between low-

and high-protein lines and common expression patterns between two pairs
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of NILs were selected from 2-DE analysis. Among thireen selected protein,
three protein such as sucrose synthase, glyceraldehyde-3-phosphate
dehydrogenase and ketol-acid reductoisomerase were identified as
differentily expressed enzyme between low- and high-protein lines during
seed development. The function of these three enzymes were involved in

sugar and amino acid metabolisms
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INTRODUCTION

Plants accumulate endogenous storage compounds during seed
development to survive until germination in proper environment (Gao et al.
2012). Seed storage compounds consisting of protein, starch and lipids are
valuable nutrition source for animals. Seeds of grain crops including wheat,
rice and soybean are harvested for human food and animal feed. Soybean
[Glycine max (L.) Merr.] is one of the major grain crops for vegetable protein
because it contains high protein and oil contents, approximately 40% and
20%, respectively (Clemente and Cahoon, 2009). The content of seed
protein is mainly influenced by their intrinsic genetic factors than
environmental changes (Brummer et al. 1997, Chung et al. 2003, Lee et
al.1996, Sebolt et al. 2000). Seed storage proteins including glycinin and p-
conglycinin are synthesized during a 4- to 5- week period of seed filling.
Accumulation of major storage proteins and their mRNAs initiates at shortly
after the cessation of cell division in developing cotyledons (Meinke et al.
1981, Bolon et al. 2010).

Proteomic analysis offers a new approach to discovering the genes
and pathways that are crucial for metabolism (Salekdeh and Komatsu 2007).
Protein identification using 2-demensional electrophoresis (2-DE) and mass
spectrometry is successfully introduced to large-scale protein profiling of

developing soybean seed and identified 422 proteins including seed storage
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protein synthesis (Hajduch et al. 2005). In recent years, soybean complete
genome reference map and transcriptome profile allow identification of
protein more easily and accurately by comparing (Schmutz J. 2010, Severin
et al. 2010). Many proteomic researches were performed and the number of
proteomic database is increased in various soybean genotypes at
developmental stages and in response to environmental stress
(Brechenmacher et al. 2012, Komatsu et al. 2011. Front Plant Sci et al.2012,
Tavakolan et al. 2013).Therefore, functional identification and expression
patterns of accumulated proteins from developing seed is accessible from
published proteome databases (http://oilseedproteomics.missouri.edu,
http://bioinformatics.towson.edu/Soybean_Seed_Proteins_2D Gel_DB/Hom
e.aspx).

We developed two NIL pairs of high and low seed protein content
derived from different genetic backgrounds. Proteome changes in the NILs,
Prot-lowsp, Prot-highgp, Prot-lowpp and Prot-highpp were analyzed during
their seed development stages from 2 to 4 week after flowering (WAF).
Accumulated protein spots among four NIL lines and three development
stage were imaged and analyzed using 2-DE. Furthermore, significant

differentially expressed proteins were identified using mass spectrometry.
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MATERIAL AND METHODS

Plant materials

Two NIL pairs were developed by RIL selection from two RIL
populations of Sinpaldalkong 2 x Danbaekkong (SD) and Daewonkong x
Danbaekkong (DD) cross. Among 137 SD and 195 DD lines, SD-44 and
DD-24 lines were identified as residual heterozygous in the interval Satt239-
Satt496 on Chr 20 at F7 generation. Two NIL pairs (Prot-highsp, Prot-lowsp,
Prot-highpp and Prot-lowpp) were derived from SD-44 and DD-24 for
segregation in the interval Satt239-Satt496 at Fs. The corresponding
relationship between seed protein content and segregated marker region
was evaluated from field test during two years. To harvesting samples for
RNA extraction, 24 plants from each NIL were grown in a greenhouse from
13th June in Suwon, Korea. Soybean flowers were tagged to each flower
from R1 to R2 stage. Immature pods were harvested from over 10 plants at
14-15 DAF (DAF, 2 WAF), 21-22 DAF (3 WAF) and 28-29 DAF (4 WAF) and
seeds were isolated from pods and collected by 500 mg per each stage.

Seed samples were fresh frozen in liquid nitrogen before store at -70C.
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Protein two-dimensional gel electrophoresis

Total protein was isolated from developing seed according to a
modified phenol extraction method (Herkman and Tanaka 1986). 500 mg of
each immature seed was pulverized to a fine powder with liquid nitrogen,
pestle and mortar. Grinded samples were homogenized in sample lysis
solution composed with 7M urea , 2M thiourea containing 4% (w/v) 3-[(3-
cholamidopropy) dimethyammonio]-1-propanesulfonate (CHAPS), 1% (w/v)
dithiothreitol (DTT) and 2% (v/v) pharmalyte and 1mM benzamidine.
Proteins were extracted during one hour at room temperature with vortexing
and following centrifugation at 15,000xg for one hour at 15°C. Only soluble
fraction was used for two-dimensional gel electrophoresis. Protein

concentration was assayed by Bradford method (Bradford et al. 1976).

To separate proteins according to isoelectric point, IPG dry strips (4-10
NL IPG, 24cm, Genomine, Korea) were equilibrated for 12-16hours with 7M
urea, 2M thiourea containing 2% CHAPS, 1% DTT, 1% pharmalyte. Each
sample was respectively loaded with 200 ug. Isoelectric focusing (IEF) was
performed at 20°C using a Multiphor Il electrophoresis unit and EPS 3500
XL power supply (Amersham Biosciences, NJ, USA) following
manufacturer’s instruction. For |IEF, the voltage was linearly increased from

150 to 3,500 V during 3 hours for sample entry followed by constant 3,500 V,
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with focusing complete after 96 kVh. Prior to the second dimension, strips
were incubated for 10 minutes in equilibration buffer (50mM Tris-CI, pH6.8
containing 6M urea, 2% SDS and 30% glycerol), first with 1% DTT and
second with 2.5% iodoacetamide. Equilibrated strips were inserted onto
SDS-PAGE gels (20 x 24cm, 10-16%). SDS-PAGE was performed using
Hoefer DALT 2D system (Amersham Biosciences) following manufacturer’s
instruction. 2D gels were run at 20°C for 1,700Vh. And then 2D gels were
coomassie G250 stained as described by (Anderson et al. 1991).
Quantitative analysis of digitized images was carried out using the PDQuest
version 7.0 (BioRad, CA, USA) software according to the protocols provided
by the manufacturer. Quantity of each spot was normalized by total valid
spot intensity. After normalization, spots were selected by intensity between
high and low protein NIL lines by fold change>=2 in both genetic
background. Then spots that over 2 fold changes intra- same growth stage

and protein QTL genotype were excluded from selection.

Protein identification using peptide mass fingerprinting (PMF)

To identify protein spots differentially accumulated among samples, a
small gel piece of each protein spot was excised from coomassie G250

stained gels for PMF. Gels are digested with trypsin (Promega, W1, USA),

146



mixed with a-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1%
TFA. Peptides resulting from trypsin digestion were subjected to matrix-
assisted-laser-desorption-time of flight (MALDI-TOF) analysis using
Microflex LRF 20 (Bruker Daltonics, German) (Fernandez et al.1998).
Spectra were collected from 300 shots per spectrum over mass-to-charge
(m/z) range 600-3000 and calibrated by two point internal calibration using
Trypsin auto-digestion peaks (m/z 842.5099, 2211.1046). Peak list was
generated using Flex Analysis 3.0. Threshold used for peak-picking was
followed by 500 for minimum resolution of monoisotopic mass, 5 for S/N.
Peptide mass were searched using MASCOT program
(http://www.matrixscience.com) for protein identification by PMF. The
parameters for the database search were trypsin as the cleaving enzyme, a
maximum of one missed cleavage, iodoacetamide (Cys) as a complete
modification, oxidation (Met)as a partial modification, monoisotopic masses
and a mass tolerance of 0.1 Da. PMF acceptance criteria is probability
scoring. Additionally, proteins with less than 4% sequence coverage and
more than 25% deviation between theoretical and experimental MW and pl

values were discarded from positive proteins.
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RESULTS AND DISCUSSION

Characterization of developing soybean seed and outline of

protein expression

Since seed storage proteins are started to synthesize at mid-cotyledon
stage, the experimental period of this study need to include before and after
of mid-cotyledon stage. We harvested immature seeds at 2, 3 and 4 WAF
and each stage is corresponded to early and late cotyledon and mature
green stages, respectively (Figure Ill-1a). During the two weeks of seed
growth, average sizes like length, thickness and width were increased
steadily. While seed weight increased faster approximately 3-fold between 3

and 4 WAF, representing seed filling initiation (Figure Ill-1b).

Three development stages from 2 NIL pairs (Prot-highgp, Prot-lowsp,
Prot-highpp and Prot-lowpp) consisted 12 seed samples. Whole crude
proteins were extracted from samples were resolved and detected using
two-dimensional eletrophoresis (2-DE) followed by Coomassie Blue Staining.
Expression of protein spots at the same developing stages were compared
between Prot-high and Prot-low lines. The number of up-regulated spots
was higher in Prot-high SD at 2WAF and contrary at 3 WAF. Therefore, the
expression of proteins was similar between two Prot-high lines at 4 WAF

(Figure IV-1).
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The number of up-regulated spots in Prot_high lines
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Figure IV-1 Number of up-regulated protein spots in each Prot_high and
Prot-low lines. Blue, red and green bars represent up-regulated protein spot

in each 2, 3 and 4 WAF, respectively.
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We selected commonly expressed protein spots which show spot
intensity differences more than 2 times at each WAF. These spot intensities
were also compaired between each Prot_highgp and Prot_highpp, and
Prot_lowsp and Prot_lowpp for minimize the effect of genetic background.
Selectied spots were identified using peptide mass fingerprinting PMF. From
the PMF result, we identified three genes that involved in seed storage
reserve metabolism differently expressed at 2 and 3 WAF, sucrose synthase
(SUS), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ketol-
acid reductoisomerase (KARI) (Table IV-1). SUS and GAPDH are involved
in carbon precursor metabolism of seed storage reserves. SUS is one of
sucrose degradation enzyme that produce fructose and UDP-glucose.
GAPDH is enzyme involved in conversion of glycerol 3-phosphate to D-
glycerate 1,3 bisphosphate (Baud et al. 2008, Vigeolas et al. 2007). KARI
involved in branched amino acid synthesis which catalyzes (R)-2,3-
dihydroxy-3-methylbutanoate and NADP* to (S)-2-hydroxy-2-methyl-3-
oxobutanoate and NADPH (Singh and Shaner 1995, Schomburg and
Stephan 1995). Expression of SUS was up-regulated in Prot_high at 2 WAF,
than in changed to show more expression in Prot_low at 4 WAF. GAPDH

and KARI were up-regulated in Prot_high at 4 and 4 WAF, respectively.
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Table IV-1 Identification of protein spots that had different spot intensity over fold change 2 between between

Prot_high and Prot_low in both SD and DD NIL pairs at same developmental period.

Up-regulation

Protein annotation in Match/ Theoretical Experimental

Spot

Protein homologs

G. max 9 3 4 %Cov MW/pl MW/pl
Glyma02g40740, Glyma03g37441, Glyma09g08550,
. Glyma09g29710, Glyma11g33240, Glyma13g17421,
sucrose synthase Prot_high Prot_low 5817 24/28 92.65/5.94  98.02/6.90 Glyma14¢39070, Glyma15g16171*, Glyma15g20180,
Glyma16g34290, Glyma17g05067, Glyma19g40041
glyceraldehyde-3- Glyma03g22790, Glyma04g36860, Glyma05g06420,
phosphate Prot_high 8412 14/42 55.08/8.43  49.12/9.14 Glyma06g18110, Glyma06g18120, Glyma11g37360,
dehydrogenase Glyma16g09020, Glyma18g01330, Glyma19g22780
ketol-acid . Glyma04g35256, Glyma06g43546, Glyma12g14420,
reductoisomerase Prot_high5601 13/41  63.69/6.85  69.23/6.49 12433760, Glyma13g36730,

*Identified as differentially expressed gene from transcriptome analysis in developing seed
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The expression patterns of proteins represent SUS, GAPDH and KARI
expressions in Prot_high were highest at 3 WAF. In Prot_low these three
genes which indicated that synthesis of seed storage products is most
active in 3 WAF. In the previous research about protein expression profiling
during seed filling, six SUS isoforms were identified by 2-D electrophoresis
(Hajduch et al. 2007). Among this SUS isoforms, the relative abundance of
three proteins were increased until 3 WAF then decreased after this and

other one protein accumulated until 4 WAF.

In this research, we identified protein expression in developing seed
and the regulatory change of sucrose degradation, glycolysis and branch

amino acid are important to seed protein contents.
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Figure IV-2 Expression change of three proteins, sucrose synthase,
glyceradehyde-3-phosphate dehydrogenase and ketol-acid
reductoisomerase during seed development. Each NIL pairs are
distinguished by different color. Strait lines are represent Prot_high lines and

dashed lines represnt Prot-low lines.
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