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Chapter 1 Introduction

Photoperiod response of flowering determines the adaptation of crops to a wide range of
latitudes with different daylengths during growing seasons. Its regulatory mechanisms
vary with plant species, and may rely on both evolutionally conserved and species-
specific gene systems. In Arabidopsis thaliana, a long-day (LD) plant, CONSTANS (CO)
plays a key role in regulation of photoperiodic flowering; transcriptional and post-
translational regulations of CO result in accumulation of the CO protein in the late
afternoon under LD conditions, which in turn activates FLOWERING LOCUS T (FT),
florigen, gene expression (reviewed by Andrés and Coupland, 2012; Song et al., 2013).
Similarly, in rice, a short-day (SD) plant, a CO orthologue, Heading date 1 (Hd1) (Yano
et al., 2000), regulates the FT orthologues Heading date 3a (Hd3a) and Rice FT-like 1
(RFT1) (Kojima et al., 2002; Tamaki et al., 2007).

Soybean (Glycine max (L.) Merr.) is a typical short-day plant. Eleven major genes
for flowering have been reported so far (E/-E9 and J, reviewed by Cao et al., 2017; E10,
Samanfar et al., 2017). Among them, four maturity genes, E/ to E4, are the main
contributors to soybean adaptation to a wide range of latitudes (Liu et al., 2011; Jia et al.,
2014; Jiang et al., 2014; Langewisch et al., 2014; Tsubokura et al., 2014; Zhai et al., 2014;
Lu et al., 2015; Kurasch et al., 2017; Li et al., 2017).

The floral repressor £/ encodes a protein that contains a bipartite nuclear localization
signal (NLS) and a region distantly related to the B3-like DNA-binding domain, and is a
possible transcription factor that represses the expression of major soybean FT
orthologues F'72a and FT5a (Xia et al., 2012). E] expression is up-regulated under long

day (LD) conditions under the control of the phytochrome A (phyA) proteins E3 and E4



(Liu et al., 2008; Watanabe et al., 2009; Xia et al., 2012). E2, a soybean orthologue of
Arabidopsis GIGANTEA (GI) (Watanabe et al., 2011), inhibits flowering under LD
conditions through a pathway distinct from the phyA-regulated E/ pathway (Xu et al.,
2015; reviewed by Cao et al., 2017). E1 has two homologues, E1-Like-a (ElLa) and EILb,
located 10,640 kb apart from each other in the homoeologous region of chromosome 4
(Xia et al., 2012; Xu et al., 2015). Down-regulation of the E/L genes by virus-induced
gene silencing (VIGS) in a cultivar deficient in the £/ gene leads to early flowering and
abolishes the night-break response, suggesting that the two E/L genes are also involved
in the photoperiod responses of soybean (Xu et al., 2015).

Photoperiod-insensitivity in soybean is conditioned by combinations of various
alleles at £1, E3, and E4 (Tsubokura et al., 2013, 2014; Xu et al., 2013; Zhai et al., 2015).
E3 and E4 were originally identified as major genes for different responses of flowering
to artificially induced LD conditions, where natural daylength was extended to 20 h with
red light (R)-enriched cool white fluorescent lamps (fluorescent-long daylength; FLD) or
far red light (FR)-enriched incandescent lamps (incandescent-long daylength; ILD)
(Buzzell 1971; Buzzell and Voldeng, 1980; Saindon et al., 1989). e3 conditions flowering
under the FLD condition (Buzzell 1971), whereas e4 does so under the ILD condition in
the e3 background (Saindon et al., 1989), suggesting that E3 and E4 are functionally
diverged and have an epistatic relationship. On the basis of the functions of alleles at the
three loci, Xu et al. (2013) classified ILD-insensitive cultivars into three genotypic
groups: (group 1) the dysfunction of both £3 and E4; (group 2) the dysfunction of E/ in
combination with that of either £3 or E4; and (group 3) a combination of el-as
(hypomorphic allele), e3, and E4. Because E4 inhibits flowering under ILD conditions

(Saindon et al., 1989; Cober et al., 1996; Abe et al., 2003; Liu and Abe, 2010), the group



3 cultivars are predicted to have novel genes that abolish or reduce ILD-sensitivity. One
such gene is an early-flowering allele (F75a-ef) at gDTF-J, a QTL for days to flowering
in linkage group J, which encodes FT5a; early flowering is caused by its increased
transcriptional activity or mRNA stability associated with an insertion in the promoter
and/or deletions in the 3'-untranslated region (UTR) (Takeshima et al., 2016).

In the thesis, I studied a molecular-genetic mechanism of photoperiod-insensitivity
in group 3 soybean cultivars introduced from Far-Eastern Russia. In Chapter 2, I
identified a novel loss-of-function allele at the E/Lb locus as a most likely causal factor
for the photoperiod-insensitivity, by the genetic analysis including the association test,
fine-mapping and sequence analysis. In Chapter 3, I characterized the function and roles
of the loss-of-function allele on flowering under LD conditions, by using near-isogenic
lines. In Chapter 4, I determined the interaction between the E1 family proteins, E1, E1La
and E1Lb, by yeast two-hybrid assay. In Chapter 5, I surveyed the molecular diversity for
the E1La and EILb genes. Finally, I discussed 1) the molecular-genetic basis for the
photoperiod-insensitivity of Far-Eastern Russian cultivars, and 2) the regulatory
mechanisms and functions of £/ family genes in the control of flowering, and 3) the
molecular diversity of E/La and EILb genes and its usefulness in soybean breeding in

high latitudes.



Chapter 2 Identification of a novel gene for photoperiod-insensitivity

2.1 Background and Purposes

Soybean is basically a short day plant. Its flowering is generally repressed under long day
conditions. High latitude areas are characterized by long day lengths in early summer and
relatively short duration of warm climate suitable for the soybean cultivation. Thus
soybean cultivars cultivated in high latitudes need to lose or lower the sensitivity of
flowering and maturation to longer daylengths. In particular, the photoperiod-insensitivity
has been known to be mainly controlled by loss-of-function alleles at £/ or at both E3
and E4 (Watanabe et al., 2012; Buzzell et al., 1971; Buzzell et al., 1980; Saindon et al.,
1989; Cober et al., 1996; Abe et al., 2003). In addition to these major genotypes, Xu et al
(2014) found that some photoperiod-insensitive cultivars introduced from North-Eastern
China and Far-Eastern Russia possessed the same genotype at the £/, E3 and E4 loci as
Harosoy isoline for e3 (H-e3), a photoperiod-sensitive line whose genotype is e/-as/e3/E4.
Thus, these cultivars may possess a novel gene(s) involved in the photoperiod-
insensitivity. Takeshima et al (2016) identified an upregulated transcript abundance of
FT5a caused by DNA polymorphisms in the promoter and/or 3’-UTR regions as one of
the factors for the photoperiod-insensitivity. In this chapter, I performed the genetic
analyses for the photoperiod-insensitivity of three Russian cultivars, Zeika, Yubileinaya

and Sonata.



2.2 Materials and Methods

221 Plant materials and segregation analysis

The indeterminate Far Eastern Russian soybean cultivars Zeika (ZE), Yubileinaya (YU),
and Sonata were crossed with the Canadian indeterminate cultivar Harosoy (L58-266;
HA); ZE and YU were also crossed with a Harosoy near-isogenic line for e3 (P1547716;
H-e3). The three Russian cultivars have the same genotype as H-e3 at five maturity loci,
El, E2, E3, E4, and E9 (el-as/e2/e3/E4/E9), but unlike H-e3 they flower without any
marked delay under ILD conditions in comparison with natural daylength (ND)
conditions (maximum daylength, 15.2 h) in Sapporo, Japan (43°07'N, 141°35'E) (Xu et
al., 2013). The ILD condition was set at an experimental farm of Hokkaido University by
extending the ND to 20 h by supplemental lighting from 2:00 to 7:00 and from 18:00 to
22:00 with incandescent lamps with a red-to-far-red (R:FR) quantum ratio of 0.72 (Abe
et al., 2003). Seeds of F» populations and parents were sown in paper pots (Paperpots No.
2, Nippon Beet Sugar Manufacturing Co., Tokyo, Japan) on 28 May 2013 for the crosses
with HA and 26 May 2014 for crosses with H-e3. The pots were put under the ILD
condition, and 12 days later seedlings were transplanted into soil. The progeny test was
carried out for 48 F» plants randomly selected from the H-e3 x ZE cross and recombinant
plants used in fine mapping. Seeds of these plants were sown in paper pots on late May
in 2015 to 2017 (25 May, 2015, 28 May, 2016, 26 May, 2017). After 12 days under the
ILD condition, 15 seedlings per plant were transplanted into the same field. The number
of days from sowing to the first flower opening (R1) (Fehr et al., 1971) of each plant was

recorded.



2.2.2 DNA extraction and SSR marker analysis

Total DNA was extracted from trifoliate leaves of each of 150 H-e3 x ZE and 156 H-e3
x YU F» plants as described by Doyle and Doyle (1990), and from each of 492 seeds from
two F» plants from the H-e3 x ZE cross, as described by Xia et al. (2012). Each PCR
mixture for SSR marker analysis contained 30 ng of total genomic DNA as a template,
0.2 pL of each primer (10 uM), 0.8 puL of dANTPs (2.5 mM), 0.1 uL of Tag DNA
polymerase (Ampliqon, Denmark), and 1 pL of 10x ammonium buffer (Ampliqon,
Denmark) in a total volume of 10 pL; amplification conditions were 35 cycles at 94°C
for 30 s, 55°C for 30 s, and 72°C for 30 s. PCR products were separated by electrophoresis
in 10.5% (w/v) polyacrylamide gels, stained with ethidium bromide, and visualized under

UV light.

223 Association test, linkage map construction, and fine mapping

A total of 16 F> plants from the H-e3 x ZE cross were used to test the association of ILD
sensitivity with simple sequence repeat (SSR) marker genotypes. They were selected
based on the segregation pattern in their progeny, and included 8 plants fixed for ILD
insensitivity and 8 plants fixed for ILD sensitivity. SSR markers were chosen from those
located in genomic regions that harbored the soybean orthologues of Arabidopsis
flowering genes (Song et al., 2004; Watanabe et al.,2012). The SSR markers significantly
associated with ILD sensitivity were genotyped for a total of 306 F» plants from the H-e3
x ZE and H-e3 x YU crosses to confirm the detected association. Plants recombined in

the targeted region were subjected to fine mapping; the genotypes for the target gene were



estimated based on the segregation of flowering under the ILD condition in the progeny
and were compared with the graphical genotypes constructed by using additional 11

BARCSOY SSR markers (Song et al., 2010) (Supplemental Table 1).

2.2.4 Sequencing analysis

The coding sequences of the three gene models, Glyma.04G143300, Glyma.04G143400
and Glyma.04G143500, were analyzed for H-e3 and ZE. The coding sequences were
amplified from the cDNAs by using primers listed in Supplemental Table 3. The amplified
fragments were cloned into a pGEM-T Easy vector (Promega, Japan). Plasmid DNAs
were extracted with Wizard® Plus SV Minipreps DNA Purification Systems (Promega,
Japan) following the manufacturer’s instructions and sequenced with a BigDye
Terminator v3.1 Cycle Sequencing kit and an ABI PRISM 3100 Avant Genetic Analyzer

(both from Applied Biosystems, Japan) according to the manufacturer’s instructions.

225 DNA marker analysis of EILb

A derived cleaved amplified polymorphic sequence (dCAPS) marker targeting the single-
base deletion observed in ZE was developed to discriminate the functional E/Lb allele
from H-e3 and the loss-of-function e//b allele from ZE. The 275-bp DNA fragment
amplified from ZE by PCR  with the forward  primer 5'-
GTGTAAACACTCAAAGTCCTT-3' and the reverse primer 5'-
CGTCTTCTTGATCTTCCAACG-3" was digested with HpyCH4IV (New England

Biolabs, Japan) into two fragments, 254 bp and 21 bp, but the 276-bp fragment amplified

10



from H-e3 was resistant to HpyCH4IV digestion. The PCR products were treated with
HpyCHA41V for 1 h and then separated by electrophoresis in 2.5% NuSieve 3:1 gel (Lonza,

Japan), stained with ethidium bromide, and visualized under UV light.
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2.3 Results and Discussion

2.3.1 Segregation of flowering time in F2 and F3 populations

The three Russian cultivars are photoperiod insensitive (Xu et al., 2013). They flowered
45 to 47 days after sowing (DAS) under the ND condition of Sapporo, whereas H-e3 and
HA flowered approximately 5 and 10 days later, respectively. Under the ILD condition,
the three cultivars and H-e3 flowered 2—4 days and around 20 days later than under ND,
respectively, whereas HA continued vegetative growth and did not develop any flower
buds until the end of light supplementation (10 August, 76 DAS).

Flowering time under the ILD condition in F» populations of the H-e3 x ZE and H-
€3 x YU crosses varied continuously from that of ILD-insensitive parents (45 DAS for
ZE and 46 DAS for YU) to the end of light supplementation; 10 out of 150 and 12 out of
156 plants had no flower bud in the H-e3 x ZE and H-e3 x YU F, populations,
respectively (Figure 1). In both populations, the distribution of flowering time tended to
be bi-modal; plants which flowered at 56 DAS and later or remained vegetative
segregated more than those flowered earlier. 48 H-e3 x ZE F, plants were randomly
selected and the progeny for flowering time segregation under the ILD condition were
tested. Based on the segregation pattern, the 48 F> plants could be classified into three
groups: (1) plants fixed for ILD insensitivity (all F3 plants tested flowered as ZE did; e/e);
(2) those segregating for flowering time (£/e) and (3) those fixed for ILD sensitivity (all
F; plants tested showed delayed or no flowering; E/E) (Figure 1A). The number of plants
was 8 in e/e, 23 in E/e, and 17 in E/E, in consistence with a monogenic 1:2:1 ratio (y° =
3.81, df = 2, p = 0.18), suggesting the involvement of a single recessive gene for ILD

insensitivity. Based on the results of the progeny test, the 306 F» plants were classified

12



into early-flowering ILD-insensitive plants, which flowered before 56 DAS, and late- or
non-flowering ILD-sensitive plants (Figure 1). The segregation ratios of the two classes
fit the expected 3:1 ratio (x> = 0.33, df =1, p = 0.56 for H-e3 x ZE, > =3.28,df=1,p =
0.07 for H-e3 x YU), confirming that ILD insensitivity is controlled mainly by a single
recessive gene.

The segregation of flowering time under the ILD condition for the crosses between
HA and the three Russian cultivars were also examined. Because HA has the E3 allele
while the three cultivars have the e3 allele, it is considered that, in addition to the gene
for ILD insensitivity segregated in the crosses with H-€3, the E3 locus would also
segregate in the F» populations. In the three crosses, however, ILD-insensitive plants
segregated at frequencies of 21.1% to 33.9 %; the remaining plants remained vegetative
until the end of light supplementation (Table 1). These segregation frequencies were thus
inconsistent with those of a two-gene model, but were close to those expected from

monogenic inheritance, as in the crosses with H-e3 (Table 1).

13



(A1?s H-e3 X ZE (n= 150) (B) H-e3xYU (n=156)

40+
i 7E 1 1 H-e3 YU H-e3
v v 1 v T v
P 14 304
<10/ .
5 204
H Ak '
|| 101
1 0.8 monln
44 48 52 56 60 64 nf 44 48 52 56 60 64 nf
Flowering time (DAS) Flowering time (DAS)

Figure 1. Segregation of flowering time in F» populations of crosses between a Harosoy
NIL for e3 (H-e3) and the incandescent-long daylength (ILD)-insensitive cultivars Zeika
(ZE) and Yubileinaya (YU) under far red light-enriched ILD conditions. (A) H-e3 x ZE;
(B) H-e3 x YU. In a cross between H-e3 and ZE, 48 F, plants were selected for the
progeny test; ILD-sensitivity genotypes were estimated based on the segregation in the
progeny. Pink bars, homozygotes for ILD-insensitivity (e/e); yellow—green bars,
heterozygotes (E/e); light-blue bars, homozygotes for ILD-sensitivity (E/E). Arrows
indicate mean values of flowering time in parents. Dotted vertical lines indicate the
threshold for classification of F» plants into early-flowering ILD-insensitive and late- or
non-flowering ILD-sensitive. nf, no flower buds by the end of light supplementation.
DAS, days after sowing.
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Table 1. Segregation of ILD-insensitivity in F> of crosses of an ILD-sensitive cultivar Harosoy
with ILD-insensitive Russian cultivars

No. of plants
— 2 value for
Cross combination ILD- ILD- P value
. . " TOTAL 1:3
insensitive sensitive
Harosoy x Zeika 19 37 56 3.57 0.059
Harosoy x Yubileinaya 28 105 133 1.66 0.198
Harosoy x Sonata 19 54 73 0.06 0.803

15



2.3.2 Association test, linkage map construction, and fine mapping

To determine the genomic position of the gene for ILD insensitivity from ZE, I tested the
association between ILD sensitivity and SSR marker genotypes. Based on the results of
the progeny test, 16 F» plants from the H-e3 x ZE cross were selected, 8 homozygous for
ILD insensitivity (e/e), and 8 homozygous for ILD sensitivity (E/E). Among the SSR
markers tested, Satt190 and Sat 085 in linkage group C1 (chromosome 4; Chr04) showed
genotypic variation in complete accordance with the ILD sensitivity (Figure 2A). Then
the genotypes of the two markers in the whole F» plants of H-e3 x ZE and H-e3 x YU
populations (Figure 2B and 2C) were determined. The two markers were tightly linked to
each other with a recombination value of 2.1, and were closely associated with ILD
sensitivity. All of the plants homozygous for the allele from ILD-insensitive parents at
Sat 085 (I/T) flowered before 56 DAS (H-e3 x ZE) or 52 DAS (H-e3 x YU), whereas
those homozygous for the allele from ILD-sensitive H-e3 (S/S) flowered at >60 DAS or
did not flower in both crosses. Heterozygous plants (I/S) mostly flowered at >58 DAS
(H-e3 x ZE) or >54 DAS (H-e3 x YU), which partly overlapped with the flowering date
ranges of the S/S plants; only a few plants flowered as early as the I/I plants. These results
strongly suggested that a gene for ILD insensitivity is located near the two SSR markers.

Satt190 and Sat 085 are located 17.3 Mb from each other in the pericentromeric
region of chromosome 4 (Schmutz et al., 2010) (Phytozome v12.1/Glycine max Wm82.a2.
vI; https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Gmax). To delimit the
genomic region of the gene for ILD-insensitivity more precisely, plants with
recombination between the two markers (7 from 306 F> plants from the H-e3 x ZE and

H-e3 x YU crosses and 3 from 492 F; plants from the H-e3 x ZE cross) were selected and

16



constructed their graphical genotypes with 11 SSR markers. A comparison of the
graphical genotypes with the genotype of ILD-insensitivity estimated by the progeny test
revealed that the gene for ILD-insensitivity was located between SSR markers M5
(BARC-18g-0889) and M6 (BARC-18g-0895) (Figure 3). The physical distance between
the two markers was 842 kb, and the delimited region contained only 6 annotated genes
(Phytozome v12.1/Glycine max Wmé82.a2. vl) (Figure 3 and Table 2). RNA-sequencing
Atlas in Phytozome v12.1/Glycine max Wmd82.a2. vI indicates that Glyma.04G143000,
Glyma.04G143100 and Glyma.04G143200 are expressed only in flower or root tissues,
whereas Glyma.04G143300, Glyma.04G143400 and Glyma.04G143500 are expressed in
leaves (Severin et al., 2010). Because ZE exhibited significantly higher expressions for
FT2a and FT5a in leaves in the 2" and 3™ trifoliate leaf stages than H-e3 under R-
enriched LD condition (Figure 4), I focused on the three genes expressed in leaves as a

possible candidate of the gene for ILD-insensitivity that upregulates the two FT" genes.
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Figure 2. Simple sequence repeat (SSR) marker analyses in F, plants from a Harosoy
isoline for e3 (H-e3) x Zeika (ZE) cross. (A) Gel electrophoresis for the analysis of
Satt190 and Sat_085. Eight plants homozygous for the ILD-insensitive allele (e/e) and 8
plants homozygous for the ILD-sensitive allele (E/E) were selected on the basis of the
results of the progeny test. M1, pX174/Haelll digest; M2, 100 bp DNA ladder. (B, C)
Association between Sat_085 and flowering time in H-e3 x ZE (B) and H-e3 x YU (C).
F> plants were classified based on the genotype at Sat_085. Pink bars, homozygotes for
the allele from ILD-insensitive parents (I/1); yellow-green bars, heterozygotes (1/S); light-
blue bars, homozygotes for the allele from ILD-sensitive H-e3 (S/S). Arrows indicate
mean values of flowering time in parents. DAS, days after sowing.
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Figure 3. Fine mapping of a locus for ILD insensitivity (E/e) and annotated genes in the
delimited region of Williams 82 chromosome 4 (Glycine max Wm82.a2. v1). M1 to M11,
BARCSOY-SSR markers; Pink bars, homozygotes for the allele from ILD-insensitive
parents (1/1); yellow—green bars, heterozygotes (1/S); light blue bars, homozygotes for the
allele from ILD-sensitive H-e3 (S/S). The E genotype for ILD insensitivity was estimated
from the segregation patterns in the progeny. Six genes annotated in the region between
M5 and M6 are shown at the bottom.
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Figure 4. Expression levels of 72a and FT5a at the second and third leaf stages in ILD-
insensitive Zeika (ZE) and ILD-sensitive Harosoy NIL for e3 (H-e3) under R-enriched
LD (20 h) conditions. Relative mRNA levels (mean and standard error, n = 3) are
expressed as the ratios to S-fubulin transcript levels. *, p < 0.05; *** p <0.005.
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Table 2. Genes annotated in an 842-kb genomic region in chromosome 4 delimited by fine-

mapping
Annotation (Phytozome V12.1/ Glycine max Expressed
No. Gene )
Wm82.a2. vl) tissues
Glyma.04G143000 Diacylglycerol kinase 7 flower
2 Glyma.04G143100 RNA-binding (RRM/RBD/RNP motifs) family oot
protein
Glyma.04G143200 Pectin lyase-like superfamily protein flower
Glyma.04G143300 AP2/B3-like transcriptional factor family protein, leaf
EllLb
5 Glyma.04G143400 Cytidine/deoxycytidylate deaminase family protein leaf, root
6 Glyma.04G143500 Mitochondrial substrate carrier family protein flower, leaf

Data on expressed tissues are referred from Glycine max Wm82.a2. v1. (Severin et al., 2010)
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233 Sequence analysis

The coding sequences of the three gene candidates, Glyma.04G143300,
Glyma.04G143400 and Glyma.04G143500 for H-e3 and ZE were analyzed. Sequence
analysis revealed that ZE and H-e3 possessed identical sequences for Glyma.04G143400
and Glyma.04G143500, whereas one of cytosines at the 162" nucleotide to 164"
nucleotide from the adenine of the start codon was deleted in the Glyma.04G143300 from
ZE. This deletion generated a premature stop codon, and the Glyma.04G143300 from ZE
was predicted to encode a truncated protein of 61 amino acids (Figure 5).
Glyma.04G143300 is reported as E/Lb, one of two homoeologues (E/La and EILb) of
floral repressor £/ (Xia et al., 2012). Because the down-regulation of E/La and EILb
expressions by VIGS promotes flowering under non-inductive conditions such as LD and
night break (Xu et al., 2015), it is considered the loss-of-function allele of E/Lb

(designated el/b hereafter) as the most probable causal factor for the ILD-insensitivity.
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(A)

138 AACAACACTGAAGCTTTATGATGACCCTTGGAAGATCAAG 177

H-es

138 AACAACACTGAAGCTTITATGATGACCTTGGAAGATCAAGA 177

ZE

et e T e

B)

Wg2 MSNHSDEEEQUQRRERESTICEASNFRTSRERFCSNENEEEMNEGVSTTLELYDDEWEIEE &0
H-z3 MSNHSDEEEQUQKEEKSTICEASNFRTSREERFCSNENEEEMNEGVSTTLELYDDEWEIEE &0
ZE MENHEDERECQCORRRE ST ICERASNFRTSRRRFCENENEEEMNEGVSTTLELYDDLGESER 60

ok e v b e e A e ke e e ok e e ol e o o o e e W e e e b e e o o ok e v o e e b o e e b ok e e o b e e o e e ok

Wg2 TLTDESDLGILSRLELATDLVEROILPMLGADHARRARTEECTEVEVWOMDTESMHEQLVLE 120
H-¢3 TLTDSDLGILSELSLATDLVERQILPMLGEADHARRARTEEGTEVEVWOMDTESMHEQLVLE 120

W82 EWSSSRSYVLIAKWNQDEVERRDLREGDE IGFHWDPYNCVENFCVLERAMEPEN* 173
H-23 EBEWSSSESYVLIAKWNQDFVERRDLEKEGDE IGFHWDPYNCVENFCVLERAMPEN* 173

Figure 5. DNA and predicted amino acid sequences of Glyma.04G143300 (E1Lb)
in Williams 82 (W82), Harosoy isoline for e3 (H-e3), and Zeika (ZE). (A) DNA
sequences of the 138" nucleotide to 177" nucleotide from the adenine of the stat
codon. One of cytosines at the 162" nucleotide to 164™ nucleotide underlined was
deleted in ZE. (B) Predicted amino acid sequences. The asterisks under the amino
acid sequences mean identities of amino acids, the asterisk at the end of each
amino acid sequence means stop codon.
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2.3.4 DNA marker analysis of EILb

I developed a dCAPS marker to discriminate e//b from EILb (Figure 6). The PCR-
amplified fragment of 275 bp from ZE produced a shorter fragment of 254 bp when
digested with HpyCH4IV, whereas that from H-e3 (276 bp) was not digested. The
digestion of the PCR products from YU and Sonata (Russian cultivar) produced 254-bp
fragments, indicating that these two cultivars had the same deletion as ZE (Figure 6B).
Therefore, the segregation of ILD-insensitive plants in the crosses of these cultivars with

HA and H-e3 were most likely caused by ellb.
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( A) Forward primer
5'-GTGTARACACTCARAGTCCTT-3"

H-e3 GTGTARACACTCARAGCTCCT T eeeeeseeeeeeeeeseeseseseeeen . TTTATGATGACCCTTGGRAGATCARGAAGACG
ZE G GTARARA CAC T CAR R GT CC T T sssssssnssnssnssnssnssnsanss . TTTATGATGACCTTGGARGATCRAAGARAGACG
3"'-CETTGGRAAGATCARGAAGRCG—5"
PCR . 4 Reverse primer
Mismatch
l base
H-e3 GTGTARRACACTCARRGTCCT T eeeeeeeeeeeeeeee e . TTTATGATGACCGTTGGRAGATCARGALGACS
ZE GTGTARARACACTCARRGT CC T T sssssnssnssnssnssnssnsanss ITTATGATGACGTTGGAAGATCAAGARAGACG
¥~
ATCGT HpyCHAIV
TGCLA
(B) Harosoy-e3 Zeika Yubileinaya  Sonata
- + - + - + - +
300 bp _.-275/276 bp
"""" 254 bp

200 bp

Figure 6. Derived cleaved amplified polymorphic sequence (ACAPS) marker analysis to
detect the single-base deletion in the ellb allele. (A) Primers designed and the generation
of an HpyCHA4IV restriction site. One of three cytosines marked by red was deleted in ZE.
(B) Gel electrophoresis of PCR products without () or with (+) HpyCH41V digestion.

H-e3, Harosoy NIL for e3; ZE, Zeika.
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Chapter 3 Characterization of the e//b allele in the control of flowering

3.1 Background and Purposes

The ellb allele was considered as the most probable causal factor for the ILD-insensitivity
of the three Russian cultivars. To determine the effect of e//b on flowering, four sets of
NILs for ellb and E1Lb were developed from the crosses of ZE with Harosoy and H-e3.
The two sets of NILs possessed the e3/E4 genotype, and the other two did the E3/E4
genotype. I compared the effect of e//b on flowering time and F72a/FT5a expressions

against £1Lb under both e3/E4 and E3/E4 genetic backgrounds.

3.2 Materials and Methods

3.2.1 Development of NILs

Four sets of NILs, each including one NIL for ILD insensitivity and another for sensitivity,
were developed from heterozygous inbred Fs plants derived from different F» plants (#4
and #21) from the H-e3 x ZE cross and those (#11 and #20) from the HA x ZE cross. The
former two sets of NILs had the recessive e3 allele, whereas the latter two had the
dominant E3 allele. These lines, together with parents and an ILD-insensitive NIL of HA
for e3 and e4 (P1546043; H-e3e4), were cultivated in a growth chamber (25°C, 20-h
daylength) with an average photon flux of 120 umol m2 s™! and an R:FR ratio of 2.2 at
1 m below light sources, or in the field under the ILD condition (sowing date, 26 May
2018), as described above. For comparison, indeterminate NILs for alleles, e/-n/ and el-

as, at EI1 (NIL-E1; e2/E3/E4/E9), which were developed from a heterozygous inbred Fs

26



plant derived from a cross between the Japanese determinate cultivar Toyomusume (e!-
nlle2/E3/E4/e9) and HA, were included in the evaluation of flowering under the ILD

condition.

3.2.2 RNA extraction and reverse transcription

A new fully expanded leaflet was sampled from each of four plants per parent and NIL at
Zeitgeber time 3 in two different growing stages, the 2" and 3™ leaf stages. The sampled
leaves were bulked, immediately frozen in liquid N2, and stored at —80°C. Total RNA was
isolated from frozen tissues with TRIzol Reagent (Thermo Fisher Scientific, Japan).
DNase I (TaKaRa, Japan) was used to remove genomic DNA. The complementary DNAs
(cDNAs) were synthesized from 0.8 pg of total RNA by using the M-MLV reverse
transcriptase system (Invitrogen, Japan) with an oligo (dT) 20 primer in a volume of 20

pL.

3.23 Expression analysis

Transcript levels of E1, ElLa, EILb, FT2a, and FT5a were determined by quantitative
real-time PCR. The PCR mixture (20 pL) contained 0.1 pL of the cDNA synthesis
reaction, 5 pL of 1.2 uM primer premix, and 10 uL SYBR Premix Ex Taq II (TaKaRa,
Japan). A CFX96 Real-Time System (Bio-Rad, Japan) was used. The PCR cycling
conditions were 95°C for 3 min followed by 40 cycles of 95°C for 10 s, 59°C for 30 s,
72°C for 20 s, and 78°C for 2 s. Fluorescence was quantified before and after the

incubation at 78°C to monitor the formation of primer dimers. The mRNA for S-tubulin
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(Glyma.08G014200) was used for normalization. The expression levels were expressed
as the tratios to  -tubulin transcript levels. A reaction mixture without reverse

transcriptase was also used as a control to confirm the absence of genomic DNA
contamination. Amplification of a single DNA fragment was confirmed by melting curve
analysis and gel electrophoresis of the PCR products. Averages and standard errors of
relative expression levels were calculated from PCR results for three independently
synthesized ¢cDNAs. Primer sequences used in expression analyses are listed in

Supplemental Table 2.
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33 Results and Discussion

3.3.1 Comparison of flowering time and gene expression among NILs

The allelic effects of E/Lb and ellb on flowering under the R-enriched LD condition
(daylength, 20 h) were evaluated in four sets of NILs, each for E/Lb and el/b, developed
from different F» plants from the H-e3 % ZE cross (#4 and #21; e3/E4) and the HA x ZE
cross (#11 and #20; E3/E4). In the two sets of the e3/E4 NILs, each NIL for e//b flowered
at the same or almost the same time (#4, 31.7 DAS; #21, 30.3 DAS) as ZE (30.3 DAS);
this was on average 6.7 to 7.6 days earlier than the respective NILs for E/Lb, which
flowered at almost the same time as H-e3 (Figure 7A). Flowering times of the £3/E4 NILs
were around 20 days or more later than those of the e3/E4 NILs. ellb also promoted
flowering in the E3/E4 background: each NIL for e//h flowered around 10 days earlier
than the respective NIL for £/Lb and HA (Figure 7A). This flowering-promoting effect
of ellb versus EILb under the R-enriched LD condition was smaller than that of e4 vs.
E4 and that of e3 vs. E3, because H-e3e4 and H-e3 flowered, on average, 13 and 25 days
earlier than H-e3 and HA (E3E4), respectively.

The eftect of e/lb vs. EILb on flowering under FR-enriched ILD condition (Figure
7B) was also evaluated. e//b induced flowering at 58 DAS (NILs #4) or 49 DAS (NILs
#21) in the e3/E4 genetic background and at 56 DAS (NILs #11 and #20) in the E3/E4
genetic background. All these NILs produced pods of up to 3 cm in length at the end of
light supplementation, similar to those of ZE and H-e3e4. In contrast, the e3/E4 NILs for
EILb and H-e3 flowered around 20 days later, and E3/E4 NILs for E/Lb and HA
continued vegetative growth and did not produce any flower buds until the end of light
supplementation. Therefore, e/lb was sufficient to induce flowering under the ILD

condition, irrespective of the £3 genotype (Figure 7B). Interestingly, a similar flowering-
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promoting effect was observed in the NIL-E/ for a loss-of-function allele e/-nl (el); it
initiated flowering under the ILD condition, as the £3/E4 NILs for ellb, whereas the NIL
for el-as (E1) did not (Figure 7B).

The expression levels of £/, two EIL genes, and two FT orthologues were tested in
two different growing stages (the 2nd and 3rd leaf stages) in the e3/E4 NILs grown under
the R-enriched LD condition (Figure 8). The expression levels of £/ and ElLa were
similar between the NILs for £//b and ellb at both stages in NILs #4 or at the 3rd stage
in NILs #21; both EI and ElLa were significantly up-regulated in the 2nd leaf stage in
NILs #21 for ellb relative to those for E/Lb. On the other hand, the expression of E/Lb
was significantly down-regulated in the NILs for e//b at both stages (#4) or at the 3rd leaf
stage (#21). The extremely low expressions of E/Lb gene in NILs for ellb were
considered to be due to nonsense-mediated mRNA decay or different promoter activity.
In contrast, the expressions of both F72a and FT5a were up-regulated at both stages in
the NILs for e//b relative to those for £/Lb in both NIL sets. The similar effect of e//b
vs. E1LD on the expression of F72a and F'T5a was also observed at the 3rd leaf stage in
both sets of £3/E4 NILs (#11 and #20; Figure 9). As observed in the e3/E4 NILs for el/b,
the expression levels of F'72a and F'T5a were significantly upregulated in the £3/E4 NIL

forellb.
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(A) : R-enriched LD condition

80 1 T o
—_ T
o -
E 60 1 Hokk Bk
E i
@ 40 A B =
S
z
= 20 -
0 \ E E E E
[ = (= (= (=
Heeled 7E 44 1 Hed o 730 HA
e3/E4 E3/E4
(B) : FR-enriched LD condition
80 ok HH R n_f n_f I'lf n_f
] i
’—’g“
a 60 7 — T — 1
= T
£ 40
5
z
= 20 -
A\ e E e E e E e E el El
H-cled ZE 24 . He3 T 220 HA LB
e3/E4 E3/E4

Figure 7. Flowering time in NILs for the ellb (e) and E1Lb (E) alleles under R-enriched
and FR-enriched LD conditions. Two sets of NILs (#4 and #21) have the e3/E4 genotype,
similar to H-e3, whereas the other two (#11 and #20) have the E3/E4 genotype, similar
to HA. A set of E3/E4 NILs for el-nl (el) and el-as (E1) at E1 locus (NIL-E1) were also
evaluated for the flowering under the FR-enriched LD condition. Plants were grown
under 20-h (A) R-enriched LD or (B) FR-enriched ILD conditions. Data are presented as

mean and standard error (n = 5). nf, no flower buds by the end of light supplementation,
DAS, days after sowing, ***p < 0.001.
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Figure 8. Expression levels of E1, E1-Like, and FT genes at the second and third leaf
stages in two sets of e3/E4 NILs for the ellb (e) and E1Lb (E) alleles under R-enriched
LD (20 h) conditions. Relative mRNA levels (mean and standard error, n = 3) are
expressed as the ratios to S-tubulin transcript levels. *p < 0.05, ***p < 0.005.
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Figure 9. Expression levels of E1, E1-Like, and FT genes at the third leaf stage in two
sets of E3/E4 NILs for the ellb (e) and E1Lb (E) alleles under R-enriched LD (20 h)
conditions. Relative mRNA levels (mean and standard error, n = 3) are expressed as the
ratios to S-tubulin transcript levels. *p < 0.05, **p < 0.01, ***p < 0.005.
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Chapter 4 Interaction between the E1 family proteins

4.1 Background and Purposes

The results obtained in the previous chapters strongly suggested that E7Lb represses the
FT expressions and as a consequence controls flowering, as E/ does. However, it still
remains undetermined how E/Lb and EI regulate the FT expressions. It is thus
meaningful to check if the E1Lb and E1 proteins physically interact with each other. In
this chapter, yeast two-hybrid assays were carried out to determine the interactions

between E1 family proteins.

4.2 Materials and Methods

4.2.1 Yeast two-hybrid assays

Yeast two-hybrid (Y2H) assays were performed according to the method described by
Nan et al. (2014). The yeast cloning vectors pGBKT7 and pGADT?7, the control vectors

pGADT7-T and pGBKT?7-53, and the yeast strain Y2HGold used in the yeast two-hybrid
assays were obtained from Matchmaker™ Gold Yeast Two-Hybrid System (TaKaRa,

Japan). The full-length coding sequences of E/, ElLa and EILb were inserted into
pGBKT?7 vectors to generate fused GAL4 DNA-binding domains (BD) as baits. These
sequences were also cloned into pGADT7 to generate fused GAL4 DNA activation
domains (AD) as preys. The bait and prey plasmids were cotransformed into the yeast
strain Y2H using the lithium acetate method. The cotransformed yeasts were selected on

SD medium lacking leucine (Leu) and tryptophan (Trp) (SD/~Leu/~Trp). After 3 days of
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incubation at 30°C, the yeast cells were replated on selection plates with SD medium
lacking Leu, Trp, histidine (His) and adenine (Ade) but including the X-a-gal substrate
(SD/—Ade/—His/—Leu/-Trp/+X-a-gal) for the interaction test. The primers and restriction
sites used to generate the yeast bait and prey constructs are presented in Supplemental

Table 5.

4.3 Results and Discussion

4.3.1 Yeast two-hybrid assays

Tocixity of AD vectors in the yeast strain Y187 on SD/-Leu mdedium (Figure 10) and BD
vectors in the yeast strain Y2HGold on SD/-Trp mdedium (Figure 11) were tested. The
BD-E1 on SD/-Trp medium did not grow any clony suggested that the £/ gene inserted
in the pGBKT7 vector may have toxicity in the yeast strain Y2HGold. So the
combinations of BD-Elwith other vectors (AD-E1/BD-E1, AD-E1La/BD-E1 and AD-
E1Lb/BD-E1) were not performed in following experiments. The results of Y2H assays
were shown in Figure 12. A total of six combinations between the E1 family proteins were
tested. The transformed yeasts alive in the SD/~Leu/~Trp medium (Figure 12A) were then
replated on the selection medium (SD/—Ade/—His/—Leu/-Trp/+X-a-gal). All of the yeasts
except positive control died in the selection medium (Figure 12B), indicating that the
three E1 family proteins did not interact physically with one another and themselves.
These results suggest that the £/ family genes control the F72a and FT5a expressions

independently of one another.
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Figure 10. Toxicity test of AD vectors in the yeast strain Y187 on SD/-Leu mdedium.
(A) E1; (B) El1La; (C) E1Lb; (D) negetive control, empty pGADT7 vector; (E) positive
control, pPGADT7-T. All five AD vectors can grow on SD/-Leu medium.
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Figure 11. Toxicity test of BD vectors in the yeast strain Y2HGold on SD/-Trp medium.
(A) E1; (B) El1La; (C) E1LDb; (D) negetive control, empty pGBKT?7 vector; (E) positive
control, pPGBKT7-53. BD-E1 showed toxicity in the yeast strain Y2HGold, all other

four vectors can grow on SD/-Trp medium.
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Figure 12. Yeast two-hybrid assays of the E1 family proteins. After cotransformation of
the baits (BD) and preys (AD), an equal amount of yeast clones was plated on (A) SD/—
Leu/~Trp and (B) SD/—Ade/—His/~Leu/~Trp/+X-a-gal selective plates. The plates were
incubated at 30°C until the emergence of the yeast clonies. AD, GAL4 DNA activation
domain, prey; BD, GAL4 DNA-binding domain; Control +, positive control, in which the
yeasts were cotransformed with pPGADT7-T and pGBKT7-53 vectors; Control —, negative
control, in which the yeasts were cotransformed with the empty vectors of pGBKT7 and
pGADT?7. (A) All six combinations together with positive control and negative control
could grow on SD/-Leu/~Trp medium. (B) Only positive control could grow on SD/—
Ade/~His/~Leu/~Trp/+X-a-gal medium and showed blue; all six combinations and
negative control could not grow on SD/~Ade/—His/~Leu/—Trp/+X-a-gal medium.
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Chapter 5 Molecular diversity of E/Lb and its homologue E/La

5.1 Background and Purposes

Four maturity genes, E/ to E4, are major FT repressors in soybean (Liu et al., 2011; Jia
et al., 2014; Jiang et al., 2014; Langewisch et al., 2014; Tsubokura et al., 2014; Zhai et
al., 2014; Lu et al., 2015; Kurasch et al., 2017; Li et al., 2017). Many complete or partial
loss-of-function natural variants at these loci have been reported so far (Xia et al., 2012;
Tsubokura et al., 2013, 2014; Xu et al., 2014, Zhang et al., 2016; reviewed by Cao et al.,
2016). Allelic variation in the £/ gene includes a leaky allele e-as in which a SNP at 44
nucleotide results in a nonsynonymous substitution in nuclear localization signal, and null
alleles such as el-fs (frame-shift allele), e/-nl/ and el-b3a (deletion alleles), and el-re
(retroelement-inserted allele) (Xia et al., 2012; Tsubokura et al., 2014; Zhang et al., 2016).
In the E2 gene, there is a nonsense allele e2-ns (Watanabe et al., 2011). In the E3 gene,
there are three null alleles, deletion, flame-shift and nonsense alleles (e3-#r, e3-fs and e3-
ns) and a missense allele e3-mo (Watanabe et al., 2009; Xu et al., 2014). The E4 gene has
five loss-of-function alleles, four single-base-deletion alleles (e4-tsu, e4-oto, e4-kam, and
e4-kes), and a retrotransposon-inserted allele e4-SORE-1 (Liu et al., 2008; Tsubokura et
al., 2013). These results suggest that the variation in flowering time among soybean
cultivars has been created by classification of multiple loss-of-function alleles at a number
of key flowering loci. In this chapter, I surveyed the sequence variations for £/Lb and its
homologue E/La in cultivated and wild soybean accessions by the dCAPS marker

developed in Chapter 2 and direct PCR sequencing analyses.
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5.2 Materials and Methods

5.2.1 Survey of the ellb allele by the allele-specific DNA marker

A total of 59 ILD-insensitive accessions were surveyed for the E/Lb genotype using the
allele-specific DNA marker, according to the method described in Chapter 2. They
included 9 accessions from northern Japan, 26 from North-Eastern China, 13 from Far
Eastern Russia, 8 from Ukraine, and 3 from Poland (Supplemental Table 6). The maturity
genotypes at E1 to E4 of 47 accessions were determined previously by Xu et al. (2013),
and those of the remaining 12 accessions were assayed according to Xu et al. (2013) and

Tsubokura et al. (2014).

5.2.2 Sequence analysis for E1La and EI1Lb

Fourteen ILD-insensitive accessions, together with H-e3 and Zeika, and eight wild
soybean (Glycine soja) accessions introduced from the Far Eastern Russia were surveyed
for sequence variation of E/La and E1Lb. The accessions tested are listed in Tables 3 and
4. The sequence was determined by direct PCR sequencing analysis. Each PCR mixture
contained 30 ng of total genomic DNA as a template, 0.5 pL of each primer (10 uM), 1.6
pL of ANTPs (2.5 mM), 0.1 pL of Ex Taq DNA polymerase (TaKaRa, Japan), and 2 pL.
of 10x Ex Taq buffer (TaKaRa, Japan) in a total volume of 20 puL; amplification conditions
were 35 cycles at 94°C for 30 s, 62°C for 30 s, and 72°C for 60 s. 5 uL PCR products
were then treated with 2ulL ExoSAP-IT (Thermo Fisher Scientific, Japan) to remove
excess primers and dNTPs, following the conditions 37°C for 15 min, 80°C for 15 min.

The treated products were then diluted 5 times with distilled water and used for direct
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sequencing analysis. The sequencing analysis were performed with a BigDye Terminator
v3.1 Cycle Sequencing kit and an ABI PRISM 3100 Avant Genetic Analyzer (both from
Applied Biosystems, Japan) according to the manufacturer’s instructions. The primers for

PCR amplification of E/La and E1Lb are presented in Supplemental Table 4.

5.2.3 Analysis of plant cis-acting regulatory DNA elements

New PLACE program (Higo et al., 1999; http://www.dna.affrc.go.jp/htdocs/PLACE/)

was used to determine whether the nucleotide polymorphisms among accessions created

or destroyed known cis-elements.

5.2.4 Putative 3D protein structure analysis

The putative 3D protein structures of ElLa and its amino-acid substitution variant

detected in the wild soybean were constructed ~with [-TASSER

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/). The structure analysis was

performed with UCSF Chimera 1.13.1 soft (http://www.rbvi.ucsf.edu/chimera).
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5.3 Results and Discussion

5.3.1 Survey of the ellb allele in ILD-insensitive soybean accessions

To determine whether or not the deletion in the E/Lb gene is region-specific, I surveyed
the polymorphism in the ILD-insensitive soybean accessions by using the dCAPS marker.
These accessions were introduced from Northern Japan, North-Eastern China, Far-
Eastern Russia, Ukraine and Poland. In addition to the three Russian cultivars used in the
genetic analysis, another two Russian cultivars, Salyut 216 and DYA-1, were found to
have the ellb allele, whereas all the other accessions had the functional E/Lb allele
(Supplemental Table 6). All of the Russian cultivars with e/lb possessed the maturity
genotype of el-as/e3/E4 (Supplemental Table 6). There was no cultivar which had loss-
of-function alleles at both £7 and E/Lb loci. I also examined the E/Lb genotype for 7
wild accessions introduced from the Far Eastern Russia (Table 4), because the Russian
cultivar Zeika was developed from the crossing between cultivated and wild soybeans. I
expected that the e//b allele had been introduced from the wild soybean in Russia.

However, there was no wild accession with the el/b allele.

5.3.2 Sequence polymorphisms in E1La and EILb

As mentioned above, all of the wild accessions did not possess the single-nucleotide
deletion in E/Lb, unlike in ZE. To confirm if these wild accessions possessed any other
polymorphism in E/Lb, their sequences were determined. All of the 7 accessions tested
showed a new single nucleotide polymorphism (SNP) in 3'-UTR; it changed the 530™
nucleotide from the adenine of start codon from guanine (G) to thymine (T) (Figure 13).

I designated the E/Lb sequence of Williams 82 reference sequence (Glycine max
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Wmé82.a2.vl) as haplotype 1 (Hap 1), ellb as haplotype 2 (Hap 2), and the sequence
variant observed in the wild accessions as haplotype 3 (Hap 3). As a result of a survey of
cis-elements with New PLACE (Higo et al., 1999), the SNP in the wild soybean destroyed
two cis-elements, CACTFTPPCA1 with the recognition site ‘“YACT’ (Y = T/C), and
CANBNNAPA with the recognition site ‘CNAACAC’ (N = A/C/G/T), in the reverse
strand of Haplotypes 1 and 2. Further studies such as those with yeast one-hybrid assay
are needed to determine whether the SNP influences the regulation of E/Lb expression.

Fourteen ILD-insensitive accessions, together with H-e3 and Zeika, and 8 wild
soybean accessions were surveyed for sequence diversity of £/La. Besides the reference
sequence of Williams 82 (designated haplotype 1; Hap 1), one haplotype (haplotype 2;
Hap 2) in wild soybean accessions, two haplotypes (haplotype 3 and 4; Hap 3 and Hap 4)
in cultivated accessions were detected (Figure 14). Compared with Hap 1, Hap 2
contained three SNPs, synonymous and non-synonymous nucleotide substitutions at the
222" and the 244™ nucleotide from the adenine of start codon in the exon, respectively,
and a SNP in 3'-UTR at the 563" nucleotide. The non-synonymous substitution converted
the amino acid from lysine (K) to glutamic acid (E). Hap 3 contained the same SNPs as
Hap 2 at the 222" and the 563™ nucleotide. Hap 4 contained the SNP at the 563™
nucleotide as Haplotypes 2 and 3 did. The Russian wild accessions possessed two
haplotypes, Hap 1 and Hap 2 (Table 4).

I also sequenced the coding region of E7 gene for the 8 wild soybean accessions. All
of the 8 accessions showed the same sequence as the functional E/ allele (Table 4).
Accordingly, the genotypes at £/ family genes for the Russian wild soybean accessions
were El, ElLa-Hap 1 or ElLa-Hap 2, and E/Lb-Hap 3. The wild accessions, B00148

(E1La-Hap2) and B00161 (E1La-Hapl), flowered without any marked delay in the LD
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of 16h, compared with the photoperiod-insensitive soybean cultivars, such as ZE and
Harosoy NIL for e3 and e4 (Figure 14). Since the two accessions may possess the
functional £/ and E1Lb genes (Table 4), an unknown genetic factor(s) may be responsible

for the photoperiod-insensitivity for these wild soybeans.
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Figure 13. Sequence polymorphism of £7Lb gene. (A) Gene structure of £/Lb; green bar,
5'-UTR; blue bar, coding region; purple bar, 3'-UTR. (B) Haplotypes of E/Lb. Hap 1,
Haplotype 1; Hap 2, Haplotype 2; Hap 3, Haplotype 3; P, proline; f.s., frame shift.
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Figure 14. Sequence polymorphism of £/La gene. (A) Gene structure of £/La; green bar,
5'-UTR; blue bar, coding region; purple bar, 3'-UTR. (B) Haplotypes of E/La. Hap 1,
Haplotype 1; Hap 2, Haplotype 2; Hap 3, Haplotype 3; Hap 4, Haplotype 4; S, serine; K,

Lysine; E, glutamic acid.
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Table 3. Haplotypes of the E1 family genes of cultivated soybean accessions used for sequencing

analysis

Cultivated accession  Collection/cultivation area El EllLa ElLb
Harosoy Canada el-as Hap 1 Hap 1
Ohyachi 2 Hokkaido, Japan El Hap 1 Hap 1
Sakamoto wase Hokkaido, Japan el-fs Hap 3 Hap 1
Kamaishi 17 Tohoku, Japan El Hap 1 Hap 1
Otome wase Tohoku, Japan El Hap 1 Hap 1
Gai Poland el-nl Hap 3 Hap 1
Nawiko Poland el-as Hap 1 Hap 1
Yug 30 Ukraine el-as Hap 1 Hap 1
Ustya Ukraine el-nl Hap 1 Hap 1
Zeya 2 Russia el-as Hap 1 Hap 1
DYA-1 Russia el-as Hap 4 Hap 2 (ellb)
Zeika Russia el-as Hap 1 Hap 2 (ellb)
Yubileinaya Russia el-as Hap 4 Hap 2 (ellb)
Keshuang Northeast China El Hap 1 Hap 1
Dongnong 50 Northeast China el-as Hap 1 Hap 1
Heihe 33 Northeast China el-as Hap 1 Hap 1

Genotype at the E1 locus for the cultivated accessions are cited from Xu et al. (2013) and Kong et

al. (2018).
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Table 4. Haplotypes for E1 family genes of wild soybean accessions used for sequencing analysis

Wild accession  Collection/cultivation area El EllLa ElLb
B00139 Ivanovka, Amrskaya, Russia (A2) El Hap 2 (ella-as) Hap 3
B00143 Ivanovka, Amrskaya, Russia (A6) El n.t. n.t.

B00148 Sadovoe, Amrskaya, Russia (A11) El Hap 2 (ella-as) Hap 3
B00155 Garovka, Khabarovsk,Russia (K2) n.t. Hap 2 (ella-as) n.t.

B00159 Anastafievka, Khabarovsk, Russia (K6) El Hap 2 (ella-as) Hap 3
B00161 Elabug, Khabarovsk, Russia (K8) El Hap 1 Hap 3
B00171 Vladivostok, Primorsky, Russia (P1) El Hap 1 Hap 3
B00177 Novoseliische, Primorsky, Russia (P7) El Hap 2 (ella-as) Hap 3
B00188 Erolovka, Primorsky, Russia (P18) n.t. Hap 1 n.t.

T106 Primorsky, Russia (G. ussuriensis) El n.t. Hap 3

n.t., not tested; ella-as, putative missense allele by non-synonymous mutation
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5.3.3 Putative 3D protein structures of wild and variant types of E1La protein

The nonsynonymous substitution at the 244" nucleotide of E/La converted the 82"
amino acid from lysine (lys; K) to glutamic acid (glu; E) (Figure 14). To confirm whether
this substitution affects the protein structure of E1La, the putative 3D protein structures
were constructed with the -TASSER program (Zhang, 2008; Roy et al., 2010; Yang et al.,
2015) and the UCSF Chimera 1.13.1 software (Pettersen et al., 2004). The structure of
B3 domain of E1 resembled that of RAV1 (related to ABI3/VP1) (Zhang et al., 2016).
The primary structure of the B3 domain of RAV1 possesses seven f-strands (f1-37) and
two short a-helices (a1l and 02); each of the two a-helices are present between [-strands
2 and 3 and between B-strands 5 and 6, respectively (Yamasaki et al., 2004). According
to the protein structure estimated in this study, the B3-like DNA-binding domain of E1La
possessed seven B-strands (B1, I58-T61; B2, L73-L75; B3, G101-W107; 4, M114-L119;
B5, Y128-1131; B6, E149-D155; B7, V160-L166) as well, but did three a-helices (al,
D64-L67; a2, L79-Q83; a3, K133-R142.) positioning between B1 and B2, between 2
and B3, and between 5 and 6, respectively. The K to E substitution was located in the
second a-helix (a-helix 2) (Figure 15). The amino acid sequence of a-helix 2 (L79-Q83)
i1s highly conserved in legume species; three soybean El1 family proteins, and one
common bean (Phaseolus vulgaris), one medicago (Medicago truncatula), one Lotus
Jjaponicus, two pigeon pea (Cajanus cajan), and one chickpea (Cicer arietinum) E1-like
proteins shared an identical amino acid sequence of LVKKQ (Zhang et al., 2016). The
structure analysis for the wild type and variant type ElLa proteins indicated that the
nonsynonymous substitution changed the pattern of hydrogen bonds between neighboring

amino acids (Figure 16). In the wild type E1La protein, the amino group of K82 residue
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formed hydrogen bonds with the carboxylic acid group of Q83 residue, whereas the amino
group of K81 residue formed hydrogen bonds with the carboxylic acid group of D78
residue (Figure 16A). In contrast, in the variant E1La protein, the carboxylic acid group
of E82 residue formed hydrogen bonds with the amino group of E81 residue, in place of
the hydrogen bonds between K81 and D78 (Figure 16B). Therefore, the change of
hydrogen bonding pattern caused by the K to E substitution was predicted to result in the
structure change of a-helix 2 in the variant protein. Additionally, lysine is basic amino
acid while glutamic acid is acidic. This different electrical charge could also affect the
stability of a-helix 2. These results strongly suggested that the amino acid substitution
detected in E1La Hap2 produced an adverse effect on the DNA-binding ability of E1La
to the cis-elements in F72a and FT5a. Here, 1 tentatively designated the Hap 2 sequence
as a recessive dysfunctional allele e/la-as. A further study is needed to determine the

effect of e/la-as on flowering in segregating populations.
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Figure 15. Putative 3D protein structures of wild and variant types E1La proteins. (A)
Wild type E1La; (B) Variant type E1La. Red boxes show the second a-helices where the
amino acid substitution occurred.
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Figure 16. Details of the second helices of wild and variant types E1La proteins. (A) Wild
type E1La; (B) Variant type E1La. Black arrows showed the amino acid which substitutes
from lysine (K) in wild type E1La to glutamic acid (E) in the E1La variant. Light blue

lines, hydrogen bonds between amino acids.
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Chapter 6 General Discussion

The soybean maturity loci, £/ to E4, are major flowering loci that determine the ability
of cultivars to adapt to different latitudes. Diverse allelic combinations at the £/, E3, and
E4 loci, each of which has multiple loss-of-function alleles (Tsubokura et al., 2013, 2014;
Xuetal., 2013; Jiang et al., 2014; reviewed by Cao et al., 2017), have resulted in cultivars
with various degrees of sensitivity to photoperiod. Photoperiod-insensitivity is an
adaptive trait for cultivars at high latitudes; such cultivars are classified into three
genotypic groups according to the allelic functions at each of the three loci (Xu et al.,
2013). Among the ILD-insensitive accessions tested, the predominant group has the loss-
of-function alleles of the phyA genes E£3 and E4 (e3/e4) (Figure 17B), followed by a group
which has the loss-of-function of the E/ repressor for F'72a and FT5a in combination
with a dominant £3 or E4 allele (Figure 17C) (Xu et al., 2014). Cultivars of the third
group, which were introduced from North-Eastern China and Far-Eastern Russia, have a
novel genetic mechanism(s) that abolishes or reduces the sensitivity to daylength, because
they have the same genotype at the three loci (e/-as/e3/E4) as an Haroosy NIL for e3,
which is sensitive to FR-enriched ILD conditions (Saindon et al., 1989; Cober et al., 1996;
Abe et al., 2003; Liu and Abe, 2010; Xu et al., 2013). Takeshima et al. (2016) carried out
QTL analysis of ILD-insensitivity by a testcross of a Chinese cultivar of group 3 with the
Harosoy NIL for e3 and demonstrated that an early-flowering allele (FT5a-ef) at gDTF-
J, which encodes the FT5a protein, up-regulates F'75a expression by cis-activation to
induce flowering under ILD conditions (Figure 17D). However, the Far-Eastern Russian
cultivars of group 3 did not possess FT5a-ef, so the molecular-genetic basis for the

photoperiod insensitivity of these cultivars remains undetermined. In this study, I tried to
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identify a novel gene(s) that is responsible for the photoperiod-insensitivity in these Far-

Eastern Russian cultivars.

A novel loss-of-function allele e//b conditions the photoperiod-insensitivity

Based on the results obtained from the association analysis followed with fine-mapping
and sequence analyses, I detected a novel loss-of-function allele that resulted from a
frameshift mutation at the £/Lb locus in the Far-Eastern Russian photoperiod-insensitive
cultivars. E/Lb and its tandemly linked homologue, E£1La, have high sequence similarity
to E1 (Xia et al., 2012). E/ has the most marked effect on time to flowering in the
flowering genes of soybean (McBlain et al., 1987; Upadhyay et al., 1994; Tsubokura et
al., 2014). The polymorphism of E/ (or its flanking genomic region) largely accounts for
the variation in flowering time and related agronomic traits in segregating populations of
different genetic backgrounds (Yamanaka et al., 2000; Wang et al., 2004; Zhang et al.,
2004; Funatsuki et al., 2005; Liu et al., 2007; Zhai et al., 2015). In contrast to the £/ gene,
only a few reports have demonstrated the presence of major genes or QTLs for flowering
and maturing associated with the genomic region of chromosome 4 harboring £/La and
EILb (Cober et al., 2010; Cheng et al., 2011; Watanabe et al., 2017; Kong et al., 2018).
Down-regulation by VIGS revealed that the E/L genes inhibit flowering under LD and
night-break conditions in the e/-nl/ background, suggesting that the E/L genes also have
similar effects on flowering as E7 does (Xu et al., 2015). However, the functions of each
of ElLa and EILb have remained undetermined. The results obtained in this study
revealed that E£/Lb also has an inhibitory effect on flowering through the repression of

FT2a and FT5a expressions. In particular, the allelic effect of e//b to EILb was almost
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the same as that of e/-n/ to el-as under FR-enriched ILD condition; the £3/E4 NILs for
these loss-of-function alleles flowered similarly as a Harosoy NIL for e3/e4, whereas
those for £/Lb and el-as did not flower until the end of lighting treatment (early August)
as Harosoy (E3/E4). Therefore, the loss-of-function allele e//b has an ability to cancel the
inhibitory effect of FR-enriched LD on flowering, which is mediated by E4, and singly
confer the photoperiod-insensitivity, independently of the FE/ genotypes. The
photoperiod-insensitivity in soybean is thus brought about by at least four genetic
mechanisms, loss-of-function of £/ or E1Lb, loss-of-function of phyA genes E3 and E4,
and elevated FT5a expression (Figure 17). Two North-Eastern Chinese cultivars, Heihe
34 and Jiagedaqi 20, also belong to the group 3 cultivar (Xu et al., 2014). The two
cultivars have neither the el/b allele nor the FT5a-ef allele. There are still some

undetermined genetic variants left to lower or abolish the photoperiod-sensitivity.

Functions of EILb and E1 in the control the F72a and FT5a expressions

Comparison of NILs for E/Lb and ellb further provides an interesting finding on the
regulatory mechanism of the £/ family genes by the £3 and E4 genes. As discussed above,
the loss-of-function in £/ and E/Lb can cancel the inhibitory effect on flowering under
FR-enriched LD mediated by E4. In particular, the e//b allele can promote flowering
under the FR-enriched LD condition, irrespective of the E3 genotype. The ellb allele
could also promote flowering under R-enriched LD conditions; the NILs for ellb
flowered earlier than those for E/Lb in both the e3/E4 and E3/E4 genetic background.
However, the effect of e//b on flowering was small under R-enriched LD; e//b could not

cancel flowering inhibition by E3 as efficiently as e3 did. Accordingly, the function of
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EILb may depend on light quality of LD. E/La might be involved in the control of
flowering under R-enriched LD conditions, although the loss-of-function for either of £/
or E1Lb is sufficient for the photoperiod-insensitivity in FR-enriched LD conditions. It
may be tempting in a further study to develop double recessive lines for the loss-of-
function alleles at the £7 and E1Lb loci not only to elucidate the interaction between the
two genes and the function of another £/ homologue, E/La, but also to explore the
regulatory mechanisms of these £/ family genes by E3 and E4 under different light
conditions.

The flowering-promoting effects of e//b involve the up-regulation of F72a and FT5a
expression. Intriguingly, their expression levels were not associated with those of £/ and
ElLa; the expressions of the two genes were maintained at relatively high levels under
the LD conditions, irrespective of the E/Lb genotypes. One likely explanation for this
observation is that the total expression level and/or activity of E1, ElLa and E1lb may be
important for the repression of F72a and FT5a expression. The yeast two-hybrid assays
did not detect any interaction between the E1 family proteins. The E1 family proteins may
therefore regulate the F72a and FT5a expressions, independently of one another. A
further study is needed to determine why the loss-of-function allele at E1Lb can singly
upregulate the FT2a and FT5a expression under LD condition, even though the remaining

E1 family genes are expressed normally.
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Molecular diversity of EILb and E1La and their use in soybean breeding

In Chapter 5, I surveyed the sequence variation for E/Lb and ElLa in photoperiod-
insensitive cultivars and wild soybeans introduced from Far-Eastern Russia. Genotyping
with an allele-specific DNA marker revealed that e//b is a rare and region-specific allele
even in early maturing photoperiod-insensitive cultivars. Only Russian cultivars
possessed ellb; this allele was not detected in the other cultivated and wild soybean
accessions used in the DNA marker and sequencing analysis. The e//b allele most likely
has neither largely contributed to the diversity of flowering behaviors nor been used
widely in the current soybean breeding. The el/b allele may thus be useful as a new
resource to broaden the genetic variability of soybean cultivars for flowering under LD
conditions at high latitudes.

I also discovered a nonsynonymous substitution in the B3-like DNA-binding domain
of ElLa in the wild soybean accessions. The E1 family proteins contain a putative
bipartite nuclear localizing signal and a domain distantly related to the plant-specific B3-
like DNA-binding domain, which shares 21-27% of amino acid sequence identity to those
of other proteins (Xia et al., 2012). The B3 DNA-binding domain is exclusively found in
higher plants and can be classified into four families, as the auxin response factor (ARF)
family, the LEAFY COTYLEDON2-ABI3-VAL (LAV) family, the related to ABI3/VPI
(RAV) family, and the reproductive meristem (REM) family (reviewed by Swaminathan
et al., 2008). The ARF family and the LAV family are reported to response to auxin and
abscisic acid, respectively, while RAV and REM families are related to stress responses
and vernalization, respectively. Some of the RAV family members have been reported to

be related to flowering. Overexpression of RAV1 in Arabidopsis delayed flowering (Hu
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et al., 2004). Castillejo et al (2008) indicated that TEMPRANILLO genes (TEMI and
TEM?2) can repress FT by directly binding to its 5-UTR in Arabidopsis.
VERNALIZATIONI (VRNI) is a member of REM family and functions in stable
repression of the floral repressor FLC of the vernalization pathway in Arabidopsis (Levy
et al. 2002). The B3-like DNA-binding domains of E1 family proteins may thus have a
critical role to regulate F72a and FT5a genes in soybean. The structure analysis revealed
that the amino acid substitution in the B3-like DNA-binding domain changes hydrogen
bonding patterns between neighboring amino acids in a-helix 2. This change most likely
reduces or loses the function of DNA-binding. Further study will be needed to confirm
the effect of this nonsynonymous substitution of E/La on flowering by the genetic
analysis. The loss-of-function allele at E£/Lb and the putative missense variant of E/La
detected in this study may be useful to better comprehend the network among £/ family
genes in the control of soybean flowering. The missense £/La variant can also be used to

breed the cultivars toward unexplored regions of higher latitudes for soybean cultivation.
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Figure 17. Genetic models of the photoperiod-insensitivity in soybean. (A) Photoperiod-
sensitive genotypes. (B) Dysfunction of PHYA genes E3 and E4 (group 1 cultivar). (C)
Dysfunction of E1 gene (repressor for F'72a and FT5a) (group 2 cultivar). (D) Elevated
expression of FT5a (group 3 cultivar). (E) Dysfunction of E1Lb (repressor for FT2a and
FT5a) (group 3 cultivar).
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Summary

Photoperiod response of flowering determines plant adaptation to different latitudes.
Soybean is basically a short-day crop, and its flowering is inhibited under long day (LD)
conditions. However, soybean has gained the ability to flower under LD conditions in
early summer to produce seeds in the limited growing season of high latitudes. The lack
of or lowered photoperiod-sensitivity in soybean cultivars adapted in high latitudes is
mainly conditioned by dysfunction of phytochrome A genes (E3 and E4) or the floral
repressor E1. However, some cultivars from North-Eastern China and Far-Eastern Russia
possess the photoperiod-insensitivity, despite that they have the identical maturity
genotype as photoperiod-sensitive ones at the above three loci. The aims of my thesis
were to identify a molecular-genetic basis for the photoperiod-insensitivity of Far-Eastern
Russian soybean cultivars, and to determine the molecular diversity of the responsible
gene and its homologue. The results obtained are summarized as follows.

In Chapter 2, I performed the genetic analyses for the insensitivity in the test-
crossings of three Russian cultivars (Zeika, Yublienaya and Sonata) with Harosoy and its
near-isogenic line (NIL) for e3 (H-e3). The Russian cultivars and H-e3 possessed the
same maturity genotype of e/-as/e2/e3/E4. The F» populations produced a segregation of
flowering time close to a bi-modal distribution under artificially-induced LD conditions
by incandescent lamps of low R-to-FR quantum ratio. Association tests with SSR markers
followed with fine mapping revealed that the insensitivity was inherited as a single
recessive gene located in an 842-kb interval in the pericentromeric region of chromosome
4. Sequencing analysis for three possible candidate genes annotated in the region detected

a single-nucleotide deletion in the coding sequence of E£/Lb, a homoeologue of £/ gene,
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in the insensitive cultivars, which generated a premature stop codon. A previous study
with virus-induced gene silencing approach has revealed that the E/L genes including
EI1Lb and E1La inhibit flowering in LD and night-break conditions. These results strongly
suggested that the loss-of-function in the £/Lb gene is the most likely causal factor for
the photoperiod-insensitivity of Russian cultivars. I designated this variant as e//b.

In Chapter 3, I developed four sets of NILs for e//b and E/Lb from the crossings of
Zeika with Harosoy and H-e3. In all of the four sets of NILs, the NILs for e//b flowered
earlier than their respective NILs for £/Lb under LD conditions in both the e3/E4 and
E3/E4 genetic backgrounds. The NILs for e//b could cancel the inhibitory effect on
flowering by FR—enriched LD conditions, which was mediated by £4. However, it could
not cancel the inhibitory effect of R-enriched LD conditions by cool fluorescent lamps,
which was mediated by E£3. The NILs for e//b further exhibited upregulated expression
of soybean FLOWERING LOCUS T (FT) orthologues, F'T2a and FT5a. Accordingly, the
loss-of-function allele e//b reduced the inhibitory effect of E/Lb on FT2a and FT5a
expressions and in turn induced flowering under LD conditions.

In Chapter 4, I carried out yeast two-hybrid (Y2H) assays to determine the interaction
among E1 family proteins, E1, E1La and E1Lb. The Y2H assays showed no interactions
between any members of E1 family proteins or with themselves. These findings suggest
that E1Lb repressed the expressions of /'72a and FT5a independently of £/ and possibly
ElLa as well.

In Chapter 5, I studied the geographical distribution of e//b, and evaluated the
molecular diversity for £/Lb and its homologue E/La for cultivated and wild soybeans.
Genotyping with an allele-specific DNA marker revealed that e//b is a rare and region-

specific allele even in early maturing photoperiod-insensitive cultivars. Only Russian
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cultivars possessed ellb. The ellb allele therefore has neither largely contributed to the
diversity of flowering behaviors nor been used widely in the current soybean breeding.
The ellb allele may be useful as a new resource to broaden the genetic variability of
soybean cultivars for flowering under LD conditions at high latitudes. I also found a
nonsynonymous substitution in the £/La gene of wild soybean accessions from Russia.
The 3D protein structure analysis demonstrated that the substitution was located at the
second a-helix of the B3-like DNA-binding domain, and changed the hydrogen bonding
patterns between neighboring amino acids. This structural change most likely influences
the DNA-binding ability of the variant E1La protein. Further research is needed to
confirm this possibility.

In Chapter 6, I discussed 1) the molecular-genetic basis for the photoperiod-
insensitivity of Far-Eastern Russian cultivars, and 2) the regulatory mechanisms and
functions of £/ family genes in the control of flowering, and 3) the molecular diversity
of ElLa and EILb genes. The loss-of-function e//b allele and a missense el/a-as allele
detected in this study can be used as new gene resources in breeding of photoperiod-
insensitive cultivars in higher latitudes, and may also be useful to improve our
understanding of the function of the £/ family genes in the photoperiod responses of

flowering in soybean.
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Appendix

Supplemental Table 1. Primers used for fine-mapping in this study

SSR marker Primer sequences (5’ to 3')

Satt190 GGGAGTGTGAACTTACATTGTCT
GGGCCTTGAATTTTGTGCTAT

Sat 085 GGTTTTAGATCCTTAAATTTGT

GGGGAAGCAAGTAGCT

BARC-04g-0685; M1

TGCATTCACATCAGTAGAGGCT
CAATCTCAACCCAATATCTCACC

BARC-04g-0725; M2

CACAACCCTAGCACCTACACC
ATGGGTCAAACCCAACTCAA

BARC-04g-0881; M3

AATGAGAGAGCTTGCAGGAA
TGGGGTAAGTTGTTACATCAAA

BARC-04g-0859; M4

AAGCCAACCTTATAATTCTTTCAT
ATATGGGCTTACTTACCCATCATAGA

BARC-18g-0889; M5

GACAATTTGATATGTCTTCCCCA
GAGGCAGAATGCAATGGTTT

BARC-18g-0895; M6

TACGTCATCCCCAAATGCTT
TGAAAATCGAATCATAAATAGCAAA

BARC-18g-0905; M7

AACGCAGTACCACACCTTCC
ACCCAACTTGTGAACCCGTA

BARC-18g-0908; M8

AGAAAGGGGGTTGAATCGTG
AGGCAGCAAATGATTTTGGA

BARC-18g-0911; M9

TGCACAACCACCAAAGTCAT
GTCGTCCTGGAAATTGCATC

BARC-04g-0751; M10

CACTTCCATTTAAAACCTGCAA
CCTCGCTCACTTTAGTTGTGA

BARC-04g-0781; M11

A MO MO MO MO MO MO MO MO MO MO MO T|AO T

TTGCTTCTGCATCTCCTTTTT
CCAAATCTGAAAAAGAACCGA
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Supplemental Table 2. Primers used for expression analysis in this study

Gene Primer sequences (5’ to 3')
8-Tubulin F GACCCGATAACTTCGTGTTC

R CAGTTCCACCTCCCAGTGAGTGAC
1 F CACTCAAATTAAGCCCTTTCA

R TTCATCTCCTCTTCATTTTTGTTG
E1la F AAACACTCAAAGCCCGATCA

R ATCCTCTTCATTTTTGTTGCTGA
E1Lb F GTGTAAACACTCAAAGTCCTT

R CTCCTCTTCATTTTTGTTGCTGC
FT2a F GGATTGCCAGTTGCTGCTGT

R GAGTGTGGGAGATTGCCAAT
FT5a F GCCTTACTCCAGCTTATACT

R GGCATGCTCTAGCATTGCAA

Supplemental Table 3. Primers used for sequencing analysis in this study

Gene

Primer sequences (5 to 3")

Glyma.04G143300

GTGTAAACACTCAAAGTCCTT
GATTTGAAAGTAAAATAAAGCTAACACTT

Glyma.04G143400

CGTTGTATGACTCTGTAGGCCTTAC
GTTTCAAACTCATACACACAATCG

Glyma.04G143500

A MO MO T

GTGCATATTAGGAATCTATAGGACCAAT
AGGGCAGCTAAAATAAAGGCCCT
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Supplemental Table 4. Primers used for direct PCR sequencing analysis in this study

Gene Primer sequences (5’ to 3')

F  TTGAAAGAAAGGGGAAATGAGT
Ella R TTAAACAACCTCATCAAACAAATCCAC
E1Lb F  TTGAAAGAAAGGGGAAATGAGC

R

ATAGAAAGGAAATAAACAATGACAA

Supplemental Table 5. Primers used for yeast two-hybrid in this study

Primer name Restriction Primer sequences (5' to 3")
enzyme
E1 for pGADT? EcoRl F CGAGGCCGAATTCATGAGCAACCCTTCAGATGAAAGG
Xhol R GAGCCGCTCGAGCTTATTCTCTGGCATAGCTTGTTT
Ncol F CATGCCATGGAGATGAGCAACCCTTCAGATGAAAGG
EL for pGBKTY EcoRlI R CGAGGCCGAATTCTTAATTCTCTGGCATAGCTTGTTT
EcoRlI F CGAGGCCGAATTCATGAGTTTACAATCACAAATCCCA
ElL for pGADT? Xhol R GAGCCGCTCGAGCTTAATTCTCTGGCATAGCTCGTTT
E1L for pGBKT? Ncol F CATGCCATGGAGATGAGTTTACAATCACAAATCCCA
EcoRl R CGAGGCCACCTTCTTAATTCTCTGGCATAGCTCGTTT

ElLa and E1Lb share the same primers, products were amplified from plasmid DNAs

containing full length sequence of £/La and E1Lb, respectively.
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Supplemental Table 6. Accessions used in genpotyping of E1Lb by dCAPS marker

Genotype at

Accession Region 1 - £3 - E1lb
1 | Kamaishi 17 Tohoku, Japan El e2 e3 e4 EllLb
2 | Ohfunato 45 Tohoku, Japan El e2 e3 e4 ElLb
3 | Otome wase Tohoku, Japan El e2 e3 e4 ElLb
4 Gokl{wase Hokkaido, Japan el-re e2 e3 e4 ElLb

Kamishunbetsu

5 | Karafuto 1 Hokkaido, Japan el-nl e2 e3 e4 ElLb
6 | Miharudaizu Hokkaido, Japan El e2 e3 e4 ElLb
7 | Ohyachi 2 Hokkaido, Japan El e2 e3 e4 ElLb
8 | Okuhara 1 Hokkaido, Japan El e2 e3 ed ElLb
9 | Sakamoto wase Hokkaido, Japan el-fs e2 e3 E4 ElLb
10 | Dongda 2 North-East China el-nl e2 e3-tr E4 ElLb
11 | Heihe 12 North-East China el-as e2 e3-tr | e4-SORE1| EILLDb
12 | Heihe 13 North-East China el-as e2 e3-fs ed-kes ElLb
13 | Heihe 21 North-East China el-as e2 e3-tr |e4-SORE1 | EILLb
14 | Heihe 28 North-East China el-nl e2 e3-tr E4 ElLb
15 | Heihe 33 North-East China el-as e2 e3-tr ed-kes ElLb
16 | Heihe 34 North-East China el-as e2 e3-tr E4 ElLb
17 | Heihe 35 North-East China el-as e2 e3-fs ed-kes ElLb
18 | Heihe 40 North-East China el-as e2 e3-fs ed-kes ElLb
19 | Jiagedaqi 01 North-East China el-nl e2 e3 E4 ElLb
20 | Jiagedaqi 02 North-East China el-as e2 e3 E4 ElLb
21 | Jiagedaqi 03 North-East China el-nl e2 e3 E4 ElLb
22 | Jiagedagi 04 North-East China el-as e2 e3 e4 ElLb
23 | Jiagedaqi 05 North-East China el-as e2 e3 e4 E1Lb
24 | Jiagedaqi 08 North-East China el-as e2 e3 e4 ElLb
25 | Jiagedaqi 09 North-East China el-nl e2 e3 E4 ElLb
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26 | Jiagedaqi 10 North-East China el-nl e2 e3 E4 ElLb
27 | Jiagedaqi 11 North-East China el-as e2 e3 e4 E1LDb
28 | Jiagedaqi 12 North-East China el-as e2 e3 e4 ElLb
29 | Jiagedaqi 13 North-East China el-nl e2 e3 E4 ElLb
30 | Jiagedaqi 14 North-East China el-as e2 e3 e4 ElLb
31 | Jiagedaqi 16 North-East China el-as e2 e3 e4 ElLb
32 | Jiagedaqi 17 North-East China el-as e2 e3 e4 ElLb
33 | Jiagedaqi 18 North-East China el-as e2 e3 e4 ElLb
34 | Jiagedaqi 19 North-East China el-as e2 e3 e4 ElLb
35 | Jiagedaqi 20 North-East China el-as e2 e3 E4 ElLb
36 | Darta Poland el-as e2 e3 ed ElLb
37 | Gai Poland el-nl e2 e3 ed ElLb
38 | Nawiko Poland el-as e2 e3 ed ElLb
39 | Amurskaya 41 Russia el-as e2 E3 E4 ElLb
40 | DB no. 23 Russia el-as e2 e3 E4 ElLb
41 | DYA-1 Russia el-as e2 e3 E4 ellb
42 | Krasnoarmeiskaya | Russia el-as E2 e3 E4 E1Lb
43 | Mesinaya Russia el-as e2 e3 E4 ElLb
44 | Mesinaya Salatnaya | Russia El e2 E3 E4 ElLb
45 | Oktyabr-70 Russia el-as e2 e3 ed ElLb
46 | Sadovy Russia el-as e2 e3 ed ElLb
47 | Salyut 216 Russia el-as E2 e3 E4 ellb
48 | Sonata Russia el-as e2 e3 E4 ellb
49 | Vega Russia el-as e2 e3 ed ElLb
50 | Venera Russia el-as e2 E3 E4 E1Lb
51 | VIR-29 Russia el-as e2 e3 E4 ElLb
52 | Yubileinaya Russia el-as e2 e3 E4 ellb
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53 | Zeika Russia el-as e2 e3 E4 ellb
54 | Zeya 2 Russia el-as e2 e3 e4 ElLb
55 | Arcadia Ukline el-as e2 e3 E4 E1Lb
56 | Hadjibey Ukraine el-as e2 E3 E4 ElLb
57 | Kiev 242 BH Ukraine el-nl e2 E3 ed Ellb
58 | Kiev 242 WH Ukraine el-as e2 e3 ed Ellb
59 | Odesskaya 150 Ukraine el-as e2 e3 E4 ElLb
60 | Palmira Ukraine el-as E2 e3 E4 Ellb
61 | Ustya Ukraine el-nl e2 E3 ed ElLb
62 | Yug 30 Ukraine el-as e2 e3 ed ElLb

Genetypic information on E1 to E4 is cited from Xu et al. (2013)
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Part of the results presented in this thesis has been published in Frontiers in Plant

Science.
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