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Whole genome sequencing and trait investigation
revealed a semidwarf isogenic rice variety with a
genome and grain quality similar to the high-
demand cultivar Koshihikari
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Abstract. The leading japanese rice cultivar, Koshihikari, is in high
demand globally due to its superior food quality. However, Koshihikari
has had a reduction in yield and a loss of quality due to lodging and
immature chalky grains, which has been linked to global warming and
the changing climate. The semidwarf gene sd1 encoding a defective C20
oxidase in the gibberellin (GA) biosynthesis pathway (GA 20 oxidase,
0OsGA200x2) was introduced into the Koshihikari genome through 14
backcrosses and the genome was surveyed with a next-generation
sequencer. Trait investigation was conducted in six locations in japan for
plant height, panicle numbers, yield, grain weight, quality, sensory taste,
etc. The introgression of sdl resulted in a semidwarf phenotype
designated as Hikarishinseiki, which is 21.4 cm shorter than Koshihikari.
Hikarishinseiki has the same genome as Koshihikari, except for the sd1
region. The taste and quality of Hikarishinseiki were equivalent to those
of Koshihikari. Hikarishinseiki is registered under USDA Plant Variety
Protection No. 201000072, as the first semidwarf isogenic Koshihikari
using Jukkoku-derived sd1 in areas other than Japan.

Key words: Rice; Semidwarf; Defective GA 20-oxidase gene;
Hikarishinseiki
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INTRODUCTION

The leading Japanese cultivar Koshihikari occupies 33% of the rice cultivation
area in Japan. The demand for Koshihikari is also increasing in the US and other
countries due to its good food quality as well as the growing popularity of sushi and
sake (Nishiwaki et al., 2018). However, Koshihikari suffers considerable lodging
damage as a result of strong hurricanes, typhoons, or heavy rainstorms, which have
been increased by recent climate crises due to the global warming. Koshihikari has
shown a reduction in yield and a loss of quality due to lodging and immature chalky
grains. Control of plant height is one of the most important breeding subjects (Zeng et
al., 2019). Thus, there is an urgent need for the development of lodging-resistant
Koshihikari. Semidwarfing prevents plants from lodging at their fully ripe stage, makes
them lodging-resistant, enhances their adaptability to heavy manuring, and improved
the productivity of rice and wheat from 1960-1990, doubling rice yields and
quadrupling wheat yields (Khush, 1999). The International Rice Research Institute
(IRRI) developed a semidwarf rice variety IR8 in 1966 from Taiwanese native
semidwarf variety Dee-geo-woo-gen (DGWG). IR8, named Miracle Rice, has been
improved with lodging resistance and light reception attributes (Hergrove et al., 2016).
The widespread adoption of miracle rice brought about a global “green revolution”
(Hedden, 2003a; b; Gaur et al., 2020, Peng et al., 2021), particularly in the monsoon
regions of Asia, where typhoons are common during the harvest season (Athwal, 1971;
Khush, 1999). The dwarf feature of IR8 is conferred by the semidwarf gene sd1 (first
designated as d47, Kamijima et al., 1997) on the long arm of chromosome 1 (Cho et al.,
1994a; b; Maeda et al., 1997) derived from DGWG. sd1 encodes a defective C20-
oxidase in the gibberellin (GA) biosynthesis pathway (GA 20-oxidase, OsGA200x2)
(Monna et al., 2002; Sasaki et al., 2002), in which 383 bp fragment between exonl and
exon2 was lost, and deletion probably resulted in a highly truncated inactive enzyme.
On the contrary, to solve this problem, the author applied the different sd1 allele,
derived from the Japanese landrace ‘Jukkoku’ (Okada et al.,, 1967), to change
Koshihikari into a semidwarf phenotype. The author developed a Koshihikari-type
semidwarf cultivar designated as ‘Hikarishinseiki’ by eight backcrosses with
Koshihikari (Tomita, 2009).

In this study, the author continued additional six backcrosses with Koshihikari.
Furthermore, we used the high-throughput, long-read next-generation sequencer to
prove the genomic identity of upgraded Hikarishinseiki with Koshihikari, except for the
sdl region. As a result, Hikarishinseiki via the 14th backcross shows stronger lodging
resistance than Koshihikari and has 99.9% or more of the Koshihikari genome. In
addition, the investigation of traits showed no detrimental effects of sd1 on grain
characters.

MATERIAL AND METHODS

Development of Koshihikari sd1
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First, crossing ‘Jukkoku’ (a cultivar with a semidwarf gene, sd1 homozygous)
with ‘Kanto No. 79’ (Sd1 homozygous), leads to an early heading mutant induced by
Koshihikari y-irradiated (Tomita, 2009). Then the dwarf sdl1 homozygous line
(Jukkoku-type Koshihikari), whose flowering date was the same as Koshihikari, was
selected and fixed in the F, of Kanto 79 x Jukkoku. The backcross was performed 14
times between the Sd1sdl descendants of the Jukkoku-type Koshihikari short stem line
in BCnF; with ‘Koshihikari’ (Sd1Sd1) as the maternal recurrent parent. Crossing
Koshihikari with Jukkoku containing sd1 leads to changes into a short culm. The
offspring carrying the target sd1 were selected in the BCnF; generation and were
repeated 14 times backcrossed with Koshihikari.

Next-Generation Sequencing analysis

Whole genome sequencing was performed on both Koshihikari and
Hikarishinseiki (Koshihikari sdl, BCisF3), which were integrated with the
semidwarfing gene sd1, by 14 backcrosses with Koshihikari. The leaves were frozen in
liquid nitrogen and powdered using a mortar and pestle. DNA was then extracted from
each cultivar by the CTAB method. The DNA was fragmented and tagged so that the
peak size of the fragments was approximately 500 bp using the Nextera® transposome
(Mumina Inc., San Diego, CA). After purification of the transposome with DNA Clean
& Concentrator™-5 (Zymo Research, Irvine, CA), adaptor sequences, including the
sequence primers for fixation on the flow cell, were synthesized at both ends of each
fragment using five cycles of PCR, comprising denaturation at 98°C for 10 s, annealing
at 60°C for 30 s and extension at 72°C for 30 s, and then the DNA fragments were
subjected to size selection using AMPure XP magnetic beads (Beckman Coulter, Brea,
CA). Finally, qualitative checks were performed using Fragment Analyzer™
(Advanced Analytical Technologies, Heidelberg, Germany), and quantitative
measurements were performed using the Qubit® 2.0 Fluorometer (Life Technologies;
Thermo Fisher Scientific, Inc., Waltham, MA) to prepare a DNA library for NGS.
Sequencing was conducted in paired end 2 x 100 bp on a HiSeq 2500 next generation
sequencer, according to the manufacturer's protocol (lllumina Inc., San Diego, CA).
Illumina reads obtained were trimmed using Trimmomatic (version 0.39) (Bolger et al.,
2014). Sequencing adapters and sequences with low quality scores at 3 ends (Phred
score [Q] < 20) were cut. The raw lllumina WGS reads were quality checked by Quality
Control with FastQC (version 0.11.9; Babraham Institute). The mapping of Koshihikari
reads to the genome reference was performed with Burrows-Wheeler Aligner (BWA)
software with the Nipponbare genome as a reference (version bwa-0.7.17.tar.bz2) (Li
and Durbin, 2009). Duplicate reads were removed using Picard (version 2.25.5)
(http://broadinstitute.github.io/picard) and secondary aligned reads removed by
SAMtools (version 1.10.2) (Li et al., 2009), to construct the consensus sequence of the
Koshihikari genome. The Hikarishinseiki reads were then mapped to the Koshihikari
genome, and SNPs and Indels were detected using the SamTools software. To identify
genetic variations among strains, single nucleotide variant (SNV) detection (variant
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calling) and SNV matrix generation were performed using GATK< version 4.1.7.0
(McKenna et al., 2010).

Performance Test

Performance tests were carried out in five locations in Japan. Hikarishinseiki
and Koshihikari were seeded in late April and seedlings were transplanted into a paddy
field (120 m* 6.0 x 20.0 m) in late May with a density of 22.2 seedlings/m* (one
seedling per 30 x 15 cm) prepared for each genetic line (250 plants for two
replications). The paddy field was fertilized with 4.0 kg of basice fertilizer containing
nitrogen, phosphorus and potassium (weight ratio, nitrogen: phosphorus: potassium =
2.6:3.2:2.6) at a rate with 4.3 g/m? nitrogen, 5.3 g/m* phosphorus, and 4.3 g/m?
potassium evenly across the field. The heading date was recorded as the date on which
50% of all panicles had emerged from the flag leaf sheath. After ripening, 10 typical
plants of each genotype were sampled twice. Culm length was measured as the length
between the surface of the ground and the base of the panicle at the time of sampling.
The sampled plants were air dried and measured for the following traits, panicle length,
number of panicles, number of florets/panicles, proportion of fertile florets, and total
panicle number: the number of panicles was counted by the sampled plants. Total
number of florets: florets were counted to obtain the total number of florets. Floret
number/panicles: the total number of florets (including both sterile and fertile florets)
was divided by the total number of panicles. The weight of non-milled rice/1,000
grains, the eating taste, and the grain quality were measured using the bulk of 50 plants.
The sensory taste test was conducted by evaluation of 20 panelists into 11 degrees; 5:
excellent good to -5: especially bad against Koshihikari = 0. The grain quality was
classified into nine grades; 1: excellent good to 9: especially bad low quality, by the
panelists. The yield of unpolished rice was calculated using the following equation. The
yield of not milled rice (g/m?) = (number of panicles/m?) x (number of florets/panicle)
x (proportion of fertile florets) x (weight of not milled rice/grain). All statistical
analyzes were performed with SPSS version 20.0 (IBM Japan, Tokyo, Japan).

RESULTS AND DISCUSSION
Genomic isogeneity of semidwarf rice Hikarishinseiki

Except for the target sd1 gene region, the genome returned to Koshihikari every
time the backcross was performed. The semidwarf phenotype (sd1sdl) was obtained in
the BC4F;, generation, with the genome being >99.9% of the ‘Koshihikari’ background.
The semidwarf Koshihikari (Koshihikari sd1) was designated as Hikarishinseiki.

Using the next-generation sequencer, we obtained a total read number of
66,093,171 with an average length of 124 bp and a total read number of 1,267,339,019
with an average length of 125 bp in Hikarishinseiki. By mapping the 99.91% reads of
Koshihikari using the Nipponbare genome sequence as the reference, we obtained the
consensus sequence of Koshihikari with a total length of 374,308,257 bp, with a mean
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coverage of 35.68. Then the 99.88% reads of Hikarishinseiki were assigned to the
consensus sequence of Koshihikari as reference. The mean coverage was 22.42.
Furthermore, we prepared vcf files of entire genomes and compared the whole genome
sequences of Hikarishinseiki by SNP calling with the consensus sequence of the
Koshihikari genome. Figure 1 shows the frequency distribution of single nucleotide
polymorphisms compared to Koshihikari per 0.1 Mb nucleotide sequence in the entire
Hikarishinseiki genome. Except for the region around 38 Mb from the 5’ end of
chromosome 1 (red), the number of SNPs was less than 10 per 0.1 Mb. The results
indicated that a large portion of the 12 rice chromosomes were substituted into the
Koshihikari genome (Figure 1) after 14 consecutive backcrosses targeting the
semidwarfing gene sdl. Jukkoku-derived SNPs together with sd1 were found to be
introgressed in the vicinity region around 38 Mb in the long arm of chromosome 1
(Figure 1). A single SNP from G to T was detected at 38,267,510 bp among the Sd1/sd1
locus (0s01t0883800-01: 38,267,149-38,270,233 bp) at the distal end of the short arm
of chromosome 1 in the Hikarishinseiki genome (Figure 2). The difference observed
between the Koshihikari_Sd1/Jukkoku_sdl alleles was only one SNP from G to T in
exon 1 of the GA20-oxidase gene, as reported by Sasaki et al. (2002). The range of SNP
clusters derived from Jukkoku-derived SNP clusters accompanied by sd1 ranged from
36,977,366 bp to 38,863,193 bp on chromosome 1, that is, the width was 1,685,857 bp,
corresponding to 0.43% of the rice genome (Figure 2). Information on SNPs contributes
to the genetic diagnosis for molecular breeding of rice (Ye at al., 2020). The other
genomic sequences were almost replaced by the Koshihikari genome. Therefore, the
Hikarishinseiki genome was almost homogeneous to Koshihikari except for the sdl
region around 38 Mb of chromosome 1.

Chr1 SNPs duster Chr7
No. of SNP: ) No. of §

Chr2 Chr8
No. of SNPs No. of SNPs

Chr3 Chr9

Noof SNP No. ofSNI
Chr4 Chr 10

No.af SNPa Noof SNPa
Chr5 Chr 11

No. of SNPs Notof NP

Chr 6 Chr 12
No. of SNPs No. of SNPs

Figure 1. Frequency distribution of SNPs per 0.1 Mb detected by whole genome sequencing of Hikarishinseiki
(Koshihikari sd1, BisF3) based on SNV calling against the reference genome of Koshihikari. There were at most
less than 5 SNPs per 0.1 Mb over all genome, except for a SNP-cluster around the 37-38.5 Mb region of
chromosome 1 (red), which contained 5 to 15 SNPs per 0.1 Mb. This SNP-concentrated region derived from
Jukkoku. A large portion of the 12 rice chromosomes were substituted with the genome sequence of Koshihikari
after 14 continuous backcrosses targeting the semidwarfing gene sd1.
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Figure 2. Genomic structure of sd1=GA200x-2 on chromosome 1 in the genome of Hikarishinseiki. A SNP from
G to T in Hikarishinseiki located at 38,267,510 bp among the Sd1/sd1 locus (Os01t0883800-01), which located at
positions 38,267,149-38,270,233 from the end of the short arm of chromosome 1 in the Koshihikari genome. The
range of SNPs clusters derived from Jukkoku accompanied with sd1 was from 36,977,366 bp to 38,863,193 bp on
chromosome 1, namely, the width was 1,685,857 bp corresponding to 0.43% of the rice genome.

Morphological characters of the Hikarishinseiki semidwarf rice

Hikarishinseiki headed an average of 1.0 days earlier than Koshihikari. The
average culm length of Hikarishinseiki was 69.5 cm, which is on average 21.4 cm
shorter than Koshihikari (90.9 cm) (Figure 3, Table 1). The introduction of the
semidwarf gene Jukkoku_sd1 resulted in a 23.5% reduction in culm length. The panicle
length of Hikarishinseiki was 18.1 c¢cm, averaging 96.3% of that of Koshihikari. The
number of panicles (437/m?) averaged 13.2% more than that of Koshihikari. The weight
of 1,000 grains of Hikarishinseiki was 23.1 g (100.9% that of Koshihikari). The yield of
not milled rice (57.3 kg/a) was 9.1% higher than that of Koshihikari. These yield data
were improved compared to previous data (3% higher) in the eighth backcrossed
isogenic background of Koshihikari (Tomita 2009). The average quality of brown rice
was 5.2. This score indicates ‘medium’ quality, the same class of quality as
Koshihikari. The eating quality was almost the same as that of Koshihikari. This score
indicates a rating ‘better than the average’ equal to that of Koshihikari. The
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Hikarishinseiki rice variety was registered as USDA Plant Variety Protection No.
201000072 on June 19, 2013.

Koshihikari  Hikarishinseiki

Figure 3. Phenotypic alteration of Oryza sativa USDA Plant Variety Protection No. 201000072
“Hikarishinseiki”, from original cultivar “Koshihikari”. The average plant height of Hikarishinseiki is 69.5 cm,
which is on average 21.4 cm (23.5%) shorter than Koshihikari (90.9 cm).

Table 1. Comparison of phenotypic characters of rice cultivars Koshihikari and Hikarishinseiki

1000-

Experimental _ Heading  Culm Panicle No. _of G_rain grain 1) ) 2) ) ®3) )
Jocations Cultivars date length  length Panicles yield weight Grain Lodging  Eating
(m.d) (cm) (cm) (No/mi)  (kgla) © Quality degree quality

Tottori Koshihikari 8.03 96.4 185 503 62.9 246 6.8 2.7 0.00

Hikarishinseiki 8.02 713 176 517 67.6 24.1 7.3 0.1 0.10

Yonago Koshihikari 8.06 87.8 193 317 49.7 228 4.6 3.0 0.00

Hikarishinseiki 8.05 705 178 422 57.8 229 5.0 0.0 0.10

Miyagi Koshihikari 8.19 99.3 177 467 43.0 218 4.5 3.8 0.00

Hikarishinseiki 8.18 745 16.6 502 54.1 222 4.8 0.0 -0.43

Ehime Koshihikari 8.12 89.0 211 308 50.3 236 5.0 3.0 0.00

Hikarishinseiki 8.13 70.0 196 368 50.9 236 5.0 0.0 -0.22

Kumamoto Koshihikari 8.09 82.0 174 335 56.4 217 3.0 3.0 0.00

Hikarishinseiki 8.05 61.0 187 378 56.3 225 4.0 0.0 0.10

Average Koshihikari 8.10 90.9 18.8 386 525 229 4.8 31 0.00

Hikarishinseiki 8.09 69.5** 181 437** 57.3* 231 5.2 0.0** -0.09

(1) Grain quality was classified into nine grades; 1: excellent good to 9: especially bad low quality.

(2) Lodging degree was determined based on the inclination angle of plant; 0: standing, 1: almost 70, 2: almost 50, 3: almost 30, 4: almost 10, 5: lodged.

(3) The sensory taste test was conducted by evaluation of 20 panelists into 11 degrees; 5: excellent good to -5: especially bad against Koshihikari = 0.

**: Statistically significant at the 1% level.

The average culm length of Hikarishinseiki was 69.5 cm, which is on average 21.4 cm shorter than Koshihikari (90.9 cm). Introgression of the semidwarf gene
Jukkoku_sd1 resulted in a 23.5% reduction in culm length. The panicle length of Hikarishinseiki was 18.1 cm, averaging 96.3% of that of Koshihikari. The
number of panicles (437/m?) averaged 13.2% more than that of Koshihikari. The thousand-grain weight of Hikarishinseiki was 23.1 g (100.9% that of
Koshihikari). The yield of not milled rice (57.3 kg/a) averaged 9.1% higher than that of Koshihikari. The average brown rice quality was 5.2, indicating
‘medium’ quality, the same class of quality as Koshihikari. Eating quality was almost the same as that of Koshihikari.
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Extension of the semidwarf rice Hikarishinseiki

The semidwarf gene sd1 encoding a defective C20-oxidase in the gibberellin
(GA) biosynthesis pathway (GA 20-oxidase, OsGA200x2) was introduced into the
genome of Koshihikari through 14 backcrosses to make the semidwarf phenotype,
which is 21.4 cm shorter than Koshihikari. Whole genome sequencing by a next-
generation sequencer enabled identification of the target DNA mutation point of
Hikarishinseiki. Fourteen backcrosses were completed to narrow the target sd1 DNA
region. The sd1 allele contains only a single amino acid substitution in the 1st exon of
OsGA200x2, which is different from Calrose 76 (Sasaki et al., 2002) , developed by
Foster and Rutger (1978). In conclusion, the semidwarf rice designated Hikarishinseiki
has a homogeneous genome of Koshihikari, except for the sdl region, by a next
generation sequencing survey, and it has the equivalent taste and quality of Koshihikari.

The introgression of sdl into Koshihikari produced a good semidwarf
phenotype of Hikarishinseiki that was nearly the same as Koshihikari without any
detrimental effects on grain yield. The taste and quality of Hikarishinseiki were
equivalent to those of Koshihikari. In the US, so far, semidwarf premium short-grain
varieties, whose pedigrees include Koshihikari, were commercially grown, namely
Calhikari-201 (McKenzie, 2003 PVVP 9900310 USDA), and its sister line Calhikari-202
(McKenzie, 2013 PVP 201200460 USDA), etc. However, in these cultivars, for
example, Calhikari-201 only went through two backcrosses with Koshihikari
[=Koshihikari*2//(Koshihikari/S-101 with Calrose 76 sd1)] and both cultivars mature a
week earlier than Koshihikari. Therefore, these are not completely semidwarf isogenes
of Koshihikari. In addition, the semidwarf gene sd1 was integrated into considerably
many cultivars in the US, however, almost all were descent from Calrose 76 or IR8
(Kim et al.,, 2009). Therefore, Hikarishinseiki is the first semidwarf isogenic
Koshihikari cultivar integrated with Jukkoku-derived sd1, which is registered as USDA
Plant Variety Protection Certificate No. 201000072 (Tomita, 2013).

Hikarishinseiki may be considered an alternative to Koshihikari due to its
resistance to hurricanes, typhoon damage, and ability to grow easily. It was designated
as a brand rice description in Japanese rice producing districts in Okayama, Tottori,
Tokushima, Niigata, Kochi, Shiga, Mie, Kagawa, Hyogo, Kyoto, Hiroshima, Tochigi,
Kumamoto, Chiba and Wakayama prefectures (courtesy of the Ministry of Agriculture,
Forestry, and Fisheries of Japan). Koshihikari is a premium quality rice that is also
grown in the United States, and lodging is a limitation of this variety. Our work
overcome the limitation by integrating the Jukkoku—derived semidwarf gene sd1 into
Koshihikari. The taste and quality of Hikarishinseiki comparable to Koshihikari would
be valuable as a brand of rice on the world market. Crop damage is occurring on a
global scale due to climate change and there is a desire for robust and stable cultivars.
Our genomics-based breeding could lead to the rapid development of a cultivar that has
the same genome of Koshihikari except for the integrated target gene, i.e., an isogenic
Koshihikari substituted with the target gene. Furthermore, the author identified a new
semidwarf gene d60, which is located at the chromosome 2 locus different from sd1
(Tomita and Ishimoto, 2019; Tomita and Tanaka, 2019; Tomita and Tanisaka, 2019;
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Tomita, 2019). Combining sd1 and d60 conferred double dwarfness (Tomita, 2012). As
in this study, the author has applied to register 10 Super Koshihikari cultivars
designated as the “Koshihikari Suruga” series, which were developed by smart genome
breeding with NGS identification of relevant genes by backcrossing five times more to
integrate robustness, increased biomass, larger grain size, and different ripening times
into the Koshihikari genome, in addition to semidwarfism until now (Tomita et al.,
2019; 2021; 2022; Tomita and Obara, 2021; Tomita and Tokuyama, 2022; Tomita,
2021 Plant Variety Registration No. 28385, 28386, 28387, 28388, 28685; Tomita, 2022
Plant Variety Registration No. 29367, 29368).

CONCLUSIONS

The semidwarf gene sd1 encoding a defective C20-oxidase in the gibberellin
(GA) biosynthesis pathway (GA 20-oxidase, OsGA200x2) was introduced into the
genome of Koshihikari through fourteen backcrosses to make the semidwarf phenotype,
which is 21.4 cm shorter than Koshihikari. The semidwarf rice designated
Hikarishinseiki has a homogeneous genome of Koshihikari, except for the sd1 region,
by a next-generation sequencing survey, and it has the same taste and quality of
Koshihikari. Hikarishinseiki is registered under USDA Plant Variety Protection No.
201000072, as a first semidwarf Koshihikari integrated with Jukkoku-derived sd1.
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