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Abstract In order to develop a rice population with
improved important traits such as flowering time, we
developed 2,911 M, targeting-induced local lesions in
genomes (TILLING) lines by irradiating rice seeds with
v-rays. In all, 15 M3 lines were obtained from 3 different
M, lines that exhibited an early-maturing phenotype: these
plants matured approximately 25 days faster than wild-type
(WT) plants. To identify genome-wide DNA polymor-
phisms, we performed whole-genome resequencing of both
the plant types, i.e., WT and early-maturing TILLING 1
(EMT1), and obtained mapped reads of 118,488,245 bp
(99.53 %) and 128,489,860 bp (99.72 %), respectively;
Nipponbare was used as the reference genome. We
obtained 63,648 and 147,728 single nucleotide polymor-
phisms (SNPs) and 33,474 and 31,082 insertions and
deletions (InDels) for the WT and EMT]I, respectively.
Interestingly, there was a higher number of SNPs (2.6-fold)
and slightly lower number of InDels (0.9-fold) in EMT1
than in WT. The expression of at least 202 structurally
altered genes was changed in EMTI, and functional
enrichment analysis of these genes revealed that their
molecular functions were related to flower development.
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These results might provide a critical insight into the reg-
ulatory pathways of rice flowering.
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Abbreviations

TILLING Targeting-induced local lesions in genomes
EMT Early-maturing TILLING

WT Wild type

LRR- Leucine-rich repeat receptor-like kinase

RLK

Hdl Heading date 1

Ehdl Early heading date 1

Ghd7 Grain number, plant height, and heading date
7

BAM Binary format

SAM Sequence alignment map

SNP Single nucleotide polymorphism

InDels Insertions and deletions

SVs Structural variations

GO Gene ontology

CTAB Cetyltrimethylammonium bromide

AFLP Amplified fragment length polymorphism

Introduction

More than 2,700 cultivars obtained either as direct mutants
or derived from 170 different plant species have been
released worldwide in 60 countries (http://mvgs.iaea.org).
Mutation induction continues to contribute to crop
improvement via the creation of new alleles by using
physical mutagens such as fast neutrons, X-rays, and y-rays
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and chemical mutagens such as sodium azide and ethyl
methanesulfonate. Recently, novel physical mutagen
sources such as ion beam radiation and cosmic rays have
been suggested to be effective for creating mutations.
Therefore, mutation techniques are generally believed to be
useful in creating novel traits and enhancing genetic
diversity. Variations in quantitative traits, for example,
high levels of lysine and essential amino acids in rice, were
created via y-ray irradiation for the breeding of crops with
mutations (Kim et al. 2004a, b).

The detection of DNA polymorphisms for genetic var-
iation has been an integral part of plant breeding through
marker-assisted selection and is useful for germplasm
collections. Many molecular markers have been developed
rapidly for genetic mapping and identifying novel genes
(Jones et al. 2009); however, the available molecular
marker systems are somewhat limited for the genome-wide
detection of genetic polymorphisms. Recently, the appli-
cation of next-generation sequencing technologies has
allowed the discovery of large numbers of genome-wide
DNA polymorphisms. In rice, Li et al. (2012) reported
genome-wide variations among 3 elite restorer lines com-
pared with the sequence of indica cultivar 93—11 by using
Solexa sequencing technology. In addition, more than
2.8 million genome-wide polymorphisms were discovered
among 6 elite indica rice inbreds by using whole-genome
sequencing (Subbaiyan et al. 2012). These genome-wide
levels of DNA polymorphisms represent useful and cost-
effective resources for molecular breeding.

Flowering time is an important agronomic trait for crop
improvement under various environmental conditions. This
process is generally intricately regulated by a complicated
network of signaling pathways. A comparative genomics
approach suggested an ancient core photoperiod has
diverged into lineage-specific pathways during evolution in
plants (Higgins et al. 2010). For example, the circadian
clock, photoperiod, autonomous and gibberellin pathways,
and response to temperature play important roles in flow-
ering time control across plants, including monocotyledons
and tropical and temperate dicotyledons (Higgins et al.
2010; Mouradov et al. 2002). In rice, many flowering time-
related genes have been identified, e.g., Hd/ (heading date
1), Ehdl (early heading date 1), and Ghd7 (grain number,
plant height, and heading date 7; Yano et al. 2000; Doi
et al. 2004; Xue et al. 2008). However, genome-wide
analysis of flowering time has not yet been performed.

Recently, the targeting-induced local lesions in genomes
(TILLING) methodology, which is an excellent reverse
genetics technique, has been reported to facilitate the
functional identification of mutations in specific genes in
functional genomics research (Till et al. 2003). Previously,
we developed a TILLING rice population via the applica-
tion of y-ray irradiation to a rice variety (cv. Donganbyeo),
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followed by the evaluation of its genetic diversity (Cho
et al. 2010). The Donganbyeo variety was developed from
a cross between Milyang 95 and HR5119-12-1-5 line at the
National Honam Agricultural Experiment Station, RDA,
Korea (Shin et al. 1997). This cultivar exhibits a mid- or
late-flowering time with a growth duration of approxi-
mately 122 days from transplanting to harvesting and high
adaptability for direct-seeded cultivation with lodging
resistance (Shin et al. 1997).

In the present study, we selected three independent
early-flowering time M, TILLING lines from the 2,911 M,
TILLING lines and subsequently developed M5 TILLING
lines. Whole-genome resequencing of an early-flower time
TILLING line as well as Donganbyeo was performed to
evaluate the genetic changes in these plants. In addition,
differences in expression patterns between both the plants
were evaluated using genome-wide transcriptome analysis.
Interestingly, one gene encoding a leucine-rich repeat
receptor-like kinase (LRR-RLK) showed a changed func-
tion in the TILLING line.

Materials and methods
Plant materials

A total of 2,911 M, TILLING lines were developed after
200 and 300 Gy vy-ray irradiation was applied to Don-
ganbyeo (wild-type, WT) at the Korea Atomic Energy
Research Institute, Korea, as described elsewhere (Cho
et al. 2010). The seedlings of the TILLING lines were
grown in a greenhouse and then transferred to the Kang-
won National University Farm (latitude, 37.52N; longitude,
127.53E; Chuncheon, Korea). Approximately, 15,000 M3
and M, TILLING lines were developed through self-pol-
lination of the M, lines. The heading dates at which pan-
icles emerged from the flag leaf of the M3 to M5 TILLING
lines were surveyed in the field over 3 years (2010-2012)
and comparison to those of the WT plants.

Fingerprinting assay

Genomic DNA was extracted from the plants by using the
modified cetyltrimethylammonium bromide (CTAB)
method (Saghai-Maroof et al. 1984). Amplified fragment
length polymorphism (AFLP) fingerprinting was conducted
as described by Vos et al. (1995) with some modifications.
The fragments were visualized using the SILVER
SEQUENCE™ DNA Sequencing System (Promega, USA)
according to the manufacturer’s instructions. The poly-
morphic fragments were isolated and characterized as
described previously (Cho et al. 2010). The full-length
sequence and 1-kb upstream region of a gene of interest
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were isolated using a Genome Walker Universal Kit
(Clontech, USA) according to the manufacturer’s instruc-
tions. Gene expression was evaluated using semi-quanti-
tative real time-polymerase chain reaction (RT-PCR) as
described by Lim et al. (2010). The list of gene-specific
primers is shown in Supplementary Table 1.

Read mapping

Genomic DNA from the WT and Ms early-maturing
TILLING (EMT) lines was extracted from the leaves by
using the CTAB method (Saghai-Maroof et al. 1984) and
was used to construct a whole-genome resequencing library
by using an Illumina HiSeq2000 according to the manu-
facturer’s instructions.

Quality control of the trimmed short reads of pair-end
sequencing was conducted using the next-generation
sequencing-quality control (NGS QC) toolkit with a
PHRED quality score of 30 (Patel and Jain 2012). The
trimmed reads were aligned to the Nipponbare reference
genome sequence by using the Burrows—Wheeler aligner
(Li and Durbin 2010). The complete genome sequence of
Nipponbare was downloaded from Phytozome v8.0 (http://
www.phytozome.net/). SAMtools was used to convert the
binary format (BAM) of the generated sequence alignment
map (SAM; Li et al. 2009). The potential PCR duplicates
were removed for more accurate variant detection by
trimming the BAM files by using Picard software (http://
picard.sourceforge.net/). The trimmed BAM files were
sorted using Picard and then single nucleotide polymor-
phisms (SNPs) and insertions/deletions (InDels) were
detected using SAMtools (Li et al. 2009). Variant call
format files of WT and EMT1 were annotated according to
their chromosomal positions on Phytozome v8.0 by using
SNP Effect Predictor (http://snpeff.sourceforge.net/). A
comparative analysis between WT and EMT1 was con-
ducted using Vcftools (http://vcftools.sourceforge.net/docs.
html). The assembled whole-genome sequences of WT
were generated using SAMtools and were then used to
align the short reads from EMTI1 for the detection of
structural variations (SVs) and unmapped regions. The SVs
of EMT1 were compared with the assembled genome
sequence of WT and then detected using GASVpro-HQ
(Sindi et al. 2012). The unmapped genes were detected by
sorting the unmapped short reads using SAMtools on the
aligned BAM files and then dividing the reads of paired
ends by using Hydra 0.5.3 (http://www.mybiosoftware.
com/sequence-analysis/4020). The divided short reads
were aligned using the SOAPdenovo tool with the default
parameters (http://soap.genomics.org.cn/soapdenovo.html).
The assembled consensus sequence of unmapped short
reads was annotated using a BLASTn search with a cutoff

2

value of e 2° and compared with the Nipponbare reference

genome.

Microarray hybridization

Leaf and panicle tissues were harvested from the young
panicle stage of WT and EMT1. Panicles were <3 cm in
length. Total RNA was extracted using the TRIzol®
reagent (Invitrogen, USA), and microarray hybridization
was performed using the Affymetrix GeneChip® Rice
Genome Array (Affymetrix, USA). The microarray data of
leaves and panicles from both the plants were normalized
using the reduced major axis (RMA) method and the
MASS detection call. Functional enrichment analysis of
co-expressed genes was conducted using AgriGO tools
(http://bioinfo.cau.edu.cn/agriGO/) with default parame-
ters, and then the expression heatmaps were visualized
using MEV v4.6 (http://www.tm4.org/).

Subcellular localization

A mutated gene (OsI1g40890) from EMT1 was amplified
using BamHI-F1 (5'-GAGAGGATCCATGCCACAGCAG
CATCTTC-3") and Kpnl-R1 (5-GAGAGGTACCGTT
GATCAGTGCATGATATTT-3') primers. The PCR prod-
uct was cleaved using BamHI and Kpnl and then inserted into
the pBIN-35S expression vector. The recombinant vector
was transformed into Agrobacterium and then incubated in
yeast extract broth (YEB) medium with selection antibiotics
at 28 °C for 16 h and centrifuged at 200 rpm. After centri-
fugation, the pelleted cells were resuspended in 5 mL infil-
tration buffer (10 mM MES, 10 mM MgCl,, pH 5.6) and
then rinsed three times with fresh buffer. The diluted culture
was co-infiltrated with the p19 silencing suppressor construct
into Nicotiana benthamiana leaves as described elsewhere
(Li et al. 2002). The expression of 35S::mOs11g40890-
EGFP was monitored at 3 days after infiltration. Fluorescent
images were captured using a multi-photon confocal laser
scanning microscope (LSM 510 META NLO; Carl Zeiss).

In vitro kinase assay

For the in vitro kinase assay, a mutated gene
(mOs11g40890) was amplified using Ndel-F1 (5-GAGA
CATATGATGAATTCCCTCACTGGTGA-3) and Notl-
Rl (5-GAGAGCGGCCGCCTCAGTGATTGATCAGTG
CATG-3’) primers. The PCR product was cleaved with
Ndel and Nofl and then inserted into the pMAL-c5x
expression vector (New England Biolabs, Beverly, MA,
USA). The recombinant was expressed in Escherichia coli
strain BL21 (DE3) pLysS as a fusion protein with maltose-
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binding protein. The expressed protein was purified using
amylose resin via affinity chromatography (New England
Biolabs, Beverly, MA, USA), and the purified protein was
quantified using the Bradford assay. The purified protein
was incubated with kinase assay sample buffer (1 mM
dithiothreitol (DTT), 50 mM 4-(2-hydroxyethyl)-1-piper-
azineéthanesulfonic acid (HEPES), 10 mM MnCl,,
10 mM MgCl,) and [y-32P]JATP for 20 min at 25 °C and
transferred to an incubator at 70 °C for 30 min. The sam-
ples were electrophoresed on a 10 % acrylamide gel for
approximately 1 h at 200 V. The gel was stained using
Coomassie brilliant blue staining buffer for 30 min,
transferred to a destaining buffer, and then to a fixing
buffer. The fixed gel was transferred to a drying machine
with a vacuum and dried for 1 h at 80 °C. The gel was
transferred to a cassette and exposed to a film for 30 min in
a deep freezer. The Arabidopsis BRI protein was used as a
positive control (Li et al. 2002).

Results
Phenotypes and genotypes of the EMT lines

Five seeds from each 2,911 rice M, TILLING line exposed
to y-radiation were grown in a paddy field, resulting in the
cultivation of plants from three lines (hereafter, named
early-maturing TILLING lines 1, 2, and 3 and designated
as EMT]1, 2, and 3); these lines exhibited an early-maturing
phenotype (approximately 25 days) compared to the WT
plants. Subsequently, M5 TILLING lines were developed,
and all progeny from EMT1, EMT2, and EMT3 showed
uniformly earlier heading dates than those of the WT
plants. For example, when M5 EMTs and WT plants were
transferred to the paddy field on May 18, 2012, their
heading dates were July 15 and August 9, 2012,
respectively.

A survey of the genetic diversity between the WT and
M; EMT plants was conducted using a fingerprinting
method, i.e., AFLP analysis, with 64 primer combinations
(Supplementary Table 1). The polymorphic fragments of
the three EMTs showed the same pattern, but they were
different from the patterns of WT plants. The polymorphic
fragments were divided into two groups: 30 EMT-specific
and 36 WT-specific polymorphic fragments (Supplemen-
tary Table 2). The genomic changes in the EMTs were
investigated by obtaining the sequences of 15 randomly
selected polymorphic fragments (5 WT-specific and 10
EMT-specific) and then matching them to the rice genome
database by using BLASTn (Table 1). Interestingly, a
fragment amplified by the E6M6 primer was matched to
the exon region of one rice gene model, Os11g40890, and a
comparison between the sequences of the EMTs and the
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Nipponbare reference sequence showed a difference in an
EcoRI site (Supplementary Fig. 1). E6M6 fragment
sequences showed that the same sequence was altered in
EMT1I, 2, and 3 (Supplementary Fig. 1).

The phenotypic differences between the Ms EMT1 and
WT plants were evaluated. Clear differences were observed
between both plant types for plant height, panicle length,
grain number and effective grains per panicle, seed setting
rate, weight per 1,000 grains, length and number of inter-
nodes, and heading date (Table 2). Heading date was ear-
lier in EMT1 (102.4 days & 1.4) than in WT (126.2
days £ 0.9). Further, EMT1 plants were taller (84.3 cm
4 4.6) than WT plants (88.4 cm £ 4.9). For agronomic
traits related to yield potential, panicle length was longer in
EMT1 (19.3 cm £ 1.4) than in WT (17.12 cm % 1.37).
The number of grains (151.5 £ 17.5) and effective grains
per panicle (144.9 £ 18.2) of EMT1 were higher than
those of WT (73.6 & 9.9 and 64.2 £ 10.8, respectively),
resulting in a significant difference in the seed setting rate
percentage between EMT1 (869 % £ 5.6) and WT
(95.6 % £ 1.7). In contrast, weight per 1,000 grains was
greater in WT (21.5 g & 0.3) than in EMT1 (20.9 g & 0.4).

Whole genome resequencing

The genome-wide variation between WT and EMT1 plants
was evaluated by constructing two DNA libraries for both
plant types and then sequencing them (Table 3). A total of
119,048,626 bp and 128,846,054 bp were generated for
WT and EMT1, respectively. The high-quality raw datasets
were aligned with the reference genome sequence of Nip-
ponbare, resulting in ~20x coverage by using several
filtering criteria for redundant reads. The consensus
sequence of WT and EMT1 covered approximately 99.53
and 99.72 % of the reference genome, respectively, indi-
cating that the generated dataset was highly relevant. In
contrast, heterozygous reads were approximately 0.28 and
0.16 % for WT and EMT]1, respectively.

Genome-wide polymorphisms between WT and EMT1
plants were identified by detecting SNPs and InDels by
using SAMtools for variant calling on the basis of com-
parisons with the Nipponbare reference sequence. In all,
63,648 and 147,728 SNPs and 33,474 and 31,082 InDels
were obtained for WT and EMTI, respectively, with
10,907 SNPs and 8,483 InDels in common (Fig. 1a, b).
Interestingly, there was a higher number of SNPs (2.6-fold)
and slightly lower number of InDels (0.9-fold) in EMT1
than in WT. The genetic relationship between the samples
and the reference genome sequence was determined by
constructing a phylogenetic tree by using authentic SNPs
and InDels (Fig. 1c), which revealed a closer relationship
between WT and Nipponbare than between WT and
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Table 1 List of fragments showing polymorphisms between WT and EMTs in AFLP analysis

Lines Primer* Length® Region of Genes* Description
fragment®
WT E4M3 157 Int 0s08g09260 tRNA synthetase, putative
E8M3 190 Int 0Os05g41210 OsCam?2-calmodulin, expressed
E7TM2 430 Int + exon 0s04g42470 Regulatory subunit, putative, expressed
EIMS 400 Int 0508209260 tRNA synthetase, putative
E6MS8 261 Downstream Os11g43860 Sodium/calcium exchanger protein, expressed
EMTs E7M4 195 Upstream 0s02g29530 Glycosyl transferase. Putative, expressed
E4M8 307 Int 0s04g03250 Retrotransposon protein putative, Ty3-gypsy subclass
E6M4 368 Int 4 exon 0s02g44599 Expressed protein
E6M6 247 Exon Os11g40890 Expressed protein
E6MS 190 Upstream 0s07g03279 SCP-like extracellular protein, expressed
E2M5 105 Int + exon Os11g44310 Calmodulin binding protein, putative, expressed
E3M6 156 Int 0s01g67340 STRUBBELIG-RECEPTOR FAMILY 8 precursor,
putative, expressed
Int Os11g31300 Retrotransposon protein putative, Ty3-gypsy subclass
E3M2 206 Int Os11g11920 Resistance protein, putative, expressed
E3M6 272 Exon Os11g31570 Expressed protein
EIM6 333 Upstream Os10g17810 Hypothetical protein
* Complex primer pairs used for AFLP analysis
" Length (bp) of the polymorphic fragments
¢ Position of the polymorphic fragments
9 Genes were matched by BLASTn with a cut-off of <e~'°
Table 2 Field performance between WT and EMT1
Lines Heading date Plant height  Length of Grains per Effective grains per Seed setting Weight per 1,000
(days) (cm) panicle (cm) panicle panicle rate (%) grains (g)
WT 126.2 + 0.9 843 £ 4.6 17.1 £ 14 73.6 £9.9 64.2 £ 10.8 869 £ 5.6 215+ 03
EMT1 1024 £ 1.4%** 88.4 4 4.9%* 19.3 £ [.4%%* 151.5 £ 17.5%%* 144.9 £ 18.2%** 95.6 £ 1.7%%%  20.9 £ 0.4%**

Data are mean =+ standard error (n = 20). ** p < 0.01 and *** p < 0.001 denote significant differences in EMT1 compared to those of WT

Table 3 Mapping of WT and EMT1 by comparison with the Nip-
ponbare genome sequence

WT EMT1
Total reads® 119,048,626 128,846,054
Mapped reads 118,488,245 128,489,860
(99.53 %) (99.72 %)
Properly paired 115,715,716 127,020,732
reads (97.20 %) (98.58 %)

Heterozygous reads 336,390 (0.28 %) 201,706 (0.16 %)

4 Modified reads by removing any redundancy of the NGSQC toolkit

EMT1. This finding might be attributed to the remarkable
change in the EMT1 genome following y-ray irradiation.
The frequencies of SNPs and InDels on individual chro-
mosomes of WT and EMT1 were surveyed by comparing with
the reference sequence (Table 4). SNPs and InDels were
divided into two groups, i.e., common and uncommon poly-
morphisms, which indicated the polymorphic occurrences on

a b
8483
WT EMT1
wT EMT1
c EMTA
WT
L Nipponbare
—
0.05

Fig. 1 Variations between WT and EMT1 and phylogenetic tree
analysis. a, b Dendrograms of DNA polymorphisms of SNPs and
InDels, respectively. ¢ Phylogenetic tree constructed using neighbor
joining method with authentic collected sequences of SNPs

the same chromosomal locations in WT and/or EMT1 by
comparing with the Nipponbare genome sequences. A broad
range of change rates of the common SNPs and InDels was
found among individual chromosomes, resulting in ranges of
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Table 5 Identification of substitutions in the SNPs detected in WT
and EMT1 by comparison with the Nipponbare genome sequence

Uncommon SNPs Common SNPs

WT EMT1
Transitions (Ts)
C/T 9,662 25,302 1,877
G/A 9,500 24,425 1,926
Transversions (Tv)
C/G 2,143 3,983 493
T/A 1,213 5,889 315
A/C 2,999 5,250 397
G/T 1,752 5,834 377
Ts ratio 36.39 95.34 7.83
Tv ratio 16.35 41.47 3.08
Ts/Tv ratio 2.23 2.3 2.53

1/14,891 bp (chr. 8) to 1/233,839 bp (chr. 7) and 1/18,021 bp
(chr. 4) to 1/179,985 bp (chr. 7), respectively. For the
uncommon polymorphisms of WT, the change rates of SNPs
exhibited the highest value of 1/1,424 bp for chromosome 12
and the lowest value of 1/35,336 bp for chromosome 2, while
those of InDels were 1/3,741 bp for chromosome 12 and
1/74,097 bp for chromosome 2. In contrast, both chromo-
somes 6 and 11 of EMT1 exhibited the highest change rates of
SNPs and InDels.

The authentic SNPs were classified into two groups, i.e.,
transitions (C/T and G/A) and transversions (C/G, T/A,
A/C, and G/T), on the basis of nucleotide substitutions. For
both the common and uncommon SNPs, the transition/
transversion ratios exhibited a range of 2.23-2.53, indi-
cating that transitions occurred at a higher frequency than
transversions (Table 5). Interestingly, the frequency of
transitions and transversions in EMT1 was considerably
higher than that in WT, supporting the hypothesis that high
levels of DNA alterations occurred in the EMT1 genome
following y-ray irradiation.

The functional roles of the SNPs and InDels were further
understood by dividing the DNA polymorphisms according to
their positions: genic regions, including coding sequence,
introns, and untranslated regions, and non-genic regions,
including intragenic spaces and 1-kb upstream regions
(Table 6). The 1-kb upstream region exhibited the highest
diversity for the common polymorphisms. For the uncommon
polymorphisms, numerous SNPs, which were approximately
2.6-fold higher in EMT1 (136,821 SNPs) than in WT
(52,741 SNPs) were found, whereas similar frequencies of
InDels were observed in both the plants (24,991 vs. 22,599 for
WT and EMT1, respectively). Similarly, the upstream region
of SNPs showed the highest polymorphism frequency in both
the plants. The start codon was changed in a total of 8 genes in
EMT]1, while it was changed in only one gene of WT.

The structural variations in EMTI1 caused by y-ray
irradiation were evaluated by aligning the assembled
EMT1 genome sequence with that of WT by using
GASVpro-HQ with the default parameters (Table 7). For
all 2,609 clusters consisting of 26,449 paired reads, dele-
tions were detected in EMT1 across 12 chromosomes. The
highest deletion frequency of 341 clusters with 4,511
paired reads was observed on chromosome 11. In contrast,
inversions were observed in 120 clusters of EMT1 with
1,192 paired reads. The highest number of inversions
(23 clusters with 188 paired reads) was found on chro-
mosome 12.

Next, the lengths of InDels and their frequency in WT
and EMT1 as compared to those in Nipponbare were cal-
culated (Supplementary Fig. 2). For the uncommon poly-
morphisms of WT, InDels ranged from —58 to 34 bp in
length. Similarly, in EMTI, InDels ranged from —57 to
35 bp in length. For the common polymorphisms in both
the plants, InDels ranged from —44 to 33 bp in length.
Mononucleotide InDels exhibited the highest frequency in
all the three groups.

The frequency of SNPs and InDels and copy number
variations (CNVs) at the chromosomal level were deter-
mined by visualizing their distributions on individual
chromosomes as corresponding numbers within a 1-Mb
interval of each chromosome (Fig. 2). Obvious variations
in common polymorphisms were found in some regions
across chromosomes, e.g., 712 SNPs/591 InDels within
10-17 Mb on chromosome 3. For the uncommon poly-
morphisms, differences in regions with variation and their
frequency were also found compared to those in the ref-
erence genome. For example, uncommon polymorphisms
were highly frequent in WT within 2-3 Mb on chromo-
some 1, with 1,619 SNPs/934 InDels whereas, in EMT1,
they were found within 23-24 Mb on chromosome 3, with
5,666 SNPs/882 InDels. The distribution of CNVs in
EMT1 and WT appeared to be highly consistent with the
patterns of dense SNPs and InDels. The high density of
CNVs on each chromosome was consistent with the dense
regions of the uncommon polymorphisms in WT, whereas
a low density was found in the dense regions of the
uncommon polymorphisms in EMTI1. For example, the
highly dense region of the uncommon SNPs/InDels of
EMT1 within 8-12 Mb on chromosome 6 exhibited an
evidently lower number of CNVs, while the highly dense
region of the common SNPs/InDels within 2-3 Mb on
chromosome 1 clearly showed a high number of CNVs.

The genes with definite alterations in EMT1 compared
to those in WT were determined by generating the WT
consensus sequence by using SAMtool, and then the short
reads of EMT1 were aligned on this sequence by using
SOAPdenovo. After the unmapped reads of EMT1 were
retrieved, they were subsequently aligned on the reference

@ Springer



80

Genetica (2014) 142:73-85

Table 6 Characterization of DNA polymorphisms for WT and EMT1

Region Uncommon polymorphisms Common polymorphisms
WT EMT1
SNPs InDels SNPs InDels SNPs InDels
Intergenic 2,672 (5.07 %) 1,434 (5.74 %) 9,247 (6.76 %) 1,612 (7.13 %) 599 (5.49 %) 530 (6.25 %)
Upstream 27,650 (52.43 %) 15,208 (60.85 %) 74,792 (54.66 %) 13,913 (61.56 %) 5,610 (51.43 %) 4,976 (58.66 %)
Genic
CDS
Uncommon SNPs
Start codon 1 (0.00 %) - 8 (0.01 %) - 2 (0.02 %) -
Stop codon 0 - 0 - 0 -

Others®
Common SNPs
Start codon 0

6,966 (13.21 %)

Stop codon 0

Others 3,979 (7.54 %)
Uncommon InDels

Deletion -

Insertion -

Common InDels

Deletion -

Insertion -
Intron 9,600 (18.2 %)
UTR_3_PRIME 1,053 (2.00 %)
UTR_5_PRIME 820 (1.55 %)
Total 52,741

140 (0.56 %)
78 (0.31 %)

105 (0.42 %)
157 (0.63 %)
6,233 (24.94 %)
899 (3.60 %)
737 (2.95 %)
24,991

13,010 (9.51 %)

0
14 (0.01 %)
9,000 (6.58 %)

25,635 (18.74 %)
3,403 (2.49 %)
1,712 (1.25 %)
136,821

94 (0.42 %)
53 (0.23 %)

55 (0.24 %)
101 (0.45 %)
5,406 (23.92 %)
864 (3.82 %)
501 (2.22 %)
22,599

1,290 (11.83 %)

0
0
901 (8.26 %)

2,091 (19.17 %)
232 (2.13 %)
182 (1.67 %)
10,907

40 (0.47 %)
12 (0.14 %)

18 (0.21 %)
24 (0.28 %)
2,243 (26.44 %)
376 (4.43 %)
264 (3.11 %)
8,483

% SNPs located in the coding region, excluding the start and stop codons

Table 7 Structural variation between WT and EMT1

Chromosome  Deletions Total inversions Inversions (— only) Inversions (+4 only)  Inversions (— and ++)

no- No. of No. of No. of No. of No. of No. of No. of No. of No. of No. of
clusters  paired clusters  paired clusters  paired clusters  paired clusters  paired

reads® reads reads reads reads

1 221 1,713 60 3 40 3 16 1 4

2 185 1,495 2 8 1 4 1 4 0 0

3 226 2,095 6 47 1 36 4 7 1 4

4 216 2,090 19 226 9 74 7 75 3 77

5 163 1,121 3 18 0 13 2 0 1 5

6 335 3,722 19 210 4 75 10 60 5 75

7 161 1,507 7 68 2 45 4 18 1 5

8 191 2,160 1 4 1 0 0 4 0 0

9 156 1,589 10 115 5 45 4 54 1 16

10 126 996 8 69 5 11 2 40 1 18

11 341 4,511 15 178 6 46 7 84 2 48

12 288 3,450 23 188 13 68 8 100 2 20

Total 2,609 26,449 120 1,191 50 457 52 462 18 272

# Polymorphic clusters between WT and EMT1 by GASVpro-HQ

° Assembled reads, including each polymorphic cluster
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Fig. 2 Distributions and frequencies of SNPs/InDels, CNVs, and
unmapped genes. The x-axis represents the physical distance along
each chromosome. The y-axis of SNPs and InDels show the numbers

sequence. Interestingly, 40.73 % of the unmapped reads
were matched to coding sequences (CDSs), corresponding
to 1,275 genes, while the remaining reads were assigned
into non-CDSs.

Transcriptome analysis of EMT1 genes with SNPs,
InDels, and unmapped reads

Transcriptome analysis of EMT1 genes with sequence
variations compared to those found in WT was performed
by conducting microarray analyses by using leaf and pan-
icle tissues from WT and EMT1. The WT and/or EMT1
genes, including SNPs, InDels, and unmapped reads, were
retrieved, and their expression was determined on the basis
of the microarray data (Fig. 3).

In all, 706 genes harbored one or more SNPs compared
to those in Nipponbare. A total of 302 genes showed
common SNPs in both the plants, including 107 and 297
genes in WT and EMT]1, respectively (Fig. 3a). In the case
of InDels, 633 genes harbored at least one InDel in both the
plants (389 genes) or in only EMT1 (233 genes) compared
to those in the reference sequence (Fig. 3a).

Uncommon polymorphisms
of EMT1

Unmmapped reads
of CDS

Unmmapped reads
of non-CDS

of polymorphisms. The frequency of SNPs and InDels was plotted as
the corresponding numbers within a 1-Mb interval of each chromo-
some. The y-axis of CNV analysis indicates the log, value

Next, functional enrichment analysis of the retrieved
EMT1 genes was performed on the basis of three Gene
Ontology (GO) classifications, i.e., biological processes,
molecular functions, and cellular components. The EMT1
genes were divided into three groups, i.e., common genes,
uncommon genes, and unmapped genes. For the EMTI1
genes with common SNPs, functional enrichment analysis
indicated significant differences in certain biological
functions such as flower development, signal transduction,
and protein modification process (Supplementary Fig. 3a).
In addition, the EMTI1 genes with common SNPs were
associated with functional enrichments in some molecular
functions such as kinase activity and receptor activity and
binding and in certain cellular components such as mito-
chondria and nucleus (Supplementary Fig. 3b and c). The
EMT1 genes with uncommon SNPs were related with some
biological functions, including flower development,
whereas no such functional enrichments were observed for
molecular functions or cellular components (Supplemen-
tary Fig. 4). In addition, the molecular functions of the
common and uncommon InDels of EMT1 were represented
by enzyme regulator activity and protein binding, respec-
tively, whereas no such functional enrichments were
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InDels
(23 genes)

common
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(31 genes)

EMT1
unmapped

genes
(108 genes)

888838238

Fig. 3 Gene numbers with SNPs and InDels and their transcriptome
analysis. a Dendrograms of numbers of genes with SNPs and InDels,
respectively. b Heatmaps of differentially expressed genes with SNPs
and InDels and unmapped genes in EMT1. The red dots indicate the

observed for biological processes or cellular components
(Supplementary Fig. 5a and b).

Whether the expression of the structurally changed
genes in EMT1 was different compared with those of WT
was also determined. The expression patterns in leaf and
panicle tissues of WT and EMT1 were assessed using
microarray analysis. A total of 181 genes, which consisted
of 51 genes with common (20 genes) or uncommon SNPs
(31 genes), 23 genes with common (20 genes) or uncom-
mon InDels (3 genes), and 108 unmapped genes, showed
differential expression patterns (twofold > or < —2-fold)
in the leaves or panicles of EMT1 compared to those of
WT. A total of 17 genes were associated with biological
processes such as flower development (Fig. 3b).

A case study: molecular dissection of a mutated gene

The functions of the mutated genes were determined by
using a gene (Os11g40890) encoding a putative LRR-RLK,
which was isolated as a polymorphic fragment by using
AFLP analysis. A full-length clone was obtained using
GenomeWalker, and its sequence was confirmed using the
resequencing data; the total length was 4,832 bp (full-
length genomic sequence of 3,110 bp and upstream region
of 1,722 bp). Alignment of the mutated gene
(mOs11g40890) sequence and the EMTI1 consensus
sequence obtained from the resequencing data showed a
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common uncommon

(20 genes) (3 genes)

8888

genes with the biological processes of flower development and
growth. The red and green colors indicate up-regulation (log,
FC > 1) and down-regulation (log, FC < —1), respectively, in EMT1
compared to of the expression in WT. (Color figure online)

high identity of 99.99 % (data not shown). In contrast, the
consensus sequence of WT exhibited no difference with
that of the reference genome. In addition, the sequences
between AFLP fragments and the consensus sequences
showed less than 1 % differences (data not shown), which
might be caused by sequence errors or analysis of different
generations.

The structure of the mutated gene was predicted using
FGENESH (http://linux1.softberry.com/berry.phtml), and
its predicted CDSs (Supplementary Fig. 6) and amino acid
sequences (Fig. 4a) were aligned with the corresponding
sequences of WT. Comparison of both alleles showed
severe structural changes of the mutated gene, including a
deletion block in the protein kinase domain, even though
the C-terminal region was well conserved. The mutated
gene encoded a 283-amino acid protein with a predicted
molecular mass of 31.22 kDa and a calculated pl of 4.72,
whereas the WT allele encoded a 793-amino acid protein
with a molecular mass of 86.63 kDa and a calculated pI of
6.39. The expression patterns of each allele in WT and
EMT1 were determined in the leaf and panicle tissues from
each plant. Interestingly, the mutated gene was highly
expressed in the leaves, but slightly induced in the panicles
in EMT1, whereas the gene was not expressed in either
tissue in WT (Fig. 4b). The subcellular localization of both
the genes was identified, and their full-length genes were
isolated from each plant. However, the gene from WT
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Fig. 4 Molecular analysis of the mutated gene. a Amino acids
alignment between wild type and mutated genes. b RT-PCR of both
genes in each leaf and panicle of both plants. ¢ In vitro kinase assay of
the mutated gene. The Arabidopsis BRIl protein was used as a

could not be expressed in any stressed leaves, including
salt-, heat-, cold-, and drought-treated, as well as in healthy
tissues, including leaves, roots, and panicles. These results
might suggest that the WT gene is rarely expressed or not
expressed at all (data not shown). Next, whether the protein
of mOs11g40890 possesses protein kinase activity was
determined. However, the protein did not exhibit kinase
activity, while the Arabidopsis BRI1 protein showed kinase
activity (Fig. 4c). A 35S::mOs11g40890-EGFP construct
was generated that was expressed in tobacco leaves via
agro-infiltration. The 35S::mOs11g40890-EGFP fluores-
cence signals were clearly observed in the cytosol. Simi-
larly, 35::EGFP was also detected in the cytosol (Fig. 4d).

Discussion

Non-transgenic TILLING method for reverse genetics is
generally believed to be useful for the investigation of
novel genetic variations and has also been used to improve
crop plants (Slade and Knauf 2005). In addition, muta-
genesis has been utilized extensively to create genetic
diversity in conventional breeding and further used for
powerful reverse genetic strategies such as TILLING
(Perry et al. 2009). Our TILLING population might be a
useful genetic material pool for application in mutation
breeding as well as reverse genetic approaches (Subbaiyan
et al. 2012). This study provides evidence that the EMT
lines show not only an early heading date but also excellent

142

5

534

623
158

712
203

793
282

35S::EGFP

—
20 ym

35S::m0s11g40890-
EGFP

positive control. d Subcelluar localization of the mutated gene. The
35S::EGFP and 35S::mOsl1g40890-EGFP constructs were tran-
siently expressed via agro-infiltration in tobacco leaves for 3 days

agronomic traits regarding yield potential such as grains
per panicle and seed setting rate.

Due to recent rapid advances in next-generation
sequencing, many rice cultivars have been sequenced using
whole-genome resequencing, e.g., the elite Japanese rice
cultivar Koshihikari (Yamamoto et al. 2010), the landrace
Jjaponica cultivar Omachi (Arai-Kichise et al. 2011), 6 elite
indica rice inbreds (Subbaiyan et al. 2012), and three elite
restorer lines (Li et al. 2012). The pool of available DNA
polymorphisms could be utilized for genetic analysis and to
improve rice varieties (Subbaiyan et al. 2012). However, a
genome-wide approach for discovering DNA polymor-
phisms between a WT plant and its mutant has not yet been
reported in rice. This approach could accelerate the
molecular dissection of the mutated phenotypes and
molecular breeding via gene pyramiding.

The SNP densities between Nipponbare and WT and
between Nipponbare and EMT1 were 140.8 SNPs and
365.5 SNPs per Mb, respectively. The density between
Nipponbare and WT was somewhat similar to the average of
175 SNPs per Mb between Nipponbare and its closely related
cultivar, Koshihikari (Yamamoto et al. 2010), whereas the
density between Nipponbare and EMT1 was similar to the
value of 346.6 SNPs per Mb between Nipponbare and a
landrace cultivar (Arai-Kichise et al. 2011). These results
allowed the speculation about the degree of genetic alteration
created via ionizing radiations such as y-rays.

The finding that the transition to transversion ratio was
2.23 and 2.30 for the uncommon SNPs of WT and EMT]1,
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respectively, and 2.53 for the common SNPs supports the
hypothesis regarding transition bias (Morton 1995) and is
consistent with the results from the six elite indica rice in-
breds (Subbaiyan et al. 2012). Interestingly, the frequency of
transitions and transversions in the uncommon SNPs of
EMT1 were considerably higher (1.75- to 4.85-fold) than
those in WT, supporting the hypothesis that y-ray irradiation
generated extreme DNA alterations in EMT].

The finding regarding the high frequency of non-syn-
onymous substitutions in both plants compared to that of
synonymous substitutions (Table 6) might be unexpected,
because the rate of synonymous substitutions (silent) is
generally considerably higher than that of non-synonymous
substitutions (amino acid alterations; Nei and Gojobori
1986). However, a similar finding was observed when the
six elite indica rice inbreds were compared to the genome
of Nipponbare (Subbaiyan et al. 2012). Further studies are
warranted to explain the unexpected results.

We determined whether the genes related to the photo-
periodic pathway controlling flowering time were signifi-
cantly altered in the EMT1 genome (Mouradov et al.
2002). A total of 17 rice genes related to the photoperiodic
pathway were retrieved from the KEGG database. Inter-
estingly, only two genes encoding a signal transduction
response regulator (0s02g40510 and Os07g49460) showed
a nonsynonymous substitution in EMT1, whereas 1 gene
(0s02g40510) exhibited a nonsynonymous substitution in
WT compared to that in the Nipponbare genome (Supple-
mentary Table 3). This finding might suggest that the early
heading date of the EMT1 line was not correlated to the
circadian rhythm pathway genes, but to genes of other
floral pathways. An alternative hypothesis is that the phe-
notype was caused by the changes in the transcriptional
regulation of the genes through cis-regulatory alterations.
The finding that differences in the expression patterns of
photoperiodic pathway genes (Supplementary Table 3)
were observed in EMT1 compared to those of WT might
support this hypothesis.

Structural alterations of genes are generally believed to
modify their function and expression. We found that at
least 202 structurally altered genes showed changes in
expression in EMT1, and functional enrichment analysis of
these genes showed that their molecular functions were
related to flower development. Although further studies are
required to identify the specific gene(s) responsible for the
early heading date, the genes identified in our study could
be interesting candidates for investigation in further stud-
ies. A representative example is the mutated gene
(mOs11g40890) encoding a putative LRR-RLK, which was
highly inducible in the leaves of EMT1 (but not of WT)
and localized to the cytosol (Fig. 4). The large LRR-RLK
family includes at least 292 members in rice genomes, and
their functional diversity has been proposed during
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evolution (Hwang et al. 2011); plant LRR-RLKs are
believed to regulate plant development, including flower-
ing organ abscission (Diévart and Clark 2004). Although
the exact function of the mutated gene, especially with
respect to flowering, was not determined, this gene might
be an interesting candidate for further studies.

We selected EMT lines from a TILLING population and
conducted whole-genome resequencing to identify gen-
ome-wide DNA polymorphisms and microarray analysis to
verify the expression patterns of the structurally altered
genes. Our results might provide a critical insight on the
regulatory pathways associated with rice flowering and
help improve our knowledge regarding mutation breeding.
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