Studies on the identification of QTL/gene for
agronomically important traits in rice

(Oryza sativa L.)

2012. 3

BFRERER
BEaRFENER
BREBAEMVAT DFEHRR
(BFRF)

fTER B



Table of contents

Chapter 1: General introduction............oiiiiiiitiiiiin it e eaeees 1

Chapter 2: OsGA420ox1, a major QTL for plant height of seedlings in rice.... 6

2-1: IntrodUCtion. . oue et et e e e e 7
2-2: Materials and Methods.......c.oooiiiiiiiiii e 8
2-3: Results13
RIS D) T i L (o) H P 30

Chapter 3: Genome sequencing reveals agronomically-important loci

in rice using a novel method MutMap............coooviviiiiiiiiiininnnn. 34

31 IntrodUCtion. .. oo e e e e e 35

. 3-2: Materials and Methods..........ooeii i 36
323 RESUIES . o e e 40

R A B 1T 1113 T ) ) B A 65
3-5: Supplementary data.........coviiieeiiiii e e e 72
Chapter 4: General diSCUSSIONS....ouuiuuiiiitit ittt 77
References....... ................................................ TR TUOTPRR 87
List of publications.........o.oiii i e 98

AcKnowledgments.......coviiiiiiiit i e e e, 99



Chapter 1

General introduction



Rice (Oryza sativa L.) is one of the most important food crops in the world,
providing over 21% of the calorific needs of the population of the world and up to 76% of
the calorific intake of the population of Southeast Asia (Fitzgerald et a(. 2009). Food
shortage is becoming a serious global problem because of the ever-increasing world
population and the effects of global climate change on food production. In addition, the
demand for bio-fuels as alternative energy sources is expected to rise, and this will limit
the availability of land for cultivating food crops (Brown and Funk 2008). To meet the
expanding food demands, 50% increase in crop production will be needed by 2025
(Khush 2001). To this end, breeding of the major crops such as rice is vital.

Plant breeding has been carried out mainly by the selection of naturally
occurring variants. Since the beginning of rice cultivationrsovme 10000 years ago,
various traits of the crop have beenb continu‘rously improved through the introduction of
naturally occurring useful alleles by spontaneous and/or artificial crossings (Yamamoto et
al. 2009). Many important agronomic traits, such as heading date, plant height, grain
yield and biotic/abiotic stress resistance/tolerance, are not discrete but quantitative
characters in nature. These complex traits are controlled by multiple genes known as
quantitative trait loci (QTLs) originally derived from natural variations (Yano 2001).
QTL analysis aims to identify positions of QTLs, and has been emplbyed as a powerful
approach to discover agronomically useful genes (Yano et al. 200.0; Takahashi et al.
2001; Kojima et al. 2002; Ashikari et al. 2005; Konishi et al. 20-06; Fujino et al. 2008,
Fukuoka et al. 2009; Miura ef al. 2010; Sugimoto et al. 2010). Identifying existing

genetic variations by QTL analysis is important as it provides the basis for rice



improvement through conventional breeding approaches and makes rice breeding by
marker-assisted selection (MAS) possible. To date, however, useful QTL information
has not been fully eg(plz)ited in rice breeding programs. Therefore, more eff?rt is needed
in QTL isolation to understand and utilize complex traits relevant to rice breeding.
Recent pfogresses in rice genomics should accelerate its breeding to develop
improved varieties in a shorter time period. In 2002, the draft genome sequences of two
subspecies, O. sativa ssp. japonica (cv. Nipponbare) and O. sativa ssp. indica 93-11,
were reported (Goff et al. 2002; Yu et al. 2002). Subsequently the International Rice
Genome Project finalized and published the complete genome sequence of Nipponbare
cultivar (IRGSP 2005). This achievement has provided us with a vast amount of
information on the rice genome and paved the way for detailed genetic analyses of the
crop. By using this genomics information, researchers have now succeeded in isolating
some important QTL genes, which have the potential to greatly improve rice production
(Ashikari et al. 2005; Konishi et al. 2006; Fujino et al. 2008; Fukuoka et al. 2009; Miura
et al. 2010; Sugimoto ef al. 2010). Several of the isolated QTLs with major effects have
already been introgressed into elite rice cultivars by MAS. However, QTLs with minor
effects remain poorly investigated (Yamamoto et al. 2009). R. A. Fisher (1918) and
many other researchers have demonstrated that the correlation of quantitative traits
between relatives is explained by the combined action of alleles at many loci, each having
a relatively small effect. To enable plant breeding by MAS, it is important to identify
the locus or chromosome region harboring each gene contributing to an improved trait.

However, compared to genes with major effects that determine discrete characteristics,



allelic substitutions at genes causing minor effects only result in subtle changes in the
phenotype: Consequently, cloning of genes controlling agronomic traits is not
straightforward.

To understand the genetic architecture of agronomic traits, the separation of
QTLs affecting complex traits into individual loci is important (Yamamoto et al. 2009).
In crops, the isolation of minor effect genes and QTLs conventionally involves crossing
two inbred lines showing contrasting phenotypes to generate Recombinant Inbred Lines
(RILs). Each RIL is a proxy-clone with a high degree of homozygosity that allows
measurements of a large number of individuals per line with reduced measurement errors,
something that cannot be readily achieved with an F;, segregating population. Once the
RILs are scored, the association between phenotypic measurements and DNA markers of
known chromosome locations is then used to infer the approximate positions of the genes.
Identification of multiple loci from the RILs 1s then followed by a series of backcrosses
to generate near-isogenic lines (NILs) c::rrying a single QTL. NILs are subsequently
used to isolate individual genes by conventional map-based cloning. The generation of
RILs and NILs is time-consuming; hence large-scale isolation of genes contributing
minor phenotypic effects remains difficult.

On the other hand, artificially generated mutants have been used for gene
isolation thorough map-based cloning. This method involves genqrating an F, hybrid
via a cross between a mutant and a distantly related accession. The use of distant cross
is important to secure the availability of DNA markers for linkage analysis. For

recessive mutants, the next step is the examination of each individual exhibiting the



phenotype of interest among the F, population, followed by assessment of the linkage
between the phenotype and DNA markers. Once the linkage analysis narrows down the
chromosomal region éontaining the mutation to a relatively short interval, candidate
genes within the interval are sequenced one by one using conventional Sanger sequencing
until the mutation is finally identified. Overall, these processes are time-consuming and
labor intehsive. Furthermore, since QTLs exiéting between mutant and another parental
line confounds the scoring of the mutant phenotype in an F, progeny, identification of
causal mutation has not been a straightforward procedure.

Recent innovations in DNA sequencing technology have made whole genome
sequencing (WGS) possible, and WGS has been applied to the identification of causal
genes for mutant phenotypes in several model organisms (Schneeberger et al. 2009;
Austin ef al. 2011; Uchida et al. 2011; Zuryn et al. 2010; Ashelford ez al. 2011). This
so-called next-generation sequencing (NGS) technology might avail new opportunities
for QTL isolation and crop breeding using artificially generated mutants that show subtle
changes in a quantitative traits of agronomical importance.

The objectives of this study were twofold, and both are related to the
improvement rice by breeding. Chapter 2 deals with the identification of QTLs for
seedling vigor, which is one of the determinants of seedling establishment in rice direct
seeding method in Northern Japan. In Chapter 3, the development of-a novel method of

rapid gene isolation using NGS technology is described.



Chapter 2

OsGA20ox1, a major QTL for plant height of seedlings in rice



2-1 Introduction

Direct seeding of rice ~(0ryza sativa L.) is becoming popular in Japan as it involves lower
labor costs compared to the conventional transplanting of seedlings from nursery.
However, yield loss mainly due to slow seedling growth is a common problem associated
with direct seeding. Delayed emergence of rice seedlings from paddy water surface has
been shown to greatly increase seedling mortality (Peterson et al. 1978), thereby causing
significant reductions in yield. in addition, there is a higher risk of yield loss due to
competition with weeds associated with direct seeding than transplanting (Rao et al.
2007). Seedling vigor is mainly determined by the rate of germination and rapid early
growth of both the shoot and roots (Will@ams and Peterson 1973; Sasahara et al. 1986).
However, this poses a major problem in temperate regions where low temperature limits
learly seedling growth (Redona and Mackill 1996a). As a result, success in direct
sowing of germinated seeds in puddled soils, which is becoming a common practice in
countries like Japan, depends on having cultivars with good seedling vigor for stable
stand establishment.

Many important agronomic traits, including seedling vigor, are generally
controlled by complex interactions of multiple genes known as quantitative trait loci
(QTLs; Yano 2001; Yano and Sasaki 1997; Ashikari and Matsuoka 2006). Natural
variation in QTLs accounts for a wide range of phenotypic differences (Yano and Sasaki
1997). To understand the genetic architecture of agronomic traits, separation of QTLs’

affecting complex traits into individual loci is important. QTL analysis aims to identify



approximate positions of QTLs, and has been successfully used to identify loci or genes
for complvex traits (Yamamoto ez al. 2009; Miura et al. 2011). Some QTLs for seedling
vigor in rice have been identified by QTL analysis (Onishi etbal. 2007; Redona and
Mackill 1996b; Cui et al; 2002; Zhang et al. 2005a,b; Zhou et al. 2007). However fhese
results have not been always consistent in terms of the exact locations of the QTLs,
although the QTLs have been mapped to specific regions in the genome.

The current study was initiated with the main aim of identifying QTLs for
seedling vigor in the cultivar Dunghan Shali (O. sativa L. subsp. japonica). Dunghan
Shali was identified as one of the few cultivars showing higher seedling vigor among our
rice cultivars and breeding lines, and was then used as a»potential donor parent to
incorporate this important trait into elite cultivars. A set of recombinant inbred lines
(RILs) derived from a cross between Kakehashi (Oryza sativa L. subsp. japonica) and
Dunghan Shali was used to map QTLs affecting seedling vigor. We also produced NILs
carrying a major QTL in an elite cultivar background and evaluated its contribution to the
enhanced seedling vigor. Here we report the chromosomal positions of the QTLs and
the major QTL ¢gPHS3-2, as well as identification of the main gene most likely

responsible for the difference in seedling height between Dunghan Shali and Kakehashi.

2-2 Materials and Methods

Plant materials



To produce RILs, we selected Kakehashi and Dunghan Shali as parental rice cultiv:ars.
Kakehashi, a temperate japonica variety, is adapted to the relatively cooler northern
Japan climate. Dupgﬁan Shali is a temperate japonica variety grown in Hungary and
shows superior seedling vigor. The F, plants generated by crossing Kakehashi with
Dunghan Shali using the former as female parent were self-pollinated, and ~ 300 F, seeds
were obtained. Each F, seed was maintained as RIL by single-seed descent method,

resulting in a total of 250 RILs of F; generation.
Development of NILs

We used the rice cultivar Iwatekko (japomnica) as the recurrent parent to generate NILs
harboring the target QTL region, gPHS3-2, frqm Dunghan Shali. Iwatekko is a
promoted cultivar in Iwate prefec;lre (Japan), and is preferred for its superior food
quality as well as for its tolerance to cool temperature at the booting stage. Iwatekko
was first crossed to Dunghan Shali, and the resulting F; plants were backcrossed four

times to Iwatekko using marker-assisted selection (Yano and Sasaki 1997; Yano 2001).
Evaluation of seedling height
The seeds of all lines used in this study were imbibed in water for 5 days at 12°C and then

forced into sprouting for 2 days at 25°C. Fifteen seeds per line were sown on a cell plug

tray (cell count: 8*16; tray size: 600*300mm; depth of cell: 45mm) , and the plants were



germinated and grown in a greenhouse where the temperature was controlled at 25°C but
under natural light conditions. Seedling height (length between the coleoptile node to

the tip of longest leaf blade) was measured at 14 days after sowing.
Genotyping of RILs and NILs with DNA markers

For genotyping the RILs, we used a total of 88 Simple Sequence Repeat (SSR) markers |
that covered the 12 rice chromosomes from theJists provided by McCouch et al. (2002)
and IRGSP (2005). Procedures for DNA extraction and SSR marker polymorphism
detection were described previously (Matsubara et al. 2008; Hori et al. 2010). An
additional set of 11 SSR (McCouch et al. 2002; IRGSP 2005), two insertions and
deletions (InDels) and two cleavage amplified polymorphic sequence (CAPS) markers
(Table 2-1) located on the long arm of chromosome 3 and showing polymorphisms

between Dunghan Shali and Iwatekko were used to develop the NILs.
Map construction and QTL mapping

The linkage map was constructed using Mapmaker/EXP 3.0 (Lander ef al. 1987), and the
Kosambi map func’tién was used to calculate genetic distances (Kosambi 1994). QTL
analysis was performed using composite interval mapping aé implemented by the
Zmapqtl program (model 6) provided by the software package QTL Cartographer version

2.5 (Basten et al. 2005; http://statgen.ncsu.edu/qtlcart/ WQTLCart.htm). A threshold
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Table 2-1 Primers used in this study.

Marker name Upper primer sequence Lower primer sequence | Purpose

ID-INDEL-01 GATAATGAACCTGGA | TTTCAGATGAGCAAA | mapping
ACTGC GGATT

ID_INDEL 02 | TGATGAGAGTGAACC | ACCGGGTGTAGTCAA | mapping
AGCGTA GTTGC

ID_CAPS 01 TCTGCACGTTTTTGT | TTGTGCATGCAACAG | mapping
TGTCC CAGTA CAPS (Hpy188])

ID_CAPS 02 CACAATGAAGAGGA | ACGATGACATCCCAC | mapping
GCAGCA ~| ATCCT CAPS (Sy1)

OsGA20oxReal | TGTCGCTGGAGCTGA | TAGTTGAGGCGCATG | real-time RT-PCR
TGGA ATGGA

OsActin-1Real | CCCCCATGCTATCCTT | GGCCGTTGTGGTGAA | real-time RT-PCR
CGT TGAGT

SSR markers designated by RM numbers are

readers are referred to IRGSP 2005.

1

not listed here. For details on these markers




value (r = 0.05) was determined by 1000 permutation test.

Gene expression analysis

Total RNA was isolated from embryo or shoots sampled from plants grown under
continuous light at 7, 12, and 17 days after start of imbibition (DAI) of the seeds using an
RNA isolation kit (RNeasy plant mini, QIAGEN). This was followed by DNase
treatment to remove contaminating DNA from the extracts. Two micrograms of total
RNA were converted to cDNA with RTase (TOYOBO).

To quantify the expression levels of transcripts, real-time RT PCR analysis
was performed using SYBR green (QIAGEN) on a Step-One Plus Real-Time PCR system
(Applied Biosystems). Expression levéls were normalized with the OsActinl gene.

The primer sequences used in this study are provided in Table 2-1.

Quantification of the endogenous gibberellins

About 80 mg fresh weight sample, which was cqmposed of leaf sheath and the stem but
without the leaf blades and the roots, was subjected to the analysis. The concentrations
of gibberellins were measured with MS-probe modification me‘ghod as previously
described (Kojima et al. 2009). In brief, the extract was passed—through an Oasis HLB
column (Waters, Milford, MA, USA), and gibberellin-containing fraction was obtained

by solid-phase extraction with an Oasis MCX column (Waters). After modification with
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MS-probe, the derivatized gibberellins were . measured with a liquid
chromatography-tandem  mass  chromatography system (AQUITY UPL"CTM
System/XEVO-TQS; Waters) with an ODS column (AQUITY UPLC BEH Cjg, 1.7 pm,
2.1 X 100 mm, Waters). Data were processed by MassLynx™ software with

QuanLynxTM (version 4.0, Waters).

2-3 Results

Phenotypic variation

A clear difference in seedling height was observed between the two parental lines grown
at 25°C for 14 days (Fig.2-1a). On average, seedlings of Kakehashi attained a height of
20.3cm (=*1.3), whereas those of Dunghan Shali reached about 29.4cm (£2.9). The
RILs showed a continuous distribution with respect to seedling height from 14.1 to

31.7cm, suggesting that this trait is controlled by multiple QTLs (Fig.2-1b).

QTL analysis for plant height of seedling

We constructed a genetic linkage map, based on RILs of the F¢ generation, using a total
of 88 SSR markers. The segregation ratios of the two genotype classes fit the expected
Mendelian ratio of 1:1 in most loci. However, segregation distortion was observed for

two loci located each on chromosome 3 (RM232-RM7365) and 11 (RM7221-RM5926),
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for which all RILs had the Kakehashi type alleles. Segregation distortion has been
frequently observed in populations derived from intraspecific crosses of rice, and certain
genomic regions fela{ted to segregation distortion have been uniquely reported to
particular crosses (Matsubara et al. 2011). The region showing segregation distortion
on chromosome 3 (RM232-RM7365) is the same location as the one identified in several
previous studies (Matsubara ez al. 2011). Nevertheless, the region on chromosome 11
has not been reported before.

Composite interval mapping was performed to identify the QTLs associated
with seedling height, based on 250 RILs of the F,; generation. A major QTL
(LOD=17.5) controlling plant height was identified on chromosome 3 with an average
contribution of 26.2% to the phenotypic variation (Fig. 2-2 and Table 2-2).. This QTL,
designated as gPHS3-2 (QTL for Plant Height of Seedling 3-2), \-Nas located within a 12.2
cM interval flanked by two SSR markers, RM1373 and RM7389, on the distal end of the
long arm of chromosome 3. Three additional QTLs, gPHS!I on chromosome 1, gPHS3-1
on chromosome 3 and gPHS4 on chromosome 4, were detected each accounting for 7.2,

6.6 and 5.2% of the total phenotypic variation, respectively (Fig. 2-2 and Table 2-2).
Production of NILs and fine-mapping of gPHS3-2

To evaluate the effects of individual QTLs separately, it is necessary to produce NILs for
each QTL in a common genetic background (Paterson et al. 1988). We produced NILs

carrying the major QTL from Dunghan Shali in an Iwatekko genetic background by a
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Figure 2-2 Linkage map of the RILs derived from a cross between Kakehashi and
Dunghan Shali showing location of the putative QTLs with LOD score.

The markers in boxes represent thiose nearest to their respective QTLs.
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Table 2-2 QTLs for height of seedlings detected in the RILs derived from a cross between

Kakehashi and Dunghan Shali.

QTL Chr. Marker interval Nearest marker LOD PVE  AE (cm)
qPHSI 1 RM8085-RM1339 RM1339 55 7.2 0.8
qPHS3-1 3 RM4108-RM5393 RM4108 53 6.6 0.7
qPHS3-2 3 RM1373-RM7389 RM7389 17.5 26.2 1.5
qPHS4 4 RM3534-RM349 | RM349 4.4 5.2 0.6

All genetic parameters were calculated by QTL Cartographer Ver.2.5. The LOD threshold for

detection of QTL in the composite interval mapping procedure was 2.6.
LOD Log-likelihood value; PVE percentage of total phenotypic variance explained by the QTL;
AE additive effect of Dunghan Shali allele for plant height of seedling.

17



repeated backcrossing to Iwatekko. By means of marker-assisted selection using a total
of 88 SSR markers, we developed nine BC,4F; NILs harboring different portion of
Dunghan Shali segments in the long arm of chromosome 3 (Fig. 2-3). The rest of the
genome was Iwatekko type for all the nine NILs. Using these NILs, we fine-mapped the
major QTL, gPHS3-2. The eight NILs (17, 19,‘28, 92, 86, 32, 33 and 114) harboring
Dunghan Shali segments at the distal region of the long /arm of chromosome 3 in an
Iwatekko background had significantly larger plant height than Iwatekko (Fig. 2-3).
Among the eight NILs, NIL-114 has the shortest DNA segment (797-kbp) derived from
Dunghan Shali at the marker interval RM2187-RM16245. On the other hand, the
seedling height of NIL-11, which contained only a short Dunghan-Shali segment at its
proximal-end and the largest segment of Iwatekko within the candidate region for
qPHS3-2, was not significantly different from that of Iwatekko seedlings. These results
reveal that the gPHS3-2 is localized within a 797-kbp region in the distil region of the
long a;m of chromosome 3 (Fig. 2-3).

To narrow down the gPHS3-2 region, we increased the number of NILs that
harbor recombinations between RM 16200 and RM16245. Two BC4F, lines, NIL-115-18
and NIL-116-66, had different segments of Dunghan Shali chromosome within the
interval RM2187-RM 16245 (Fig. 2-4a). Plant heights of the progeny derived from
selfing of these two lines (BC4F5) did not show significant diffqrence from that of
Iwatekko (Fig. 2-4a). Besides, we obtained an additional NIL, NIL-I 16-43-497, which
had Dunghan Shali genome segment in the marker interval between RM16217 and

RM7389 in a heterozygous state (Fig. 2-4b). The BC,F¢obtained by selfing of this NIL
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exhibited segregation for plant height among the seedlings (Fig. 2-4c). Progeny with
Dunghan Shali genome segment in this region in homozygous or heterozygous states
showed larger seegllirfg heights than those with Iwatekko-type segment in homozygous
state. This result suggested that Dubnghan Shali-type allele of the QTL might be
dominant over the Iwatekko allele (Fig. 2-4c).

Furthermore, NIL-497-8 with Dunghan Shali génome segment in the marker
interval between ID_INDEL 02 and ID_CAPS 02 was selected from NIL-116-43-497 at
BC,F¢ generation. NIL-497-8 harboring only 81 kb segment of Dunghan Shali genome
in the Iwatekko background showed a significantly larger seedling height than Iwatekko
(Fig. 2-5a). This result strongly suggests that gPHS3-2 resides in the interval between

ID CAPS_01 and RM16227 with a distance of 81 kb (Fig. 2-5).
Expression of OsGA20o0x1 in seedlings

The 81 kb interval between markers ID_CAPS_01 and RM16227 is predicted ,,to contain
10 genes including OsGA4200x1, a gene that encodes gibberellins 20-oxidase-1 (Fig. 2-5b).
The gibberelliné (GAs) are plant hormones that play important roles in many aspects of
plant growth and development, such as seed germination, stem elongation, and flower
development (Yamaguchi and Kamiya, 2000, Olszewski et al., 2002). Loss-of-function
mutations of the OsGA200x2/sdl gene that is located on chromosome 1 cause
semi-dwarfism, resulting in lodging resistance and increased grain yields, and thus are

responsible for rice ‘Green Revolution’ (Sasaki et al., 2002). It is interesting that
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Figure 2-5 High resolution-mapping of ¢PHS3-2. _

(a) Graphical genotype of Iwatekko, Dunghan Shali and NILs of BC4F; generation with
plant height (mean—=SD) at seedling stage. White and black boxes are homozygous for
the Iwatekko- and Dunghan Shali-type chromosome segments, respectively. ** indicate
significant difference (P <0.01) between Iwatekko and Dunghan Shali or NILs by
Dunnett's multiple comparison test. (b) Predicted genes, including GA20oxI, in the
qPHS3-2 candidate region according to the Rice Annotation Project Database (RAP-DB:
Ohyanagi et al. 2005).
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OsGA200x1 is located within the 81 kb candidate genomic region of the major QTL for
plant height, gPHS3-2, detected in the present study (Fig. 2-5b). To evaluate the
relationship between _seedling height and OsGA200x1, real-time RT-PCR analysis of
OsGA20ox1 gene expression was performed using Iwatekko, Dunghan Shali, NIL-114
and NIL-497-8 (see Fig. 2-4a and Fig. 2-5a) during the initial growth stage. Relative
expression levels of OsGA200x1 in embryo of seeds maintained at 25°C for 7 DAI (days
after start of imbibition) were clearly different between Iwatekko and the other three lines
(Fig. 2-6a). All the four lines began to germinate at this stage, but the initiation of
germination in Dunghan Shali was clearly earlier as compared to Iwatekko and NIL-114
(Fig. 2-7), as well as compared to NIL-497-8 (data not shown). In addition, the relative
expression levels of OsGA20ox1 in seedlings of Dunghan Shali; NIL-114 and NIL-497-8
at 12 DAI and 17 DAI were significantly higher than that of Iwatekko (Fig. 2-6b).
However, OsGA20ox! expression levels in seedlings (Fig. 2-6b) were lower than the
levels detected in embryo at germination stage (Fig. 2-6a).

We also compared the genomic OsGA20ox] sequence between Iwatekko and
Dunghan Shali alleles. There was no nucleotide change in the coding region, but there

were four DNA changes within the 10 kb region upstream of the translational start site
(Fig. 2-8).
Quantification of endogenous GAs in seedling

GA, is the primary active GA in the vegetative shoots of rice, and the
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GA20ox1

-9220 -5609 -zsizo -5i3»2 +1 +1119 +1866
A T>C A 1 bp ATG TAG T>G
6 bp 18 bp deletion
insertion insertion

(ID_INDEL_02) (RM16217)

Figure 2-8 Comparison of the DNA sequences of GA420ox1 between Dunghan Shali
and Iwatekko.

Nucleotide changes are shown for Dunghan Shali using Iwatekko as the reference.
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early-13-hydroxylation pathway is considered to be predominant (Kobayashi ef al. 2000).
In addition, the rice OsGA200x1 enzyme prefers GAs; to GA,; as a substrate (Toyomasu
et al. 1997). Thegefdre we measured endogenous concentrations of the 13-hydroxylated
GAs (GAs3, GAyg, GA g, GAz, GA; and GAg) in rice seedlings without leaves and roots
sampled at 18 DAI. Compared with Iwatekko, we detected significantly higher levels of
GAj, the final product of GA20o0x activity, in Dunghan Shali and NIL-114, which is
consistent with the GA20ox! expression levels in these lines (Fig. 2-9). In Dunghan
Shali and NIL-114, the levels of active GA (GA;) and its catabolic GA (GAj) were also

significantly higher than in Iwatekko (Fig. 2-9).

Effects of gPHS3-2 on the plant characteristics at maturity

Enhanced seedling growth of NILs harboring ¢ PHS3-2 prompted us to study its effect on
plant gross morphology at the mature stage. Thus, we measured culm length (plant
height), panicle length, and panicle number in NIL-114 and Iwatekko in two consecutive
seasons, 2010 and 2011 (Table 2-3). We also made additional measurements on
internode length, number of grains per panicle in 2011. Culm length of NIL-114 was
longer than that of Iwatekko in both seasons, but the difference was statistically
significant only in the 2011 experiment. The longer culm length in NIL-114 appears to
be due to the proportional elongation of all the internodes, although only the
contributions of the 2™ and 4™ internodes were significant. ~Although the differences are

subtle, this result suggested that Dunghan Shali allele of gPHS3-2 enhances not only

27






‘(D .«muﬂ oYy st ajorued oY) mofeq isnf spourojur ysomwraddn a9y 1ey] yons ‘woljoq o} doj wory persquinu st spourdjur yoeyqg (q
(100°0> dxss S0°0> d% 1593~} 5,)U9PN}S) SOOUAISIJIP JUBOIJIUTIS 9JOIPUT SYSTIAISY  “A[oAnoadsar ‘[yiy 1ad
yue(d 291y) pue auo sem uisjed Sunjuerd oyl pue ‘17 PUB 00T UI PIoIJ Apped ® 01 pojuejdsuen ozom sSui[pess -yiSus| o[orued

pue y18ua| opoursjur ‘YSus| wno uo syusuwraInseaw 1oy Ymois wnuwipdo Surmoys s[[Iy woiy pojdures sem wno iseduof oy, (e

su su " su % su % su ok
L'TFv'e8 LO0F9SI v.lo.,oN €0FO0T 90F8L LOFLYLI SOFI'€ET LOF¥8E 01F0S8 oxyarem]

VIFLYS 80F691 TOFS6I SOF0T VOFS6 VOFEIL POFSYT 80FT6E SO0FvV16 (“4'D9) PIT-TIN

(01=1) 1102
........ S e, e

- L0OF90I €0F6'81 - - - - - 6'1+5°C8 o,VEBsBH

- SOFY 0l 90F60C - - - - - I'IF0°s8  (°d'Dd) vIT1-TIN

(8=1) 010T
ororued 1y red (e (W9) (e (W)
Iod surei§  soyorued y18us] A Al 111 II I I8u9]
Jo "oN Jo "ON ajorued | (g (W) YIZUS] opourajuy win)

ade)s danjew Y} 3 HII-TIN JO so1IsLIdYdeaeyd didLjoudyg ¢-7 dqelL

29



growth at the seedling stage but also promotes internode elongation, thereby resulting in
longer culms at the mature stage. On the other hand, we could not find significant
differences between NIL-114 and Iwatekko with respect to the other traits measured, i.e.

panicle length, panicle number and grain number (Table 2-3).

2-4 Discussion

Seedling vigor is one of the major determinants for stable stand establishment in direct
seeding of rice in temperate regions. Previous genetic analyses have revealed that
seedling vigor is controlled by several genes (Onishi et al. 2007; Redona and Mackill
1996b; Cui et al. 2002; Zhang et al. 2005a,b; Zhou et al. 2007). However, the genes
responsible for the enhanced growth of Dunghan Shali seedlings have not been addressed
yet. In this study, we identified QTLs for seedling vigor, and demonstrated that the
QTL, gPHS3-2, that was located on chromosome 3 explains a major part (26.2%) of the
total phenotypic variation in the RILs population that was derived from a cross between
Kakehashi and Dunghan Shali (Fig. 2-2 and Table 2-2).

Our results show that the height of seedlings in Dunghan Shali is controlled by
a QTL with a major effect, gPHS3-2, and additional QTLs with minor effects, gPHSI,
qPHS3-1 and gPHS4 (Table 2-2). The major QTL, gPHS3-2, was loc}alized toal22cM
interval between the markers RM1373 and RM7389 on chromosome 3. Four QTLs for
plant height have been identified by studies involving a cross between Lemont (O. sativa

L. subsp. japonica) and Teqing (O. sativa L. subsp. indica) (Zhang et al. 2005b). Of
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these, one QTL was detected near the marker RM 148 that was located on chromosome 3,
and the Teqing allele in this QTL is associated with the larger plant height (Zhang et al.
2005b). In additipn,_another QTL, g2LSL3 (leaf sheath length at seedling stage) was
detected using RILs derived from a cross between O. rufipogon (from India) and a
japonica strain (Onishi ef al. 2007). Based on their chromosomal locations, these QTLs
appear to correspond to the gPHS3-2 detected in this study. However further analyses
are required to prove the allelic relationship between these QTLs.

In this study, we used a map-based cloning strategy to identify the location of
gPHS3-2 and narrow down its region to 81 kb interval on the long arm of chromosome 3 k
(Fig. 2-4 and Fig. 2-5). In this regioAn, there are 10 putative genes that were annotated
by RAP-DB (Ohyanagi et al. 2005) including OsGA420o0x1 (Fig. 2-5). GA20ox
(gibberellin 20-oxidase) is an enzyme that normally catalyzes the penultimate steps in GA
biosynthesis. In rice, four genes encoding isoforms of GA200x (OsGA200xl,
OsGA200x2, OsGA200x3 and OsGA200x4) have been identified. 0OsGA200x2, located
on chromosome 1, is well known as ‘Green Revolution gene’, and loss-of-function
mutation in this gene, sdl, causes semi-dwarf phenotype (Sasaki ez al. 2002; Ashikari et
al. 2002). In addition, a previous study feported thaf rice plant statue is regulated not
only by OsGA20ox2 (SDI) but also by OsGA20ox! (Oikawa et al. 2004). The
expression levels of OsGA200x1 in seedlings of Dungilan Shali, NIL-114 and NIL-497-8,
an Iwatekko NIL with a replacement of gPHS3-2 by Dunghan Shali allele, were
significantly higher than that of Iwatekko (Fig. 2-6). Corroborating to this observation,

the endogenous GA, levels of seedlings in Dunghan Shali and NIL-114 are higher than
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that of Iwatekko (Fig. 2-9). These results strongly suggest that the major QTL, gPHS3-2,
that is- involved in the control of height of seedlings corresponds to OsGA420ox1.
However, we could not devtect any nucleotide substitutions in the coding region of
OsGA20o0x1 between Dunghan Shali and Iwatekko (Fig. 2-8). We hypothesize that
gPHS3-2 is caused by an unidentified DNA sequence chaI{ge(s) bet_ween Dunghan Shali
and Iwatekko that results in differential expression levels of OsGA20oxI. Consistent with
this hypothesis, a previous study showed that T-DNA insertion in the upstream of
OsGA200x1 gene (O. sativa L., cv. Dontokoi) enhanced its transcription, resulting in the
increase in the endogenous GA; levels (Oikawa et al. 2004). We detected several
nucleotide substitutions as well as an insertion/deletion in the region upstream of the
0OsGA200x1, which might have caused the observed differences in expression levels of
the gene (Fig. 2-8).

A GUS activity analysis using the rice cultivar Nipponbare (japonica) has
revealed that the promoter of OsGA4200x1 produces low GUS activity in young seedlings
(Kaneko et al. 2003). In this study, however, we observed the existence of varietal
differences in the expression level of OsGA200x! in rice seedlings. Recently, Yano et
al. (2012) conducted a QTL analysis for plant height at the initial growth stage using
backcross inbred lines of Koshihikari (japonica) and Habataki (indica). Combining
QTL-analysis with microarray expression profiling, they detected. two major QTLs,
qEPDI and qEPD2, corresponding to OsGA4200x2 and OsGAZOox}, respectively. They
concluded that OsGA200ox1 and O;vGA200x2 (SDI) function during initial growth, but

OsGA20ox1 plays a dominant role in increasing plant height at this stage. Our present

32



result corroborates with the finding of Yano ez al. (2012). Together, we propose that
qPHS3-2, most probably corresponding to OsGA200x1, could be used for enhancing yield
rice grown by di(ect_ seeding method. The Dunghan Shali allele of gPHS3-2, the
mole;:ular markers and the NIL developed in this study should be useful to improve

seedling vigor in rice breeding programs in temperate regions worldwide.
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Chapter 3

Genome sequencing reveals agronomically-important loci in rice

using a novel method MutMap
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3-1 Introduction

Recent developmf{nts_ in DNA sequencing technology have made whole genome
sequencing (WGS) possible in various organisms. WGS has been applied to the
identification of causal genes for mutant phenotypes in several model organisms
(Schneeberger et al. 2009; Austin et al. 2011; Uchida ef al. 2011; Zuryn et al. 2010;
Ashelford ef al. 2011). In Arabidopsis, the SHOREmap (Schneeberger et al. 2009) and
Next Generation Mapping (NGM: Austin ef al. 2011) methods employ WGS to identify
mutations responsible for given phenotypes. In both methods, mutants in the Colombia
(Col) ecotype background are crossed to a distantly related ecotype Landsberg (Ler) that
functions as a mapping line, and derived F, progeny are scored for their phenotypes.
DNA from the F, progeny exhibiting the mutant phenotype is bulked and sequenced for
identification of the genomic regions derived from the Col mutant parent. These
methods, modern day adaptations of bulked-segregant analysis (BSA: Michelmore et al.
1991; Giovannoni et al. 1991), use Single Nucleotide Polymorphisms (SNPs) present
between distant parents (Col and Ler) as DNA markers to locate the causal mutations.
However, F, progeny derived from such a distant cross show a wide phenotypic variation
due to segregation of a large number of loci, making these methods unsuitable for the
isolation of minor effect genes. Therefore, SHOREmap and NGM have been confined so
far to the isolation of genes causing major phenotypic effects in Arabidopsis, and, to date
crop genes have not b.een isolated using these methods.

In this study, we have generated large-scale mutant line populations of an elite
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Japanese rice cultivar and applied MutMap, a novel method of rapid gene isolation
employing a cross of the mutant to wild-type parentgl line. We have used MutMaép to
localize genomic positions of rice genes controlling agronomically-important traits
including semi-dwarfism. Given that the mutant plants and associated molecular
markers can be immediately made available to plant breeders, this approach has the

potential to dramatically accelerate crop breeding and genetics.

3-2 Materials and Methods

Rice mutant lines

Immature embryos of the cultivar “Hitomebore” were mutagenized by immersing the
panicles in 0.015% EMS solution overnight (see Rakshit et al. 2010 for details). The
resulting M1 plants were self-pollinated, and M2 seeds were obtained. M2 plants were

further self-pollinated to obtain M3 progeny, resulting in a total of 12,000 M3-M4 lines.

Whole genome sequencing of bulked DNA

DNA was extracted from 100 mg of fresh rice leaves using the DNeasy Plant Mini Kit
(QIAGEN Sciences, Maryland, USA). DNA was quantifiezi using the Quant-iT
PicoGreen dsDNA Reagent and Kits (Invitrogen, Oregon, USA). To make bulked DNA

from F, progeny, DNA from F, individuals was mixed in an equal ratio. Five
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micrograms of the mixed DNA was used for preparation of libraries for Illumina
sequencing according to thé protocol for the Paired End DNA sample Prep Kit (Illumina,
San Diego, CA, US‘A).~ The libraries were used for cluster generation on a flow cell and
sequenced for 76 cycles on an Illumina Genome Analyzer IIx. Base calling and filtering
of low quality bases were performed using sequence control software (SCS) real-time

analysis, BCL converter and the GERALD module (Illumina, San Diego, CA, USA).

Alignment of short reads to reference sequences and SNP calling

To identify mutations incorporated by EMS, we generated a reference sequence of the
“Hitomebore” wild type genome based on the publicly available “Nipponbare” rice
genome sequence (IRGSP 2005). First, we obtained a total of 1,083 million paired-end
short reads from “Hitomebore” wild type and 11 mutant lines. These short reads were
pooled and aligned with MAQ (Li et al. 2008) to the “Nipponbare” reference sequence.
Alignment files were converted to SAM/BAM files using SAMtools (Li ef al. 2009), and
applied to a filter pipeline (Kosugi ef al. manuscript in preparation) to identify reliable
SNPs. This filter pipeline was developed to maximize true SNP detection and minimize
the false SNP calling by 1) removal of the paired-end reads of an insert size more than
325 bp, 2) calling SNPs only for the genomic regions covered by a minimum of three
reads for homozygous SNPs and five reads for heterozygous SNPs and a maximum of
three fold of the average read depth over the genome, 3) calling SNPs only on the sites

with an averaged Illumina phred-like quality score of =20. This was further optimized
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by test data: short reads of “Nipponbare” experimentally obtained by Illumina GAIIx
were aligned to the “Nipponbare” reference sequence containing a total of 859,555
artificial nucleotide substitutions at known positions, resulting in the successful calling of
82% of the true SNPs and at the same time keeping the level of false SNP calling to 0.1%.
Using this pipeline, we identified 100,819 reliable SNPs between “Hitomebore” reads and
the “Nipponbare” reference sequence. Based on this result, we generated a
“Hitomebore” reference sequence (DDBJ Project ID67163) by replacing “Nipponbare”
nucleotides with those of “Hitomebore” at 100, 819 sites. In order to remove the effect
of SNPs irrelevant to the mutant screen, it was important to generate and use a reference
sequence of the same wild type Hitomebore line that was used for mutagenesis. We
were able to further refine fhis reference sequence by taking a consensus of cumulative
genome sequences of the mutants.

» Paired-end sequence reads of bulked DNA of mutant F, progeny were aligned to
the “Hitomebore” reference sequence, and SNPs were scored. We divided SNPs into two '
categories: homozygous SNPs and heterozygous SNPs. Homozygous SNPs were
defined as SNPs with “SNP index > 0.9” and a minimum coverage of the sites of three
reads. Heterozygous SNPs were defined as SNPs with SNP index > 0.3 and SNP index
< 0.9 with a coverage of the position of more than four reads. We further filtered the
SNPS with two more steps: (1) removal of common SNPs that are shz}red by at least two
mutant lines, (2) extraction of SNPs that exhibit ‘G to A’ or ‘C to T’ transitions, which
are known to be the most frequent changes caused by EMS-mutagenesis. After

identifying the genomic regions harboring a cluster of SNPs with SNP index =1, we
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relaxed the condition of the filter to consider all the SNPs (caused by all the transition as
well as transversion) in the region as candidate SNPs for the causal mutation.

SNP index ﬁlot regression lines were obtained by averaging.the SNP-indices
from a moving window of five consecutive SNPs, shifting the window one SNP at a time.
The x-axis value of each averaged SNP-index was set at a midpoint between the first and

fifth SNP.

Genetic complementation of the Hit1917-pl1 mutant

For the complementation test, a 6,696 bp genomic fragments containing the OsCAOI
gene with 2kb upstream and 1kb downstream of the transcribed region was amplified
from wild-type Hitomebore genomic DNA by PCR and subcloned into the binary vector
pGWB1 (Nakagawa et al. 2007) to yield pGWBI1-OsCAOl. As the -control,
pCAMBIA-empty was used in this study. For RNAi of the OsCAOI gene, a 337 bp
OsCAOQ1 partial fragment was amplified from wild-type Hitomebore genomic DNA by
PCR and subcloned into the binary vector pANDA (Miki et al. 2005) to yield
pANDA-CAOI1. All binary vectors were introduced into Agrobacterium strain EHA105
for rice transformation. Hitomebore plants were transformed as previously described

(Toki et al. 2006).
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3-3 Results

Principle of MutMap

The principle of MutMap is shown in Figure 3-1 and is explained by taki_ng rice as an
example. We first mutagenize a rice cultivar “X” that has a reference genome sequence
with a mutagen, e.g. ethyl methanesulfonate (EMS). Mutagenized plants of the M1
generation are self-pollinated and brought to the M2 or mofe advanced generations to
make the mutated gene hoquygous. Observation of phenotypes in the M2 lines or later
generations  allows  identification @ of  recessive  mutants with  altered
agronomically-important traits including plant height, tiller number, grain number/spike
etc. Once the mutant is identified, it is crossed with the wild-type plant of the cultivar
“X”, the same cultivar used for mutagenesis. The resulting F, plant is self-pollinated,
and F; progeny (>100) are grown in the field for scoring the phenotype. Since these F,
progeny are deriveﬂd from a cross between the mutant and its parental wild-type plant,
segregation of phenotypes can be unequivocally. observed even if the phenotypic
difference: is small. All the nucleotide changes incorporated into the mutant by
mutagenesis are detected as single nucleotide polymorphisms (SNPs) and
insertions/deletions (indels) between the mutant and the wild type. Among the F,
progeny, the majority of SNPs will segregate in a 1:1 ratio for the mutant and wild types.
However, the SNP responsible for the change of phenotype is homozygous in the progeny

showing the mutant phenotype. If we collect DNA samples from recessive mutant F,
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progeny and bulk sequence them with a substantial genome coverage (> 10X coverage),
we expect to have 50% mutant-type and 50% wild-type sequence reads for SNPs that are
unlinked to the SNP responsible for the mutant phenotype. However, the causal SNP as
well as closely linked SNPs should show 100% mutant-type with 0% wild-type reads.
SNPs loosely linked to the causal mutation should have > 50% mutant-type and < 50%
wild-type reads. If we define the frequency of mutant-type SNPs among the total reads
as the SNP index, we expect to have an SNP index equal to 1 (SNP index =1) near the -
causal gene and an SNP index equal to 0.5 for the unlinked loci. SNP indices can be
scanned across the genome to find the region with a SNP index =1, which harbors the
gene responsible for the mutant phenotype.

The rate of false positives can be easily assessed because the allelic segregation
follows a binomial distribution with a parameter of 0.5 at a SNP with no linkage to the
causal SNP. If the sample size (read depth of the site) is 10, the probability of having
SNP index = 1 is p = (0.5)*10=10">. Therefore, in a data set with a known number of
genotyped SNPsA(L), the expected number of clusters of SNPs with SNP index = 1 (>k)
would be approximately pkL = 10°*L. In our case, the maximum estimate of L is 2225,
and the probability of observing a cluster of more than four consecutive SNPs with SNP
index =1 would be = 2.3x10°. Statistical considerations of how the number of F,
progeny to be bulked and the average coverage (depth) of genome sqquencing affect the
false positive rate and misclassification of phenotypes between mutant and wild-type
affects the true positives are given in Supplementary Data that was conducted by Dr. H.

Innan.
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MutMap applied to rice pale green leaf mutants

We have been majntéining a total of 12,000 EMS-mutagenized rice lines of M3-M4
generations with a background of “Hitomebore”, an elite cultivar of Northern Japan
(Rakshit et al. 2010). Whole genome resequencing of five independent mutants
indicated that each line harbors 1499+469 (meantstandard deviation; range 960-2225)
SNPs that are different from the wild type (Table 3-1). Using our mutant stock, we set
out to isolate genes of agronomic importance. As a proof-of-principle, we applied
MutMap to two mutants showing pale-green leaf phenotypes with slightly reduced
chlorophyll levels (Hit1917-pll and Hit0813-pl2; Fig. 3-2a)

We crossed these mutants to the “Hitomebore” wild-type in 2009, and obtained
F, progeny. F, plants were self-pollinated and > 200 F, progeny were obtained for each
cross. For both mutants we observed a clear segregation between wild-type and mutant
phenotypes in field-grown F, progeny, with the ratio conforming to 3:1 (Table 3-2),
suggesting that each mutant phenotype was caused by a recessive mutation in a single
locus. For each cross, DNA of 20 F, progeny showing the mutant phenotype was
isolated, and bulked in an equal ratio. This bulked DNA was subjected to whole genome
sequencing using an Illumina GAIIx sequencer. We obtained a total of 70 and 133
million sequence reads (75bp) for Hitl917-pll and Hit0813-pl2, respectively,
corresponding to > 5 Gb in total read length with > 12X coverage of the rice genome (370
Mb) (Table 3-3). These reads were aligned to a reference sequence of “Hitomebore”

using the MAQ software (Li ef al. 2008). Aligned data were passed through a filter to
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Table 3-1. Number of reliable SNPs detected between five EMS-mutant
lines and wild type Hitomebore.

Hitomebore Reference Number of
mutant line sequence - SNPs detected
Hit0220 Hitomebore 2,225
Hit3069 Hitomebore 1,272
Hit4529 Hitomebore 1,582
Hit5239 Hitomebore 960
Hit5922 Hitomebore 1,455

44






Table 3-2.

A table showing segregation of wild-type (WT) vs. mutant

phenotypes among the F2 progeny of seven mutants as studied by MutMap.

Mutant line Phenotype t\}yp’]; Mt;;?t 3 segxrze gation
Hit1917-pll Pale green leaves 274 84 0.23 (NS)
Hit0813-pl2 Pale green leaves 143 71 3.47(NS)
Hit1917-sd Semi dwarf 309 96 0.19(NS)
Hit0746-sd Semi dwarf 181 40 3.12(NS)
Hit5500-sd Semi dwarf 185 69 0.31(NS)
Hit5814-sd Semi dwarf 269 60 4.45 (P<0.05)
Hit5243-sm Male sterility 296 115 0.93(NS)
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Table 3-3. Summary of Illumina GAIIx sequencing of bulked DNAs of seven mutant
lines*.

Mutant Name I;I;;f ((:;)1?5' Reference genome No. of reads Tozzlbs)ize COE:;:; gé ij;i
Hit1917-pll 1 8 Hitomebore consensus 69,826,922 5.24 95.2 12.5
Hit0813-pl2 2 8 Hitomebore consensus 133,286,864  10.00 96.0 24.1
Hit1917-sd 1 8 Hitomebore consensus 89,564,924 6.72 84.1 16.6
Hit0746-sd 1 8 Hitomebore consensus 74,738,872 5.61 84.2 14.0
Hit5500-sd 1 8 Hitomebore consensus 69,887,350 5.24 82.4 13.2
Hit5814-sd 1 8 | Hitomebore consensus 75,209,760 5.64 84.6 14.2
Hit5243-sm 1 8 Hitomebore consensus 77,124,718 5.78 96.2 14.1

*No. of lanes and Conc. indicate the number of lanes and concentration of the libraries used for
Illumina sequencing, respectively. Sequence reads of bulk DNA of mutant F2 progeny were
aligned to the Hitomebore consensus sequence as described in the Materials and Methods.
Coverage and Read depth were calculated based on the alignment of short reads to the reference

genome.
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reduce spurious SNP calls caused by sequencing and alignment errors (Materials and
Methods). As a result, we found that the mutants harbor 1,001 (Hit1917-pll) and 1,339
(Hit0813-pl2) transition type (G to A and C to T) SNPs with high quality scores (Table
3-4), presumably caused by EMS mutagenesis (Pienkowska ez al. 1993).

For each identified SNP, we obtained the SNP index defined as the ratio
between the number of reads of a mutant SNP and the total number of reads
corresponding to the SNP. . The SNP indices were graphically plotted for all 12
chromosomes of rice (Fig. 3-3). As expected, SNP indices were distributgd randomly
around 0.5 for most part of the genome for the two mutant lines.  The noise observed in
the dispersion of SNP indices is not unex;.)ected given the large number of SNPs and the
stochastic nature of allelic segregation at iﬁdividual SNP, which follows a binomial
distribution with parameter 0.5 (See Supplementary Data). A single unique genomic
region harboring a cluster of SNPs exhibiting SNP index = 1 was identified for each
mutant (Fig. 3-2b): the Hit1917-pll mutant showed a cluster of seven SNPs with SNP
index =1 on chromosome 10, v;/hile Hit0863-pl2 had a cluster of five SNPs with SNP
index =1 on chromosome 1 (Fig. 3-2b, Table 3-4, Fig. 3-3). These results demonstrate
that MutMap allows rapid identification of the putative position of a causal mutation

responsible for a mutant phenotype.
Identification of the causal SNP of a pale green leaf mutant usin;g MutMap
Taking the example of Hit1917-pll, a pale green leaf mutant, we further examined the
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Table 3-4. Summary of SNPs detected between “Hitomobore” wild-type and bulked F2

DNA of seven mutants.

Number of all SNPs Number of G' A or C' T transition SNPs

Homo+ ~ -~ Homo+ i No of SNPs
Mutant line  Hetero Homo Hetero Homo with "SNP index" =1

Al An™ an® A O SNP*SS a0 SNP*Ss
in a cluster in a cluster

Hit1917-pil 10,360 101 1,001 24 10 14 7
Hit0813-pl2 6,187 238 1,339 10 7 5 5
Hitl1917-sd 3,432 139 896 10 9 7 6
Hit0746-sd 3,701 121 1,220 13 3 5 4
Hit5500-sd 3,420 131 553 9 4 6 4
Hit5814-sd 2,957 121 448 4 4 4 4
Hit5243-sm 7,791 229 735 21 11 17 11

*1 We define SNP as the site in which =30% of sequence reads show the nucleotide to be
different from that of the wild type “Hitomebore”. They include mutant-type homozygous
SNPs (Homo) as well as mutant-type/wild- type heterozygous SNPs (Hetero).

*2 Homozygous SNPs are defined as the SNPs with =90% of mutant-type reads among the
total reads covering the positions.

*3 From among the all SNPs detected, those caused by G to A or C to T transitions were
selected. EMS mutagenesis is known to be predominantly transitions.

*4 SNPs contained in all the chromosomes. '

*5 SNPs contained in short genomic stretches with a cluster of SNPs with higher SNP index
values (20.9). The exact genomic locations of the clusters and details of SNPs therein are

given below:

Number of SNPs of

Regions of SNP cluster GtoA or CtoT transition Number of other SNPs

Mutant lines  with homozygous SNPs i i

(SNP index = 0.9) Total SNPsin SNP.S caus.mg Total SNPsin SNP.S caus'mg
= amino acid amino acid
SNPs gene ORF SNPs gene ORF

change change
Hit1917-pll Chrl0: 22179795..23648959 10 5 2 0 0 0
Hit0813-pl2 Chrl: 43488206..44890284 7 3 0 0 0 0
Hit1917-sd Chrl2: 23171444..24815280 9 5 0 1 0 0
Hit0746-sd Chr8: 27360781..28128481 7 2 1 0 0 0
Hit5500-sd Chr9: 19720463..20768178 4 2 0 2 1 1
Hit5814-sd Chr4: 22949403..26036923 4 4 2 4 3 2
Hit5243-sm Chr8: 7479242..12890545 11 5 2 20 1 1
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SNPs showing SNP index =1 in detail. Of the seven SNPs showing SNP index = 1, two
corresponded to exons of protein coding genes. SNP-22981826 is localized to the gene
for chlorophyllide a okygenase (OsCAO1) leading to an amino acid change of Leu253
(codon CTT) to Phe (TTT), while SNP-23202531 corresponded to a Zinc
finger-RING/FYVE/PHD-type domain protein leading to a change of Alal06 (GCA) to
Val (GTA) (Table 3-5). There is a report of T-DNA insertion knockout of the OsCAO!
gene (Lee er al. 2005) showing that the OsCAOI mutant exhibits reduced chlorophyll,
similar to our Hit1917-pll mutant. Therefore, we hypothesized that Hit1917-pll is caused
by a non-synonymous substitution in the OsCAQOI gene.

To verify this hypothesis, we carried out a complementation study by
transforming the Hit1917-pll mutant with the wild-type OsCAO1 gene driven by the
native promoter. We also made a knockdown mutant of OsCAO! by transforming
wild-type plants with an RNAi construct targeting the OsCAO! gene (Fig. 3-4). The
Hit1917-pl1 mutant transformed with wild-type OsCAOI expressed both mutant as well
as wild-type alleles of OsCAOI (Fig. 3-4b), and its phenotype was restored to wild-type
(Fig. 3-4a, Fig. 3-5). As expected, the wild-type plant transformed with the RNAi
construct for OsCAQOI showed a reduced level of OsCAQ! transcripts (Fig. 3-5) and a
more enhanced pale green phenotype than Hit1917-pll (Fig. 3-4a). These data
demonstrate that the Hit1917-pll phenotype is caused by the mutation SNP-22981826

identified by MutMap.
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Table 3-5. Candidate causal mutations identified by MutMap.

Mutant -Chromosome  Reference Altered Type of Gene annotation and note
lines coordinate base base mutation
. . Chlorophyllide a oxygenase
' chr10: 22981826 C T Missense (L to F) (Os10t0567400)
Hit1917-pl1 G-type domai =" o
. . RING-type domain containing protein
chr10: 23202531 C T Missense (A to V) (0s10t0572500)
Hit0813-pl2 Not identified - - - No SNPs causing amino acid changes
. . Mutation at Succinyl-CoA synthetase-like
Hit1917-sd chrl2: 23426603 G A a splicing junction  (Os12t0572800)
. . . Conserved hypothetical protein
Hit0746-sd chr8: 27726540 G A Mlssense (Vto M) (Os080551200)
. Cdc48-like protein
- . *
Hit5500-sd chr9: 20768178 T A Nonsense (L to *) (Os09t0515100)
Similar to H0418A01.7 protein
- *
chr4: 24054530 A T Nonsense (R to *) (0s04t0471400)
. . Leucine-rich repeat-containing protein
. chrd: 24534915 A T Missense (E to V) (0s0410480500)
Hit5814-sd c 1 hvoothetioal vrorei
. . onserved hypothetical protein
chr4: 25169073 C T Missense (L to F) (0s0410493300)
. . RNA helicase-like protein
chré4: 26036923 C T Missense (R to C) (0s04t0510400)
] . EMBRYO DEFECTIVE 1135
chr8: 7491119 C T Missense (A to V) (Os08t0223700)
. } . . Pentatricopeptide repeat containing protein
Hit5243-sm chr8: 11640598 C T Missense (R to C) (Os08t0290000)
chr8: 12545030 T A Missense (I to N) Peroxidase 40 precursor-like protein

(Os08t0302000)
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Application of MutMap to agronomically-important traits

Our rice mutant li_neé exhibited a wide variation in quantitative traits (Table 3-6).
Taking a subset of 1,634 M4 lines, we measured seven traits of agronomic importance
(culm length, leaf length, number of panicles per plant, panicle length, husk length, husk
width, spikelet numbers per panicle). Out of the seven traits, four (culm length, panicle
length, husk length and husk width) showed statistically significant greater variance
(F-test, P < 0.05) between the mutant lines compared to the wild-type parental
“Hitomebore” line, demonstrating that our mutant lines contain a larger genetic variation
and are a good resource to isolate genes controlling agronomic traits (Fig. 3-6a).

In our breeding program, we are particularly focusing on plant height (culm
length), since a semi-dwarf phenotype increases yield (Sasaki et a/. 2002). To this end,
we applied MutMap to four semi-dwarf mutants (Hit1917-sd, Hit0746-sd, Hit5500-sd,
Hit5814-sd) in order to identify the genomic regions responsible for this phenotype.
Additionally, a male sterility mutant (Hit5243-sm) was included in the analysis (Fig.
3-6b). Note that phenotypes of pale green leaf in Hit1917 (indicated as Hit1917-pll)
and semi-dwarfism in the same line (Hit1917-sd) are caused by two independent
mutations in unlinked loci. All these phenotypes, except that of Hit5243-sm, are subtle
and quantitative and are difficult to score in the F, generation when the mutants are
crossed to an unrelated cultivar. With our MutMap approach, the F, segregation was
clearly observed (Fig. 3-7), and the segregation ratio suggested that a single recessive

gene is involved in governing all the phenotypes (Table 3-2). Twenty F, progeny
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Table 3-6. Measurements of seven quantitative traits of EMS-treated rice mutant lines

derived from the Hitomebore cultivar.

Character Mutant lines Wild type F-test

n  Mean SD n  Mean SD  Fvalue Pvalue F(0.025) F(0.975) F(0.005) F(0.995)
Culm length (cm) 1634 746 55 29 778 31 0314 0.0004 0443  1.835
Leaf length (cm) 1634 350 25 29 341 23 0.796 04672 0545 1597
Number of panicles o0 14 49 29 120 20 1112 06269 0545 1597
per plant
Panicle length (cm) 1646 193 09 27 197 05 0366  0.0028 0427 1872
Grain length without 0.0 51 o 27 51 00 0.073  0.0000 0427 1872
glumes (mm)
Grain width without 0,0 58 g 27 29 00 0243 0.0001 0428 1871
glumes (mm)
Number of spikelets o, 1136 19 27 1178 98 0670 02106 0531 1621
per panicle
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showing mutant phenotypes were bulk-sequenced, and the SNP index scored (Table 3-3,
3-4). The resulting SNP-index plots are given in Figure 3-6¢ and Figure 3-3. In all
cases, only a single genomic region contained a cluster of SNPs with SNP index = 1.
The average interval of the SNPs within these regions with a SNP index =0.9 was 2.1
Mb and we found at most four SNPs that could have caused non—synonyﬁous changes of
protein-coding genes (Table 3-4). | We therefore conclud¢ that these regions correspond

to locations of the causal mutations responsible for the observed phenotypes (Table 3-5).
3-4 Discussion

Here we have shown that MutMap applied to rice can rapidly identify the genomic region
harboring the causal mutation for a given phenotype. The most important feature of
MutMap is that it only requires crossing the mutant to the wild-type line used for the
mutagenesis followed by one subsequent selfing. As the mutant has been crossed back
to its progenitor wild-type, the F, progeny will show unequivocal segregation between
the mutant and wild-type phenotypes (Fig. 3-7). This contrasts with conventional
crossing schemes for gene isolation that involve crosses between genetically distantly
related lines. In distant crosses, the parent lines differ in many genes so that segregation
of particular phenotypes in the F, generation follows a Gaussian distribution, and not a
discrete distribution (Falconer and Mackay 1996; Fig. 3-8). In addition, half of all the
loci in the F, are heterozygous and, therefore, heterosis strongly affects the phenotype.

Because of these problems isolation of genes with minor effects as well as QTL has been
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carried out by using Recombinant Inbred Lines (RILs) of advanced generations, in which
the contribution of an individual gene is separately addressed and the effect of heterosis
can be minimized. ﬁowever, generation of RILs requires time and effort, and even
advanced generations of RILs can be difficult to phenotype.

MutMap is technically similar to SHOREmap (Schneeberger et al. 2009) and
other related methods (Austin ef al. 2011; Uchida ef al. 2011) including NGM (Austin et
al. 2011), based on bulked-segregant analysis of F, progeny (Michelmore ef al. 1991;
Giovannoni et al. 1991). Typically, a cross is made between a mutant of one ecotype
(e.g. Arabidopsis Col) and a wild-type individual of a distantly related ecotoype (e.g.
Arabidopsis Ler), and F, plants derived from such crosses are bulked and sequenced.
The sequencing reads are aligned to the genome sequence of the wild-type parental line
(Col) to search for the region with a high f;requency of the Col-type SNPs. That is, the
SNPs that vary between the distantly related. ecotypes (~1 SNP/kb; Schneeberger et al.
2009) are used as DNA markers to locate the region harboring the causal mutation. By
contrast, MutMap employs SNPs incorporated by mutagenesis as markers to look for the
region harboring the mutation responsible for a given phenotype. The small number of
SNPs that need to be considered in MutMap (< 2,300) as compared to the
SHOREmap/NGM  scheme (i.e. 305,002 SNPs Dbetween Col and Ler,
ftp://ftp.arabidopsis.org/Polymorphisms/Ecker_ler.homozygous/snp.txt) enables reliable
alignment between genome sequences and reduces the level of noise in SNP calling. An
advantage of having a large number of SNPs, as in SHOREmap/NGM, is that a clear

cluster of SNPs with a high SNP index would be expected around the causal SNP.
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However, it would be difficult to pinpoint the actual causal SNP because of the large
number of SNPs in the cluster. In MutMap, the causal SNP can readily be identified,
provided that the region has sufficient sequence coverage (Supplementary Data). In
SHOREmap and NGM, only phenotypes with discrete characteristics can be
unequivocally scored among the F, plants derived from distant crosses, and subtle
alterations of quantitative traits cannot be adequately measured. The small number of F,
progeny used [20] for bulking in MutMap also contrasts to the larger number of pfogeny
required for the application of SHOREmap and NGM to Arabidopsis, namely 500 and
>50, respectively (Schneeberger et al. 2009; Austin et al. 2011). In crop plants,
growing such a large number of F, progeny in the field can be impractical. The major
differences between MutMap and SHOREmap/NGM are summarized in Table 3-7.

MutMap also differs from the method of bulk sequencing of progeny derived
from sequential backcrosses (> 4 times) of mutants to the wild-type, that has been applied
to Caenorhabditis elegans (Zuryn et al. 2010) and Arabidopsis (Ashelford et al. 2011).
In the latter method, backcrosses remove SNPs from the progeny, and only the regions
harboring the causal mutation retain SNPs. The regions harboring the causal mutation
for the phenotype are identified by scanning the genome for a region with high SNP
density. MutMap is more practical for crops with long generation times since
consecutive backcrosses are not required.

It is possible to further simplify MutMap for traits that are easily quantified in
the field. Mutagenesis of seeds of an inbred line results in M1 lines. Self-pollination of

each M1 plant results in an F, generation that segregates for mutant and wild-type
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phenotypes. Provided that the M1 line contains a recessive mutation (designated as a) in
the heterozygous state (Aa), there will be a high chance (.1—[0.75]20 = 0.997) of observing
the mutant phenotype (aa) among 20 F, individuals. Thus, by growing and screening >
20 F, individuals per line, it would be possible to obtain the individuals showing the
desired mutant phenotypes (aa) as well as their heterozygous siblings (Aa) with the
wild-type phenotype. Bulked DNA of mutant-type progeny derived from selfing of a
large number of the heterozygous siblings could serve the same function as that of
mutant-type F, plants derived from the cross between a mutant and its wild-type in the
MutMap scheme. The advantage of this method would be that it does not require any
crossing, which makes it applicable to crops that are difficult to artificially cross.
In crop plants, identification of QTL has been conventionally addressed by mining
natural ge_netic variation. However, Robertson (Robertson et al. 1985) proposed the use
of mutants for isolating QTL. We envisage that the application of MutMap to a large
mutant collection may yield a treasure trove of information relevant to QTL isolation.
One could, for example, first identify a QTL likelihood interval by conventional QTL
mapping, then search the MutMap database for mutants that have a related phenotype and
that map within the QTL likelihood interval to identify candidate DNA changes worthy of
further testing.

We anticipate that MutMap will greatly facilitate gene isolatior_l and breeding of
crops by reducing the time and labor required for identifying agro-nomically-important
genes. Given that DNA sequencing is becoming easier and cheaper, the cost of

identifying such genes can be dramatically reduced. However, it is not even necessary
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to identify the causal mutation to exploit MutMap in crop breeding. If the causal SNP
cannot be identified, the SNPs flanking the regions (those with a SNP index = 1) can be
used as DNA markf:rs'to immediately start marker assisted selection (MAS) by crossing
the mutant to the wild type. Moreover if the mutagenesis is performed in an elite crop
cultivar, as in the case of cv. Hitomebore, then the mutants and the associated SNP
markers can be immediately made available to breeders to generate new improved
varieties. Since MutMap requires relatively deep sequencing coverage of the genome
(>10X), its application to crops with very large genome sizes, such as maize, sorghum,

soybean, barley, wheat etc., requires further investigation.
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3-5 Supplementary Data (This analysis was conducted by Dr. Hideki Innan.)

Evaluation of the effects of number of F2 progeny to be bulked (#) and average sequencing

coverage (depth) of the genome (G) on the levels of false positive SNPs (SNP index =1).

In our demonstration with rice in thé main text, we observed a clear cluster of SNPs with SNP index=1.
However, it could be possible to encounter cases where the signature is not clear. Using statistics we
would be able to evaluate the probability of occurrence of non-cansal SNPs with SNP index =1 by chance.
Suppose that # is the number of individuals used for bulk sequencing and G is the genome-wide average
of the sequencing coverage. At an unlinked SNP, the number of reads from a single individual follows a
Poisson distribution with mean G/» assuming equal density for all individuals in ﬂle bulked DNA.
Therefore, although the expected SNP index is 0.5 regardless of #, the variance decreases with increasing
n. This null distribution of the SNP index can be easily obtained by a simple simulation, while it can also
be given by a more complicated analytical expression with a convolution of multiple Poisson distributions.
The P-value for a single SNP can be determined from this null distribution. Suppose that there are L SNPs
in the entire genome. Then, the statistical cutoff for these multiple SNPs can be determined by correcting
for multiple tests, e.g., by the Bonferroni or Sidak corrections, which is denoted by 4.

The statistical power largely depends on g; as g decreases the power would increase.
Therefore, it is desirable for the null distribution to have a narrow distribution around.O.S. To decrease the
variance of the null distribution, we need to increase the sample size and coveraée. To demonstrate their
effects separately, the effect of #» when G is fixed is shown in Figure Sla and Figure S1b represents the

effect of G when 7 is fixed. We found that increasing # significantly decreases the variance of the SNP
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Evaluation of the effects of misclassification of the phenotypes of F2 progeny (between mutant- and

wild-type) on the SNP-index

Next, consider a causal SNP, which should have SNP index = 1 if the phenotype is correctly determined.
Accordingly, the cansal SNP can be statistically identified if the statistical cutoff after correcting for
multiple tests (g) is smaller than 1. However, this does not hold if there is misclassification of the
phenotype. Ideally, all » individuals should have genotype aa at the causal SNP, but suppose j individuals
happened to be AA because their phenotype had been wrongly classified. In this case, the expected SNP
index at the causal SNP is decreased to j/#. The density distribution of the SNP index is again given by a
complicated function of #, j and G, involving multiple Poisson distributions. Figure S2 shows how
misclassification affects the distribution. Obviously, as j increases, the distribution of the SNP index shifts
left (Figure S2a), indicating the importance of correct classification of the phenotype. Next, if a certain
level of misclassification has to be taken into account, we ask how the statistical power can be improved.
There are at least two options: (i) to increase the coverage, G, and (ii) to increase the sample size, #. To
address this question, in Figures S2b and c, the misclassification rate (j/#) is fixed, and the effects of G and
n are explored. It was found that as the coverage (G) increases the variance dramatically decreases (Figure
S2b). In contrast, the effect of # appears to be far less significant although we can observe a slight
improvement because the probability of SNP index <0.9 decreases with increasing » (Figure S2c). It is
suggested that increasing the coverage may be more efficient for increasing thg statistical power when

there is a possibility of misclassification of the phenotype.

Overall, the success rate for identifying the causal SNP is determined by g, the cutoff value after
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correcting for multiple tests, and the expected distribution of the SNP index at the causal SNP. g has a
strong positive correlation with the number of SNPs (L), therefore, having too many SNPs might decrease
the statistical power. An advantage of having a large number of SNPs is that we can expect a clear array of
SNPs with a very high SNP index around the causal SNP, although it would be difficult to pinpoint the
real causal SNP from a large number of SNPs in the array. (An extreme case would be NGM). In our
demonstration with rice in the main text, we show successful results with approximately L =2,000 SNPs.
We believe that our method works with an even smaller value of L because the rate of false positives is
reduced. Perhaps, the ideal scenario for our method would be just a single SNP that was also the causal
SNP. The only concern in a case with a small value of L is that if the causal SNP might not be well
sequenced for sc;me reason. In such a situation, additional linked SNPs would help to identify the causal

‘region’.
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Chapter 4

General discussions
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Food shortage has become a challenging problem worldwide, not only because
of world population growth but also as a result of the adverse effects of global climate
change on food production. To address this problem, crop improvement programs that
deal with the traits related to tolerance to environment stress, high yield, and lower labor
costs are required. To this end, the genes that affect these traits need to be identified
and characterized for a better understanding of the traits. Moreover, genetic resources
carrying the alleles that enhance agronomic traits must be identified (Takeda and
Matsuoka 2008).

The direct seeding of rice (Oryza sativa L.) is preferred to transplanting
because of its low labor demand, and has been widely practiced throughout the tropics
and subtropics. This method has gained popularity only recently in temperate regions
like Japan, where low temperatures limit early growth and good stand establishment.
Seedling vigor is one of the major determinants of stable stand establishment during
direct seeding of rice in temperate regions. In this study, we identified QTLs for
enhanced height of seedlings using a cultivar “Dunghan Shali” that shows superior
seedling vigor. We showed that the causal gene of a major QTL ‘gPHS3-2° is
OsGA20ox1, which is an enzyme that normally catalyzes the penultimate steps in GA
biosynthesis. Then, to demonstrate the effect of the identified QTL ‘gPHS3-2’ in the
paddy field condition, we performed field evaluatio.n test using a soyving machine that is
commonly used by farmers. Compared with Iwatekko, we observed significantly higher
plant height in NIL-114, although leaf age of the two lines was same (Fig. 4-1a,b). In

NIL-114, the number of seedlings per square meter was also significantly higher than in
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Iwatekko (Fig. 4-1c, Fig. 4-2). In addition, the seedling establishment rate in NIL-114,
which was evaluated by a field test using seeder tape, was 1.7 times higher than that in
Iwatekko (Fig. 4-3). These results suggest that gPHS3-2 is useful for improvement of
seedling establishment in direct seeding method. Therefore, we believe that thé
identified Dunghan Shali allele of OsGA20ox1 as well as the molecular markers and the
NIL developed in this study are invaluable resources for rice breeding programs aimed at
improving seedling vigor in temperate regions worldwide.

Mutant lines are also good resources for crop improvement. They are also
important materials to understand the molecular mechanism governing important traits in
crops. We have generated large-scale mutant line populations of an elite Japanese rice
cultivar ‘Hitomebore’ for the purpose of utilizing them for gene isolation and breeding.
However, when a mutant shows only a.subtle phenotypic change compared with the
wild-type, as is the case with most traits of agronomic importance, identification of the
causal mutation using conventional ‘map-based cloning’ involving distant crosses is
difficult. As explained in Chapter 3, the newly developed method, MutMap,
circumvents all the problems inherent in distant crosses for rapid identification of the
genomic region harboﬁng the causal mutation of a given phenotype even when the
change is subtle.

Here I show a result of MutMap application for the isolatiop of rice gene related
to amylose content of grains. In rice breeding programs in J-apan, improving eating
quality of cooked rice has been one of the most important objectives. Since amylose

content of rice grains is negatively correlated with stickiness and score of eating quality
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in rice varieties (Juliano et al. 1965, Juliano 1985, Inatsu 1988), rice breeders in Japan
have focused on breeding varieties with a low amylose content of under 15% in the last
decade. This resu_lte& in the development of rice varieties including Aya, Milky Queen
and Snow Pearl (Kunihiro et al. 1993, Ise e al. 2001, Higashi et al. 1998). However,
these varieties exhibit amylose content lower than 12% when cultivated in Tohoku region
in Japan, thus are not suitable for daily staple, because of too muc}l stickiness caused by
low amylose content. Amylose content of the commonly cultivated varieties in Tohoku
region, such as Hitomebore, is usually 17-20%. On the other hand, amylose content of
rice grains that is produced in Hokuriku region such as Niigata prefecture is 15-17%.
This is because grain amylose content is inversely correlated with the temperature during
ripening stage of rice (Asaoka et al. 1984, Sano et al. 1985, Inatsu 1988). It is thought
that difference in growth temperature affects grain amylose content and eating quality so
that the rice produced in Hokuriku region is preferred to that in Tohoku region by the
consumers.

To improve rice eating quality of a Tohoku variety, we performed screening for
amylose content of 2,000 EMS lines to identify mutant line that shows amylose content of
15-17% that is expected to cause a superior eating quality, even in the growth condition
of Tohoku region including Iwate prefecture where summer temperature is cool. We
identified a mutant line Hit1073 with the 15.7% amylose content that is only 2.5% lower
than Hitomebore (18.3%) (Fig. 4-4a). Then, to apply MutMap, we crossed Hit1073 back
to Hitomebore WT, and obtained F2 progeny by selfing of the F1 plants. We observed a

clear segregation in amylose content for field-grown 76 F2 progeny even though the
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mutant phenotype was subtle (Fig. 4-4b). We performed bulk sequencing and MutMap
application using the 19 mutant-type progeny that showed lower amylose content (Fig.
4-4b). A single upiq{le genomic region harboring a cluster of SNPs exhibiting SNP
index = 1 was identified on chromosome 9 (Fig. 4-5). We therefore conclude that this
region corresponds to location of the causal mutation responsible for the observed
phenotype; 2.5% lower than amylose content as compared to Hitomebore WT. This
result demonstrates that MutMap allows rapid identification of the position of a causal
mutation responsible for a mutant phenotype even though the phenotype is subtle.
Furthermore, we already started breedirig of Tohoku variety using Hit1073 mutant by
DNA marker assisted selection to improve the eating quality.

I believe that MutMap method as described here is a very powerful tool for
accelerating understanding of plant molecular mechanisms and also for enormously
enhancing improvement of crop traits including quantiﬁative traits of agronmomic

importance.
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