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Genotyping By Sequencing

• High coverage reduced representation

• RAD restriction digest

• RNAseq
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Abstract

Restriction-site associated DNA (RAD) sequencing is a powerful new method for targeted sequencing across the genomes of
many individuals. This approach has broad potential for genetic analysis of non-model organisms including genotype-
phenotype association mapping, phylogeography, population genetics and scaffolding genome assemblies through linkage
mapping. We constructed a RAD library using genomic DNA from a Plutella xylostella (diamondback moth) backcross that
segregated for resistance to the insecticide spinosad. Sequencing of 24 individuals was performed on a single Illumina GAIIx
lane (51 base paired-end reads). Taking advantage of the lack of crossing over in homologous chromosomes in female
Lepidoptera, 3,177 maternally inherited RAD alleles were assigned to the 31 chromosomes, enabling identification of the
spinosad resistance and W/Z sex chromosomes. Paired-end reads for each RAD allele were assembled into contigs and
compared to the genome of Bombyx mori (n = 28) using BLAST, revealing 28 homologous matches plus 3 expected fusion/
breakage events which account for the difference in chromosome number. A genome-wide linkage map (1292 cM) was
inferred with 2,878 segregating RAD alleles inherited from the backcross father, producing chromosome and location
specific sequenced RAD markers. Here we have used RAD sequencing to construct a genetic linkage map de novo for an
organism that has no previous genome data. Comparative analysis of P. xyloxtella linkage groups with B. mori chromosomes
shows for the first time, genetic synteny appears common beyond the Macrolepidoptera. RAD sequencing is a powerful
system capable of rapidly generating chromosome specific data for non-model organisms.
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Introduction

Discovering genes that control morphological, behavioural and
physiological phenotypes is critical for understanding adaptive
evolution, for plant and animal breeding and for tracking the
evolutionary responses of natural populations, such as insecticide
resistance in crop pests. Commonly, traits controlled by single,
major Mendelian genes are isolated using genetic linkage maps
created from crossing experiments. A genome-wide analysis is
followed by finer scale mapping with a larger number of
recombinant individuals to narrow the region of interest, and
finally targeted sequencing of genome libraries. Linkage maps
have been constructed for scores of organisms, generally to identify
a genome region controlling a trait of interest, such as skeletal
armour morphology in stickleback fish [1,2], wing patterns in
butterflies [3,4] and morphological and physiological traits in
sunflowers [5]. Amplified fragment length polymorphism (AFLP),

RAPDs, microsatellites and single copy gene markers used to
construct such maps are all problematic, either being expensive
and difficult to develop, or anonymous and difficult to translate
into useful sequence-based markers. Next-generation sequencing
can now greatly facilitate the process of genetic mapping, allowing
rapid generation of dense genome linkage maps consisting of
thousands of sequenced markers, such that useful sequences linked
to a gene of interest can be identified in a single experiment.

The restriction site associated DNA (RAD) sequencing method
[6,7,8,9] facilitates genetic variant discovery by sequencing only
the DNA flanking specific restriction enzyme sites, allowing
orthologous sequences to be targeted in multiple individuals.
The method relies on cutting DNA with a chosen restriction
enzyme, ligating an adapter containing a molecular identifying
sequence (MID) unique to each sample, and sequencing the DNA
associated with each restriction site using the massively parallel
Illumina sequencing technology [10]. The method has proven
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Rice (Oryza sativa L) is an economically important crop that accounts 
for ~20% of the world’s caloric intake. To be grown successfully under 
a variety of climatic conditions across the globe, breeders maintain 
rice at high genetic diversity. Second-generation sequencing tech-
nologies have enabled resequencing of a large number of genomes 
and have provided the possibility of high-throughput genotyping and 
large-scale genetic variation surveys1. Identification of allelic varia-
tions underpinning the phenotypic diversity observed in rice will have 
enormous practical implications in rice breeding2.

Recently we performed low-coverage sequencing of 517 Chinese 
rice landraces and imputed missing genotypes to construct a haplo-
type map of the rice genome. We then used this map to perform 
GWAS in the indica population in a previous study3. However, iden-
tifying the loci associated with complex traits in rice is challenging. 
This is because (i) O. sativa contains indica and japonica subspecies, 
which can be further divided into several divergent groups with high 
amounts of population differentiation2,3, and (ii) there is a low rate 
of linkage disequilibrium (LD) decay in rice3. Therefore, the inter-
pretation of association signals and the identification of causal genes 
through GWAS requires a full incorporation of population structure 
and detailed follow-up analyses of associated loci for candidate genes 
and causal polymorphisms.

In this study, we examined 950 worldwide rice cultivars, represent-
ing a much broader and larger sample than has previously been used. 
We developed a new analytical framework to assemble low-coverage 

sequences of different gene alleles4. This approach was then used to 
detect SNPs and complex polymorphisms such as insertions and dele-
tions (indels). Using this new method, we were able to project a map 
of genic variation onto the rice genome. This facilitated the discovery 
of functional variation among rice varieties. We collected phenotypic 
data of flowering time (heading date) and grain-related traits and used 
them for a GWAS in the O. sativa indica and japonica subpopulations 
and in the full O. sativa population. The broader sampling greatly 
enhanced the power of the GWAS. In addition to the loci identified 
previously, we identified 32 new loci underlying flowering time and 
ten grain-related traits. In the follow-up analysis of these regions, we 
integrated detailed annotation, expression profiles and genetic varia-
tion to identify candidate genes and potential causal polymorphisms 
for the grain-related traits.

RESULTS
Genetic structure of worldwide rice germplasm
The germplasm collection used in this study included a previous set 
of 520 Chinese landraces, plus a new set from China and other wide-
spread countries (Supplementary Fig. 1). We sequenced the genomes 
of the plants in the new set, which included 100 additional Chinese 
japonica landraces and 330 diverse global cultivars from 33 countries, 
on the Illumina Genome Analyzer IIx to approximately onefold cover-
age. The resulting sequence dataset of 950 rice varieties consisted of 
4.6 billion 73-bp paired-end reads. After aligning these short reads 

Genome-wide association study of flowering time and grain 
yield traits in a worldwide collection of rice germplasm
Xuehui Huang1,2,5, Yan Zhao1,2,5, Xinghua Wei3,5, Canyang Li1, Ahong Wang1, Qiang Zhao1, Wenjun Li1,  
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Yufeng Jing1, Lizhen Si1, Guojun Dong1,3, Tao Huang1, Tingting Lu1, Qi Feng1, Qian Qian3, Jiayang Li4 &  
Bin Han1,2

A high-density haplotype map recently enabled a genome-wide association study (GWAS) in a population of indica subspecies of 
Chinese rice landraces. Here we extend this methodology to a larger and more diverse sample of 950 worldwide rice varieties, 
including the Oryza sativa indica and Oryza sativa japonica subspecies, to perform an additional GWAS. We identified a total of 
32 new loci associated with flowering time and with ten grain-related traits, indicating that the larger sample increased the power 
to detect trait-associated variants using GWAS. To characterize various alleles and complex genetic variation, we developed an 
analytical framework for haplotype-based de novo assembly of the low-coverage sequencing data in rice. We identified candidate 
genes for 18 associated loci through detailed annotation. This study shows that the integrated approach of sequence-based GWAS 
and functional genome annotation has the potential to match complex traits to their causal polymorphisms in rice.
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Genetic mosaics

I 476 MAGIC lines sequenced at ⇠ 0.25x coverage

I Inferred genome mosaics of MAGIC lines from sequence data
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I 17,888 mosaic breakpoints in total

I Average segment size ' 3.5Mb
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Clusters of breakpoints
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I Clusters in 76.5% of lines, involving 28.8% of breakpoints

I Average segment size ' 3.5Mb, but in clusters ' 200kb
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6

What are the clusters?

I Locally very high recombination rates in Mb-sized regions ?

I Gene conversion clusters ?

I Chromothripsis ?
I Artefacts ?

I Introgression of novel genomes (novel sequence variants)
I Translocations (read mapping errors, split contigs)
I Heterozygosity
I Repeats, transposons (read coverage)

I Resequenced 9 lines at 20x coverage, 100 bp paired-end reads.
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Cousin Lines
~25% similar at haplotype level
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Mosaics Reproduced by RNAseq

low-coverage genomic DNA (MAGIC.175) RNAseq (MAGIC.175 - different plant)
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1% of SNPs are novel, 3% of novel SNPs in clusters
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Cluster regions resemble non-cluster regions
Mean coverage Properly paired reads Read pairs on same strand
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I >75% of breakpoints clusters have no abnormalities.

I Remaining abnormalities are probably rearrangements.
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Recombination hotspots

399 hotspots from 12,000 MAGIC breakpoints excluding clusters
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Cluster breakpoints are half as likely to lie in hotspots as other breakpoints.

Thursday, 13 June 13



Conclusions

I Overall, it is likely that the clusters are recombination-related.
I They are possibly recombinations or gene conversions.
I About 35% are potentially gene conversions.

I Locally very high breakpoint rates in Mb-sized regions.

I The occurrence of clusters is lineage-specific.
I Clusters breakpoints distinct from recombination hotspots

I Di↵erent mechanism ?
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Could clusters improve mapping resolution?

• Suppose a QTL has been mapped in MAGIC to a 300kb locus 300kb

• contains ~50 genes

• Cloning the gene(s) is still too slow

• Need more recombinants

• In 700 Arabidopsis MAGIC lines most of the genome covered by clusters

• Too few lines to fine-map a locus by focussing on the clusters

• BUT - if we make and low-coverage sequence thousands of MAGIC lines

• THEN we phenotype those lines with clusters at the QTL to fine-map
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