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F2E2 Omics

DNA sequencing, genetic profiling, genetic mapping, recombinant
DNA technology, structural and functional analysis of genome

RNA sequencing, GETOmIcE Protein identification,
expression profiling, | quantification, post-
transcriptional .~ x——— _translational
regulation (  Transcriptomics ) Proteomics modification
-

. - \ Study metabolite
Element Omics -'1 profiles,
profiling, metabolic
biochemical intermediates,
regulation, “ hormones and
element other signaling
interactions molecules

Evaluation of morphological, biochemical and physical traits,
establish link between genetic, epigenetic and environmental factors

Systems Biology
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Genomic DNA

DNA Sequencing

Sequence
Assembly

Gene Annotation
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The 3,000 rice genomes project

The 3,000 rice genomes project’**T

Abstract

Background: Rice, Oryza sativa L., is the staple food for half the world's population. By 2030, the production of rice
must increase by at least 25% in order to keep up with global population growth and demand. Accelerated genetic
gains in rice improvement are needed to mitigate the effects of climate change and loss of arable land, as well as
to ensure a stable global food supply.

Findings: We resequenced a core collection of 3,000 rice accessions from 89 countries. All 3,000 genomes had an
average sequencing depth of 14x, with average genome coverages and mapping rates of 94.0% and 92.5%,
respectively. From our sequencing efforts, gogroximately 180 million single nucleotide polvmarphieme (SNP<) in rice
were discovered when aligned to the reference genome of the temperate japonica variety, Nipponbare. Phylogenetic
analyses based on SNP data confirmed differentiation of the O. sativa gene pool into 5 varietal groups - indica,
aus/boro, basmati/sadri, tropical japonica and temperate japonica.

Conclusions: Here, we report an international resequencing effort of 3,000 rice genomes. This data serves as a
foundation for large-scale discovery of novel alleles for important rice phenotypes using various bicinformatics and/or
genetic approaches. It also serves to understand the genomic diversity within O. sativa at a higher level of detail. With
the release of the sequencing data, the project calls for the global rice community to take advantage of this data as a
foundation for establishing a global, public rice genetic/genomic database and information platform for advancing rice
breeding technology for future rice improvement.

Keywords: Oryza sativa, Genetic resources, Genome diversity, Sequence variants, Next generation sequencing
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Definition

Medical
examplar

Eg n%l?

Investigation to gain
knowledge and
understanding of a
particular subject
without regard to
practical applications

Investigating disease
mechanisms and
processes as well as
chemical eftects on
cellular processes

Translational Agriculture

Translational

The scientific work
required to develop a
clinical or commercial
application from a
basic science
discovery

Determining the relative

risk of an allele or
therapy to a patient

—)

Applied

Scientific investigation
carried out to create
therapies or

commercial/consumer
products

Using the relative
risk information to
prescribe therapies

Plant
biology
examplar

Investigating new
information on, for
example, genome
structure, gene models,
gene function, and
genetic variability

Utilizing variants as
selectable biomarkers
in breeding crosses

and progeny

Making breeding
Crosses to create
plants that have
value-added traits for
real-world production
agricultural uses

Example
usage
cases (See
Section 3)

Determining the
genetic cause of red
pigmentation in the
pericarpof a newly
discovered mutant

Identifying markers
associated with both
pigmentation and
maysin production for
COTN ear worm
resistance

Using markers
{morphological and
molecular) to guide
breeding programs to
produce ear worm
resistant sweet corn
lines

Figure 3: Three types of biological research. Research can be divided into three categories: basic, translational, and applied. Outcomes
from basic research feed into translational predictions, and developed uses for these findings constitute the basis for developing real-world
applications that benefit humanity and the world. Listed after the flow of research are definitions for each research type as well as medical
and plant biclogical models for how the different divisions are interrelated. Also shown are overviews of the example usage cases presented

in Section 3.

Lawrence et al. (2008) Int J Plant Genomics. 2008:496957
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Research

Field application Plant breeding

Research

Information pool

.

MAS (i)

Progency selection

T

Trangenics (i)  MOST treatments (iii)

R\

Breeding Parental selection
cycle recombination

MNew varneties

v

Crop management
Crops
Improved yield stability
Reduced fertillzer input

GWAS
QTL mapping
Proteomics

'

Plant sciences

Phenotypes

Sequencing
Omics projects

TRENDS in Plan! Scignce

Figure 1. Three ways to utilize detailed molecular
genetic information for crop improvement.
Phenotypes generated from the field, high-
throughput sequencing techniques, and various -
omics approaches generate vast amounts of
valuable data in the information pool for crop
improvement. Traditionally, this detailed
molecular genomic information is exploited by
marker-aided selection (MAS) (i) and transgenic
approaches (ii) for producing better new varieties.
MAS can be used for both parental and progeny
selection, whereas transgenic methods provide
opportunities for introducing novel beneficial
traits. Molecular strengthening (MOST)
treatments (iii) as a third outlet can facilitate the
breeding process (i.e., flowering time regulation
or controlled crosses). MOST treatments can also
be applied directly in the field for crop
management, for reduced fertilizer input, or
improved yield stability due to increased biotic
and/or abiotic resistance. Abbreviations: GWAS,
genome-wide association studies; QTL,
guantitative trait loci.
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Table 1: Crop-trait combinations identified to have been realised in variety development by MAS

SMART BREEDING: Trait Crops in which varieties has been developed by MAS

Insect resistance maize, rice, wheat
Fungal resistance barley, bean, chilli, lettuce, pearl millet, rice, soybean, tomato, wheat

MARKER ASSISTED SELECTION: Bacteria resistance bean, lettuce, rice
A BIOTECHNOLOGY FOR PLANT BREEDING L"’”“‘ "‘:;3‘“"“? EW bean. casseva, tomato, wheat, etiuce
WITHOUT GENETIC-ENGINEERING ematode resstance o% peant, potato, sovboan

Parasite resistance sorghum
Acid soil tolerance barley, rice
Drought tolerance: maize, rice
Salt tolerance rice
Flood tolerance rice
High protein grain wheat
High-quality protein maize
Cooking quality rice
High glucoraphanin broccoli
Mealting quality barley
Oil quality peanut, soybean
Low cadmium grain wheat
Yield Tahle 2: Examples of MAS-derived varieties released by the private sector

High yield rice, soybean, tomato et ey

October 2014 . Variety/ Trade Mark  Trait Country Year Company applied in the
private sector
breeding
companies,

Barley
Litmus Acid soil tolerance  Australa 2013 Syngenta’
Broccoli

such as the
Benelorte High glucoraphanin - USA 2011 Seminis® multinational
(aize | companes,
Sunrise Insectresistance  Germany 2010  Saaten Union® Monsanto,
isure Artesian’  Drought tol USA 2011 Syngentat o
Agrisure Artesian rought tolerance yngenta’ P ——
Optimum Drought tolerance  USA 2011 Pioneer® MAS is yet to take
AQUAmax* hold in public crop
Figaro Dissaseresistance  Germany 2012  SaKaPflanzenzucht® progtr;mma‘;
mosty on
e
Vistive* Low-linclenicacid ~ USA 2005 Monsanto® set-up costs
Y Series”, " Yield USA 2009 Pionser’ and intellectual
T Series*, *** Yield USA 2012 Pioneer® property richts
whoat .
Expresso Dizeaseresistance  USA 2008 Westbred®
Blanca Grande Disease resistance  USA 2010  Resource Seeds®
515
Summit 515 Diseaseresistance USA 2011 Syngenta®
New Dirkwin Disease resistance  USA 2013 Baglietto Seed
Company®
Westmore™** Grain potein USA 2007  Arizona Plant Breeders®
SY Tyra Insect resistance USA 2011 Syngenta®™
*: Varielies are stacked with transgenes conferring herbicide tolerance and/or insect resislance; **:
Y Series includes 32 variefies; ™" T Series includes 39 vaneties; "**": Wesimore is a durum wheat
variety.

References: 1: Paynter (2014); 2: Mithen (2012); 3: Brumlop & Finckh (2011); 4: Fithian & Martin
(2012); 5: Warner (2012); 6: Monsanto (2004); 7: Pioneer (2008); 8: Pioneer (2013b); 9: Jackson
(2011); 10: TCAP (2013).
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Genotype-by-Synthesis (GBS)

ApeKl site Apekl site Apekl site

Genomic DNA

Step 1
Construct reduced representation libraries (RRLS)  sticky end lm‘““m B Sticky end

by digesting each DNA sample with a g - -~

restriction enzyme (ApeKl)
[ —
e ———————— T

ApekKl sticky end ApeKl sticky end
Step 2
Ligate custom ‘barcoded’ adaptors to sticky T T t
ends of restriction site. Each sample has its own Forward DNA sequence Riverse
unique barcode sequence adaptor adaptor
Unigque DNA barcode
for each sample

Step 3

Pool digested and barcoded DNA
into a single tube. Perform PCR amplification,
library preparation, and sequencing

Digested and barcoded Mumina
on lllumina platform DNA samples DNA amplify sequencing
ﬁDCH L —
restriction site — —
Barcode l DMNA seguence L —
e —
Use barcodes to assign sequences to samples. — — ] | — ————
et
Produce a file of DNA sequence data D e——————————————————— | —
for each sarnple e ——————— ey —
e ——————————————
e e — \ e —
e
e —
—
——
Trends in Genetics 2013 29, 190-196 e —
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Genotype-by-Synthesis (GBS)

Table 1. A technical comparison of current genotyping methods using next-generation sequencing of multiplex
barcoded libraries. Adapted from Wang et al. (2012). Flavors of genotyping using next-generation sequencing of
multiplex DNA-barcoded reduced-representation libraries.

Random Size Multiplexing
Method shearing  selection  Frogmentsize  Enzymes' levelt Analysis tool(s) Reference
Multiplex shotgun genotyping A 7= 230 Yes Size selected Msel 96 (upto 384)  Burrows-Wheeler alignment tool Andolfatto et al., 2011
Restriction association DNA I Yes Size selected Shil 96 Custom Perl scripts Baird et al., 2008
sequencing (RAD-seq) R &N (% EcoRl
Double digest RAD-seq RN No Yes Size selected  EcoRl and Mspl 488 MUSCLEY Peterson et al., 2012
2b-restriction association DNA " No No 33-36bp Bsall* NATH Custom Perl scripts Wang et al., 2012
Genotyping-by-sequencing  .a 8% No No <350 bp Apekl# 48 (up to 384) TASSELSS Elshire et al., 2011
Genotyping-by-sequencing — = E¥|"|::| No <350 bp Pstl and Mspl 48 (up to 384) TASSEL Poland et dl., 20120
two enzyme
Sequence-based genotyping No Yes Size selected  EcoRl and Msel 32 Burrows-Wheeler alignment tool Truong et al., 2012
Pstl and Tag| and unified genotyper
Restriction enzyme sequence No Yes Size selected Msel NATT Burrows-Wheeler alignment tool ~ Monson-Miller et al., 2012
comparafive analysis Malll and Samtools

TAll of these opproaches con use different enzymes. Shown are the enzyme(s) used in the initiol study.

HAll of these methods have the possibility to increose the number of multiplexed somples using odditional unique barcodes. The multiplex level os reported in the reference poper. Given in porenthesis are
subsequent increnses.

§Combinatorial barcoding is possible, plocing o barcode on each end of the DNA fragment. Using o set of 48 odapter P1 barcodes and > 12 polymerase chain reaction (PCR) 2 indices it is possible to uniquely label
576 individuals (48 [adopter P1 barcodes] = 12 [PCR2 indices]). This method would require paired-end sequencing.

WMUSCLE, multiple sequence comparison by log-expectation.

#lses type |IB restriction endonuclenses.

1NA, not applicable.

HHas been successtully opplied to using Ps and Hindlll (. Buckler and R. Elshire, personal communication, 2012).
STASSEL, trait analysis by association, evolution, and linkage.

119¢-plexing reported but unpublished.
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Genotype-by-Synthesis (GBS)

Multiplexed Shotgun Genotyping (MSG)

D:g::sopr:e Adaptor ligation
96 harcodes EERBFR
(Hln P1l) ( ) )

LA al
| ||” I I|‘

LA "
| ||IJ ' llil

Insert sequence

Size selection umi )
(250-550bp) umina sequencing

PCR amplification (single end-100bp, 1 flow cell)
Approx. 200 million reads

Bioinformatics analysis
(TASSEL5)

* Analysis software: Tassel 5.0 GBS Pipeline & Bowtie 2

Demultiplexing.
- Alignment |
|SNP calling.

—y
Sequence
in Fastg
Andolfattoet al., 2011 ||
Sequence
in Fastg
| GBSSaqToTagDBPl.lgln

Bowha or EWA

SAM alignment

TagExpnnTnFasﬁquug]n ‘ | ProductionSNPCallerPluginV2 |

A 4
Genotype VCF
or HDFS file

SAMToGBSdbPlugin

| Rlecoenshigtalisihaini ]-—— | GetTagSequenceF romDBPIugin I
l xa Lists Jl Tab delimited file
SNPQuailtyProfilerPlugin_|¢—— | listing tag sequences
from DB

|uwmmmonqwm | ShECLUEcslaa) rlcatol I




Genotype-by-Synthesis (GBS)

A @ QTLs conferring Curding Time by GWAS

192 Brassica oleracea inbred lines (Known-you seed Co.)
93 Cauliflower (B. oleracea var. botrytis) 2 ‘ 8
86 Borccoli (B. oleracea var. italica) 3 S =
13 kale derived (B. oleracea var. alboglabra) ]

®
I

Sequencing Library 1 J— o
Summary BE 43 3 4 35 35 3 M1 8 a5 W 78 4 DI

W AmEguCs p
' Barcodes ———
B Low aualy o T I 147 T 1 s e i s O
}-3 1t LT LT 8 JJ____'--_ | R TR 1) [ =i 5
[ SEEELT B s e ER TR e -
nbigucus |
- 3 ] 23 |

RAD-Tag
Reads Libeary 1 Libeary 2 1 Retained ieads

Total Sequences 14573009 105 469,009

P e
Ambiguous Bucodes| 95,501,640 11,702,628 ,;,,m , s , & ' 4 a3
Low Quality 113,048 495,119 o — i I 7 FEL L L r& S sE

Ambiguous RAD- | g7 g9 L1ssgs0  toooom
Tee o : o LM Eafla M TRET A TR T

====== S o A SNP Set for Variety Identification

Tag count per individual v H:‘""’vlu‘: a n d F 1 S e e d p U rity

Average 1,020,744 B Relained Reads

Library 2

Lowest [GWAS205) 90,325 ; - {Senatype ol 2% St - -
Highest (GWAS095) 3,020,847 000 1 T e o s R § e e
o 1 | L — U P :
= it s e
M el = e, TR
A L™ e T . }

SNP sites 40,018 — "“’L'—'*”’_-’W s
Filtered SNP 10,439 E_.,,_ i AT

Proportion Missing 3.56%
Proportion TP

2.98% 19 1 1 1
_Heterozygous 0 . . 2. .
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sl *SNPIline Lite for lower throughput

/ Reagent dispensing applications (up to 20,000 data points
| per day; 96 & 384-well plates only)

IH

4534

*SNPIline XL for higher throughput
=% applications (up to 200,000 data
- points per day; 96, 384, and 1536-well

plates).
Samples

100K

10K

1000

\ N _ N ) 100
DA "-} Microtitre plate , ~ Sealing S Analysis and

extraction / processing  and PCR / data management

*___ N

Fluidigm

—i

Kraken laboratory workflow management software

1
0 1 10 100 1000 10K 100K

SNP assays

g@%&:{;{W%\%@ﬂggiﬁm%ﬁgﬁﬁﬁn@m@pg—instru ments/snpline/snpline-workflow/#.Wa17K8gjFPY
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Proprietary plates
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HFE#REE Gene Editing

ZFN /TALEN/ CRISPR-Cas9

Chromosome e —

} @EER ©sB) == &
domain domain
I
NHEJ HR HR
1 1 B ]
X X X X
[ s | Il
IDOHOI' DNA I Donor DNA
T e 0 I | . 0 |
—— oo | I X —— [ ]
SDN1 SDN2 SDN3
P - I ABGEX i B e e FllFR 13 %
WA - SRR ETRE WL - DlE TRzt [A—ERER

1. ZFN » TALEN » CRISPR/Cas9F = fi X KWW A L SR NDNARY - I/ ¥R ENBM ANDNAKE S
EH®E EFEMERE - REBERUBRIKA —RENPADNA « it Sl A EhEM L - EF7
{§ - SIEFE A - SDN (Site-directed nuclease) /RO 7 ¥ —13 i8N + NHE] (Non-homologous
end joining) &7k &) ¥ 7 e R B 855 R #E © HR (Homologous recombination) 77 % s Z #DNA
A 1 LS (2018)/EY) - FBBFSA YR 15:101-115
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= F#REE Gene Editing

ZFN

TALEN I

CRISPR/ Cas9

%E% DNA 7| HEBHE-DNA fBE1EH
=

SAHEFYIER FEEREER
ORISR FokI A U]

HERFYIRE 28 {F ZFN:9-18 bp
£%f ZFN: 18-36 bp

HBH-DNAHEFH

W IEEETRIE RVD HE
JU

Fokl N UJEE

B {# TALEN:14-20 bp
&%t TALEN: 28-40 bp

B = i, WAREQHIRE +% ®EESTTRES
% H iR AL i i

&2 ggﬁiﬂ s MEBERER #2EE ZFN BE-FEES
iR B SREHKE LTS R BEEdEEENE - HEGaiE%

R - BElaEk

o mEAREFLIE

DNA-RNA fig 5B 1 fl1
#HHH-DNA fHE{ER
sgRNA

Cas9 /YUIEE

22 bp
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1. Target Selection
Selection amrgat

2. SgRNA designing

DB“BIQI'IIM and ﬂoning of
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delivery vector

3. ln‘lmducilnn Inﬁo
date palm

The possible
tecrmiquss for

iﬂ
into datepalm

7 Transgenic
date palm

5. Screening of
transgenic plants

‘Screening of putative
transformed cells by
different techniques for
the confirmation of
gain or loss of function

6. Confirmation
Gain or loss of
functions mutants
‘would be screened
by wquencins
ction analysis,

qPCR reporter
_genes or NGS

CY ]

SgRNA NGG
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Target DNA
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Agrobacterium
transformation
00000000000
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Transit peptides Biolistic inoculation Protoplast transformation
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Fo Y

Insertion of desired
sequences

R

Wl IIIIIIIIIhCCIII

1l I
ALLLLI |.u.|_| hccll 1

Next GenerationSeq  Real time PCR Loss of RE site  Sanger sequencing

= A 4mEE
Gene Editing

FIGURE 2. A schematic diagram representing the
execution of CRISPR/Cas9 based system in date palm
genome editing. The most vulnerable target sites in
the desired gene(s) are selected specifically using
online available web sourcing to design primers for
complementary 20-nucleotides. The target specific
sgRNA and Cas9 cassettes are constructed either in a
single binary vector or separate expression vectors.
These cassettes are then co-transformed in vivo into
the plant cells employing a suitable transformation
method. Following the putative transformation, the
mutated cells are screened an analyzed for target-
specific mutations using reporter genes,
endonucleases, polyacrylamide gel electrophoreses,
or high throughput sequencing techniques. The
successfully transformed cells are then selected for
further downstream applications and analysis.
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#.2.5.1 3L F1 % IEH HFCRISPR / Cas9*t-k 2 4 $ 2 i #

#14& (Species) B 1% A A (Genes) h % (Functions) | ¥4X, (Years) 733N

23 % (Nile tilapia)
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2 % (Common carp)
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£2.3.1 - CRISPR/Cas9 FI%iB s Fk * SUK B i 3

o (Speciey i eRNACK) B F R B F

% # (Aspergillus) PyrG, areB, hph, ble gpdA/tefl 2017
3k 8 B (Aspergillus oryzae) PyrG AmyB/AmyB 10~ 20 2016
X2 #8 B (Aspergillus fumigatus) hph, ble SNR52/tefl 25~53 2015
9 88 Clpergitsfumigarny | SRR 510 2016
1% 48 i) (Aspergillus fumigatus) PyrG gpdA/TetON 2017
% 28 B (Aspergillus carbonarius) hph gpdAstefl 27 2017
Z M H (Aspergillus niger) PyrG, hph gpdA/tefl 37.5-100 2016
Z 38 B (Aspergillus niger) PyrG
% 44270 @ (Alternaria alternata) Pyr4, hph gpdA/tefl 2017
5% Gonoderma ucidum) 118 Tigpaa 2017
3 j is ciner hph U6/CcDED1 21 2017
ip U6/ Otef (modified tefl) 70 2016
ura$ T7/cbhl, pde 100 2015
G B ricularia oryza Bar U6; TrpCltefl 36.1-80.5 2015
SNRS2 T
* ici “hrysog ) amds T7/xinA 100 2016
A 598 7% & (Phytophthora sojac) (B U6/ Ham34 2016
vk 3 o k8 B (Myceliophthora thermophila) JEEis Ub6/tefl 15-95 2017
B 78 i (Beauveria bassiana) GFP, ura5, bar in vitro transcribe/gpd A 2017

# % (Shiraia bambusicola) hph Uo/tefl 2017
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% 2.2.3 CRISPR/Cas# F11 fe el ® > 5 2 Ferip A= §

R Bk B# F3 30K

Site-specific mutation, gene insertion/deletion and [80]

Bacillus subtilis transcriptional modulation
Knockdown essential genes [81]
Enterococcus faecalis Plasmid targeting [82]
| Lactobacillus casei Site-specific mutation, gene insertion and deletion [77]
| Lactobacillus gasseri Function of native CRISPR [83]
| Lactobacillus reuteri Site-directed mutagenesis [76]
Streptococcus thermophilus DNA targeting [84]
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