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‘ Tomato Genome ‘

« BAC by BAC approach 2004-2009 (~1500
BACSs)

« Whole genome shotgun of entire tomato
genome, started in 2009

« Technologies used: 454, Solexa (Syngenta),
SOLID

« 454 data assembled using Newbler

« Homopolymer correction using Solexa data

. Integration of BAC seguences

» Ordering and orientation of scaffolds based on
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Why Gh13, a begomivirus-resistant inbred? _—‘—H

Begomoviruses are a major threat in subtropical and tropical
countries

Gh13 highly resistant to monopartite and bipartite
begomoviruses

Gh13 used in association studies of molecular marker with
resistance

 F3family experiments

 RIL population available
SolCAP SNP analysis available

NSF requires that seed be available for distribution
J
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Origin OF Gh13
TYLCV virus resistance: HUJI
(Vidavski and Czosnek, 1994)

S. Habrochaites
” ‘ LA1777 & LAO386

l Boyce Thompson Institute
for Plant Research

Hybrids sent to Guatemala
(1998)










Gh13 inbred: known introgressioném

sol genomics network

=

Ty3 — chromosome 6, introgressed from wild species

(S. chilense?)
12 — chromosome 11 (S. pimpinellifolium)

Other introgressions from S. habrochaites.
+ Other species?
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Gh13 inbred: known introg ressionsfﬁ\ _:m

Ty3 — chromosome 6, introgressed from wild species
(S. chilense?)

12 — chromosome 11 (S. pimpinellifolium)

Other introgressions from S. habrochaites.
+ Other species?

Disease resistance alleles can be found in wild species
Need to find introgression regions
And define introgression contents II X

F1,F2,BC. ..

o 0l
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Ghl13 inbred: Whole genome sequehging m
> lllumina HiSeq 2000

> One lane paired-ends = 20X tomato genome coverage
- Costin 2012 : 2,400%

DT T I =TT
Genomic DINA

l Fragment {200-500bp)

. L
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Gh13 inbred: Whole genome sequencing m
> lllumina HiSeq 2000
> One lane paired-ends = 20X tomato genome coverage

> Costin 2012 : 2,400%

1§ PP ) =ty |
Genomic DINA

l Fragment {200-500bp)

Output: high number of reads
Relatively simple to align to a
reference genome.

Challenges:
« LOow coverage regions
« Regions different from Heinz1706

.,
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Gh13 inbred: Whole genome sequencing :‘T‘

Assembly: Heinz1706 is the reference genome

Alignment (BWA) [De'”cz‘é%i\ss)embﬂ

SNP calling Align scaffolds
[ (Samtools) J [ Plot gaps J [ (MUMMER)
{ Plot SNP J Close gaps
denSIty /
(|-

=A0LE [Select reglons}

For PCR




Assembly: Heinz1706 is the reference genome - z: s°l genomics network
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scaled # of snps per 10Kb bin

200 300

50 100

0

sol genomics network

L1
E

Gh13 inbred: SNP diS’[I’ibJﬁB _=m

Hypothesis: SNPs are denser in introgression regions.

Chromosome 1 Chromosome 6

|
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scaled # of snps per 10Kb bin
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Gh13 inbred: SNP dlstrlbutlon

Hypothesis: SNPs are denser In introgression regions.

Chromosome 1

-

=

)

= =

e

=

% =

-

|
Oe+00 2e+07 4e+07 Be+07
location (bp)

i_40057436

ELE -40ch0l_ghi3_ 40089071
‘ELE -40chil _ghl3_40064707

i_scaffold
a

[

O EH0IE E=EHIIHE=Em =5 1Eg=En0=
EE oc = B a

O

8e+07

512 .40chol_ght:
F

sl .40c
F i

gEg E
ooc

O

O
O

£
[

Introgressmn start

Chromosome 6

| ,’I 0\ |
* L 4
0e+00 1e+07 2e+07 »° 3e+07  °N, de+07
0,‘ .\0
|eedtion (bp) ',
‘,‘ .\0

,* '~
' A A A Fw Yy T

Gap

il b o bl e |

~50kb , Chr 1

~50kb , Chr 6




-+ sol genomics network

Vi

SNP distribution: Gh13, S.pimpinellifolium e

Chromosome 6
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SNP distribution: Gh13, S.pimpinellifolium g

Chromosome 11
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S.pimpinellifolium introgressions?




SNP distribution: Gh13, S.pimpinellifolium

Chromosome 6
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SNP distribution: Gh13, S.pimpinellifolium

v sol genomics network

Chromosome 6

|

i

m— _L.‘_L\ "
| |
37107 \ 4e+07
30.6Mb - 34Mb

l Boyce Thompson Institute
for Plant Research

M-M067G18
T1563

Mi23
REX-1
C2 Atag01900

M-H304P 16

o MSc01216-6

M-MO026P 18
M-H302A23

C2_At5g61510
M-H309K 01

M-M271L05
| B-1

M-HO40F 08
Msc(09983-6

TG231

TG97 MSc05732-18

PG9

C2_At3gl1210
M-MOO5H10

32
TG25

325

Verlaan et al,2011



scaled # of snps per 10Kb bin
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PCR design: Gh13 chr. 6 and 11 L

Hypothesis:

1. SNP non-peak regions are closest to Heinz1706
2. SNP Peak regions come from wild introgressions

sol genomics network
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PCR design: Gh13 chr. 6

1. SNP non-peak regions are closest to Heinz1706 m
=
= Heinz_ REXF1_REXR2

67 |Gh13_P8-REX
yp_scaffold56943_13.4

= 17 S_pim_C
o Sgal REX

= t LA2779
= TG530 S.galapagense

— Solyc06g051570 S.chilense

TO774 Solyc069051800

16472 TG0834

Gh13 closest to Heinz, Yellow Pear, S.pimpinellifolium

} Similar results for all other non-peak markers!
=N (trees built with MEGA, maximum likelihood 500 bootstrap replicates)




i %+ sol genomics network
PCR design: Gh13 chr. 6
2. SNP Peak regions come from wild introgressions H
PR-T0834
es |Sgal-T0834
REX —fame - YP-T0834
I Hz-T0834
Spim-T0834
LA2779-T0834
Gh13-T0834
37 LA1969-15
s / LA1777-T0834
TG590 S.chilense
Solyc06g051570 S.chilense I
10774 Solyc06g051800 S.habrochaites
TG472_ TG0834

Gh13 closest to S.chilense.
Purple Russian, Yellow Pear, Heinz,
S.galapagense cluster together.

7
BT Sz Similar results for all other SNP-peak markers!
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SNP distribution: Gh13, S.pimpinellifolium e
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PCR design: Gh13 chr. 11-
SNPs shared with S.pimpinellifolium

11 Peak regions: Gh13 = S.pimpinellifolium Spim_P11-039410
(different from other assayed wild spemes)gr1 Gh13 P11-039410
Sgal_P11-039410
Hz_P11-039410
YP_P11-039410
LA1777_P11-039410

Solyc11g0

F.l

0

Solyc11g032130

S S0lyc11g039390
== __ Solyc11g039410
= _ Solyc11g039420
— 885%11115(;);;75 10 : Non-peak regions: Gh13 = S./ycopersicum
Solyc11g044740._. different from other assayed wild species
Solyc11g045670 i ( y P ) Hz_P11-050800
Solyc11g050800 E= " |Gh13 _p11-050800
Solyc11g051000.__ = [ YP_P11-050800
Solyc11g056540 - Sgal_p11-050800
Solyc11g062270 Spim_P11-050800
LA2779_P11-050800

TG302
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' Ve

Gh13 wild introgresions — more to explore
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“We eat phenotypes”
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Phenotypes

Phenotyping is hard

« Labor intensive, expensive
« Standardization of phenotypic measurements
. Ontology-based systems for databases

T'is, a SP:0000037 fruit

: is_a SP:0000106 fruit number

- is_a SP:0000167 fruit metabolites

- is_a SP:0000013 fruit ripening

: is_a SP:0000012 fruit color

‘is, a SP:0000011 fruit morphology
’;“is,_a SP:0000124 epicarp texture
*is_a SP:0000038 fruit shape

+

+

+

+

*'is_a SP:0000010 fruit size
T 'part_of SP:0000069 fruit end
Tis_a SP:0000080 fruit mass

*"part_of SP:0000371 pericarp




Ontologies

Many ontologies are currently developed:

. http://www.bioversityinternational.org/
. & PATO

« Difficult to apply one ontology to all plants!




8 ﬂ ﬂ Cmp@.rﬁnlnggiuratmnTm'l
| [#5] | + | hitp:/ fwww.cropontology.org/ ¢ _'

'Y
Crop Ontology Curation Tool 2 ;? 7 Siion Clrabarge Frogeanme i
- |
|
|
|
|
|
() Plant Trait Ontology and Crop Annotation Workshop, at Oregon State University, US, 12th-15th September 2012 - consult the wiki! :
|
_ Search . Add New Terms AFI Help Agtrials Annotation Tool Register  Login |
|
B O©OBO Ontology [ Trait Dictionary |
|
# General Germplasm Ontology # Location and Environmental Ontology :
FAOANPGRI Multi-Crop Passport Descriptor as R Country and Location 1118 terms Loy 3 .
terms Describes official I503166-1 alpha-2, alpha-3 and numeric country codes
FAONPGRI Multi-Crop Passport Descriptor along with location names.
Germplasm 386 terms G0 R Crop Research 256 terms [T K
germplasm Describes experimental design, environmental conditions and methods
associated with the crop studyfexperimentfrail and their evaluation.
ICIS germplasm method 166 terms ERLanny Rl
ICIS germplasm methods # Plant Anatomy & Development Ontology
Identifier Test Ontology 58 terms LGS0 Rl SV EhRtoaTy 1M meme

Test ontology for identifier functionality. Nitge Tapioiy

# Phenotype and Trait Ontology

Cassava 126 terms [ILLL3 B
Cassava Trait Ontology

Chickpea 253 terms LT N
Chickpea Traits




ano Sol Genomics Network

4 | rﬁﬂ i http: //solgenomics.net/stock /6799 fview ¢ Q- Google
I v r
M::}J‘a:,:,# sol genomics network home | forum | contact | help | faq
:T;Ef.;,;éf:: search maps genomes tools | | _sol search
L ] - -
frant log in | new user
Accession: 313-100
|Stnr.l: details New QTL population | Back to stock search
[Mew] [Edit] [Delete]
Crganism Solanum lycopersicum
Stock type accession

Stock name 313-100
Uniguename 313-100
Description
Stock editors: Esther van der Knaap

Synonyms MNone

Pedigree data MNone

Additional information MNone
| Associated loci (0) [log-in to associate new locus] |
| Experimental data Mone |

] Related stocks |

Accessions this accession is a member of

Type Name
2 population QTL Tomato Sausage x LA1589 F2
| Images (1) [Add new image] |
Literature annotation (0) None [Associate publication] |
| Ontology annotation (} [Add ontology annotations] |
|E| Phenotype data [Download phenotypes] |

[£] Experiment: phenotypes recorded for population QTL Tomato Sausage x LA158% F2 by

4l




] Phenotype data [Download phenotypes]

[c] Experiment: phenotypes recorded for population QTL Tomato Sausage x LA1589 F2 by
Esther van der Knaap

Trait Average Min Max Lines/repeats
distal angle macro 10% (distal angle macro 10%) 151.30 151.30 151.30 1
distal angle macro 15% (distal angle macro 15%) 131.60 131.60 131.60 1
distal angle macro 20% (distal angle macro 20%) 108.55 108.55 108.55 1
distal angle micro 2% (distal angle micro 2%} 173.07 173.07 173.07 1
distal angle micro 3% (distal angle micro 3%) 168.79 168.79 168.79 1
distal angle micro 5% (distal angle micro 5%} 167.66 167.66 167.66 1
distal eccentricity index (distal eccentricity index} 0.98 0.98 0.98 1
distal fruit end blockiness 10% (distal fruit end 0.60 0.60 0.60 1
blockiness 10%}

distal fruit end blockiness 20% (distal fruit end 0.79 0.79 0.79 1
blockiness 20%)}

distal fruit end blockiness 30% (distal fruit end 0.91 0.91 0.91 1
blockiness 30%)}

distal fruit end blockiness 5% (distal fruit end 0.44 0.44 0.44 1
blockiness 5%}

distal fruit end indentation (distal fruit end 0.00 0.00 0.00 1
indentation}

distal fruit end protrusion (distal fruit end 0.00 0.00 0.00 1
protrusion}

eccentricity area index (eccentricity area index) 0.09 0.09 0.09 1
fruit area (fruit area}) 35566.63 35566.63 35566.63 1
fruit length mid-width (fruit length mid-width) 202.00 202.00 202.00 1
fruit longest length (fruit longest length} 204.25 204.25 204.25 1
fruit mid-height width (fruit mid-height width} 215.50 215.50 215.50 1
fruit perimeter (fruit perimeter) J08.60 J08.60 J08.60 1
fruit shape circular (fruit shape circular} 0.99 0.99 0.99 1
fruit shape eccentric (fruit shape eccentric) 0.97 0.97 0.97 1
fruit shape ellipsoid (fruit shape ellipsoid} 0.99 0.99 0.99 1
fruit shape index external (fruit shape index 0.94 0.94 0.94 1
external}

fruit shape index external 2 (fruit shape index 0.94 0.94 0.94 1

S — Y



Trait scoring

« Use “barcode tools”

RO AR R

WO, O=C0: 0000103

C0O:0000103 - anthocyanin pigmentation

Visual rating of distribution of anthocyanin pigmentation with 0 = absent,
1 = top part, 2 = central part, 2 = totally pigmented.

anthocyanin pigmentation
value = O [ HHTFMAIANRRINA

L0000 10Ez0
anthocyanin pigmentation

LT

L0z Qo0
anthocyanin pigmentation

value

value

CO:000010382
anthocyanin pigmentation

3 CARVANRIR A

CO: 000010383

value




Sol CAP

Tomato panel (~400 accessions)
Incl. Processing, fresh market,
heirloom, wild relatives

<@ W SN

Phenotyping for Phenotyping:

Potato panel (~400 accessions)

breeder traits: Specific gravity
T to Analvzer chip color after cold storage
Oma y sucrose/glucose

Fruit shape Skin texture

tuber shape(l/w/h)
Color e

eyedep
PI__I skincolor
Brix Flower color
Vitamin C Flesh color
| ne growth habit
Sﬁ;c;?se total yield etc.

Genotyping Genotyping

(llumina Infinium chip) (llumina Infinium chip)



Genotyping by Sequencing (GBS)

Developed by Buckler lab (Elshire, 2011)
~ull genome sequencing too expensive
Reduce seguence space using restriction

Jse highly multiplexed NGS approach



(=) sequence tag
Restriction site

— -> -»
a b S

> =
<« -
A

l_‘_l
<450 bp
Loss of cut site
A
-> > > -»
Sample2
-+ -+ -+ =

* Focuses NextGen sequencing power to ends of restriction fragments
» Scores both SNPs and presence/absence markers



Genotyping by Sequencing (GBS)

35 $33.00
" 30 Sequencing
& 25 s
© 19.00
Q
N 20 m Labor
2 15
pepe $9.00
3 10
O B Reagents &
> . . . Consumables
0
48-plex 96-plex 384-plex




Storing genotypic data

« Challenge: Extremely voluminous

« 50,000 plants 20,000 markers = 1,000,000,000
datapoints

« Special technigues are needed to store data

. Relational databases: Compress genotype data into
strings

« Non-relational databases: HDF5



Chado Natural Diversity Schema

nd_ge: p nd_geoclocati nd.
nd_geolocationprop.id: INTEGER [ PK | nd_geclocation.id: INTEGER [ PK ]

_phenotype nd _genotyp
nd_experiment_phenotype_id: INTECER [ PK ] nd_experiment_genotype_id: INTEGER [ PK |

nd_geolocation_id: INTEGER [ FAK |
evterm_id: INTEGER [ AK ]
value: VARCHAR(250)

description: VARCHAR(255)
s latitude: REAL

nd_experiment_id: INTEGER [ FAK |
henotype_id: INTEGER

nd_experiment_id: INTECER [ FAK ]
genatype_id: INTEGER

nd_reagent_relationship
nd_reagent_relationship_id: INTEGER [ PK |

rank: INTEGER [ AK |

longitude: REAL
geodetic_datum: VARCHAR(32)

altitude: REAL

subject_reagent_id: INTEGER [FK | i
object_reagent_id: INTEGER [ FK ]
type_id: INTEGER

nd_reagent
nd_reagent_id: INTEGER [ PK ]

nd_reagentprop
nd_reagentprop_id: INTEGER | PK |

nd_protocol_reagent

nd_reagent_id: INTEGER [ FAK | i protocol reagent.i

cvterm_id: INTEGER [ AK ]
value: VARCHAR(255)

S5—-{name: VARCHAR(E0)
itype_id: INTEGER
[feature_id: INTEGER

: INTEGER [ PK |

——————— e ]

5
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
=

value: VARCHAR(255)
rank: INTEGER [ AK ]

type_id: INTEGER

nd_protocol_id: INTECER [ FK ]
rank: INTEGER [ AK ] reagent_id: INTEGER [ FK ] |
wype id:mNTEGER |  m———————— | i
! |
; |
nd_protacolprop nd_protocol | |
nd_protocolprop_id: INTEGER [ PK | lnd_prolocol_\d: INTEGER | PK ]I nd_experiment_protocel | | T R
nd_protocol id: INTEGER [FAK] |7 name: VARCHAR(255) [ AK | | —+—ak|nd_experiment_protacal_id: INTEGER. [ PK | | | #fnd_experiment_contact_id: INTEGER [ PK |
::i':";:'ﬁé:r&:;g““ nd_experiment_id; INTEGER [ FK | | | |nd_experiment_id: INTEGER [FK ]
rank: INTEGER [ AK | nd_protecol_id: INTEGER [ FK | >|9|- | : : jcontact_id: INTEGER
| 1
| & |
nd_experimentprop J_Fnd_()‘penmenl nd_ _dbxref
nd_experimentprop.id: INTEGER [PK]| | |nd-experiment_id: INTEGER [ PK ] _ Ind_experiment_dbxref_id: INTEGER [PK ]
+ —— -
nd_experiment_id: INTEGER [ FAK ] nd_geclocation_id: INTEGER [ FK | ind_experiment_id: INTEGER [ FK ]
cvterm_id: INTEGER [ AK | —Htype_id: INTEGER —+— dbxref_id: INTEGER
value: VARCHAR(255) | |
rank: INTEGER [ AK ] | |
| | |
| | |
nd_experiment_pub | | | d_experiment_project
nd_experimem_pub_id: INTEGER | PK | | 2F— | e d_experiment_project_id: INTEGER [ PK |
nd_experiment_id: INTEGER [ FAK | | project_id: INTEGER
pub_id: INTEGER [ AK | I nd_experiment_id: INTEGER [ FK |
|
|
|
|
|
nd. _stockprop nd_ _stock nd, stock_dbxref
nd_experiment_stockprop_id: INTEGER [ PK ] nd_experiment_stock_id: INTEGER [ PK ] nd_experiment_stock_dbxref_id: INTEGER [ PK |
nd_experiment_stock_id: INTEGER [ FAK nd_experiment_id: INTEGER [ FK nd_experiment_stock_id: INTEGER [ FK
vl id GER [ ] GER [FK] k_id GER [FK]
cvterm_id: INTEGER [ AK ] stock_id: INTEGER dbxref_id: INTEGER




Breeding technologies

Phenotypic Selection

Marker-Assisted Selection (MAS)

Genomic Selection




Genomic Selection

e Remove phenotyping from line development

e Use markers to model genetic relatedness between
lines.
— Use relatedness estimates to make predictions

e Use markers as predictors in regression-type
models
— Use estimated marker effects to make selections



Genomic Selection

Test

varieties
and release

Advance lines Advance lines
informative for with highest
model mprovement GEBV

»-ne

!?henotype Make crosses
(lines already and advance
genotyped) generations

Train
PfEdizﬁ?ﬂ Genutvpe
mode K
New

Germplasm

(Jean-Luc Jannink)



Integrate Breeding functions

« Store genotypes and phenotypes in the
database

« Calculation of GS models
« Prediction of phenotypes

. Manage breeding process:

« Crosses

. Pedigree tracking
 Field planting

« Sample collection
« Data collection



gre f*
¥ . A u. ..c..-.._q.q.'.ni.-q.:,.l,-'..a.h.-.-.n.-.q..l.-.p.

[+ [ J (2] (.16 o s0ienomis e prescers ome

%"i‘ i sol gEthiCS network home | forum | contact | help | fag

' W iy search maps genomes tools

Lukas Mueller (log out} SGN

Breeder Tools

' Locations

unknown {0 plots)
OSU-0ARDC Fremont, OH {15739 plots)
Tidewater. Plymouth, NC (O plots}

Uofl R&E Center, Aberdeen, Idaho (404 plots)
Campbell's Soup Company (10930 plots)
Mills River, North Carclina (3041 plots)
Hutchinson Drive, Davis CA (8921 plots)
University of Florida/ IFAS Gulf Coast Research & Education Center (5777 plots)

'[¥] Add new location

'[#] Add new cross

[ Upload cross file

[ View all crosses

Phenotypes

[# Upload

Phenotype search

List of accessions:

Something wrong? Report a problem

SGNM s supported by the NSF (#0116076) , USDA CSREES and hosted at the Boyce Thompson lnstitute

'i

T




Conclusions

« Genome databases need to adapt to the needs
of breeders

« Genomic technologies applicable to
Improvement of the breeding process

« Genotyping by Sequencing
« Genomic Selection

 Bloinformatics infrastructure required

. Genome, phenome, & genotypic information,
algorithms, breeder functions






