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TILLING: A method of producing and identifying mutations in
any gene of interest

> EMS-generated population of point mutants
> Make DNAs from each plant (~4500), arrange in pools
> Screen for lines of interest by gene-specific detection

> Purify away from other mutations by back-crossing

Photo serre URLEG-INRA Dijon C. Le Signor

‘Plant Physiology 126: 480-484

olbert et al (2001)
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TILLING

Targeting Induced Local Lesions in Genomes

=137 Method of producing
& and identifying

| i mutations in genes of
" interest
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Origin of TILLING

Henikoff’s lab
Basic Sciences Division, Fred Hutchinson Cancer
Research Center, Seattle, USA.

Targeted screening for induced

mutations.

McCallum et al.
Nat Biotechnol. 2000; 18(4): 455-7

High-throughput TILLING for
functional genomics.

Till BJ et al.

Arabidopsis Methods Mol Biol. 2003; 236:205-20.
(genome 125 Mb)




Application of TILLING

* Cereals:
7 , Rice
» B Génome de
' g% 500 Mb

UC- Davis, USA

* Legumes:

John Innes Centre
Norwich, UK

Crop Pathology and Genetics Research

! Maize
942500 Mb

B Henikoff's iab
Seattle, USA

& Medicago
_ Jemalong A17
B 520 Mb

. D. Cook’s lab
UC Davis, USA

B INRA Dijon
France

B INRA Dijon et URGV- INRA
Evry France



Advantages of TILLING:

aAppIicabIe to all organisms (small or large genomes)

fi utilises a chemical mutagen which generates an allelic series of

point mutations (mutation frequency 1 mutation/300 Kb).

laEasin set up:

fi Rapid screening of a collection of mutagenized plants for the

identification of point mutations in genes of interest



Steps in TILLING procedure

v Mutagenesis of genome using Ethyl Methane Sulfonate
(EMS)

& Production of an M2 population

& Screening of the M2 population

WPlsolation of lines bearing mutations in gene of interest
and back-crossing to eliminate unwanted mutations



Assessment of mutation efficiency

%Mutation efficiency: M2
arcentage of embryos aborted I
pods of M1 plants ~15a 20

@

M1
0

- v

§

. M2 plant carrying one or several mutations in its
Chimaera genome

All the mutations are in the 50% mutations heterozygote

heterozygous state 25% mutations homozygote
25% homozygote wild-type

Recessive mutations  (99%) - For recessive mutations: 25% of plants show

no phenotype associated phenotype
For dominant mutations: 75% of plants show
phenotype




.Mutation frequency: 1 mutation/300 kb (M2)

For a genome size similar to M. truncatula (500 Mb), the frequency would be
~1500 mutations/plant M2)

Therefore backcrosses to WT line needed

B Mutation distribution:

Silent mutations : 45%
Missense mutations : 50%
Stop codon Mutations: 4,9%

Therefore need to isolate several mutants for each gene



From Colbert et al. (2001). Plant Physiology, 126: 480-484.

Summary of TILLING method
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Screening carried out on DNA pools from 8-12 individuals on microtitre

plates and subsequently on individual DNA samples.
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NGS data analysis :
3ioinformatic workflo
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Statistical analysis
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Pooling
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cell/enaol and NGo TILLING methods

x compared
(URG\._Paris-Saclay)
NGS- MiSeq - lllumina
Cell/Endo 1
PCR 384 Fluidigm
DNA pooling 1D 2D (rows + columns pooling)
Amplicon 1000 bp 500 bp 500 bp

- Endonuclease digestion Pair-end sequencing

Detection - Detection of Iqbelled DN 2 x 250bp 0 2 x 300bp 5
system fragments on L|-C_or Sequence analysis | 2 PR,
- Sanger sequenging Core I
Amplicon/run 1 25 48
Time/
) 1 month 3 months 2-3 months

experiment

Mutation 1mutant/200 kb 1mutant/130 kb 1mutant/130 kb
frequency

Families / 5000 384-well plate = 384-well plate =

screen 2500 families 2500 families



CAMEOR
spring pea collection

Terese rms4
Spring pea collection

Hr Ps336/11 genotype
PEAMUST Winter pea

collection
h 2014 : DNA samples for 946
low-seeds M2 families

l - 2015 : DNA samples for 960
high-seeds M2 families

L 2016-2017 : end of population

Agroécologi
é dDuclgr:chgr:he

4704 M2 families
60 genes screened (80
targets)

1150 mutants
| ANIOCC: 1 wmasstantiann (12011 |

4200 M2 families
10 genes screened
84 mutants

NGS: 1 mutation / 359kb

4500 M2 families

Dalmais et al., Genome Biology,
2008

http://urgv.evry.inra.fr/UTILLdD)

Tl Rl L N ey ——

[gDNA] = 52.9

ng/uL

production



X Varlat|on in mutatlon frequency

- Comparison of mutation frequency in low- and high-yield
families

Hr Ps336/11 genotype
PEAMUST Winter pea

collection ]
= 2014:DNA samples for 946 ____, Mutation frequency
low-seeds M2 families (1-7 1/72 kb
l I 3‘3?[%5/ %ﬂm)samples for 960
high-seeds M2 families (20-100 — Mutation frequency
seeds/plant) 1/334 kb

> Low-yield families had a mutation frequency 4-fold higher, but
probability of losing the mutant allele also high - aim for
intermediate mutation frequency

Agroecologle
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TILLING lines contain 100s-1000 or more induced

point mutations, so the mutation of interest should be
backcrossed to a non-mutagenized parental line (>2
generations)

Mutant allele is followed using a genotyping method
such as dCAPS

If two different mutant alleles available, an allelism test

can help associate mutation and an eventual

nhpnn’rype
Agroecologle
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Exploitation of TILLING via new
genomics resources in Pea

The Pea Gene Atlas http://bios.dijon.inra.fr/FATAL/cgi/pscam.cqgi

?) jburstin @ Pisum sativum Cameor - Mozilla Firefox

Fichier Edition  Affichage  Historique  Marque-pages  Outls 2

‘ (@) Debuter avec Firefox x Dictionnaire: de Cuisine et Gastronomie - | 2 burstin @ Pisum sativum Cameor

€ B bios.dijon.ina friFATAL/cgifpscam. cgi?_wb_ur=+edocéGedocléBedocDn] 28edocDStedocs dockD4Ged docC28edocPT 1 |

B
28~ gousse peis

Les plus viskgs (| Hatmail [ Personnaliser les iens { windows Media [} windows

UL . . . . .
Ui W’. Im i Zog Jjburstin @ Pisum sativum Cameor
L ] eeides | clusters [ Fasta [ plast | Patsean | RuA-sempios | i

PsCam008801_1_AA

Permalini : http: fbios.dijor.inra. frfFATA cai pepti 008801 _1_AA

Al .
Get Fasta Seq W“ .
Cluster Expression Muitalin Protein family analysis
ID PsCam008801 1 AA
AC PsCam008801_1_AA
IP Auxin efflux carrier

Search any
gene of

=
= Interest
o ical Process: \brane transport (GO:0055085)

Cellular Component: integral to membrane (GO:0016021)
cC
LN 352 aa

| | | |
MISLAHVFHVVTKTVPLYV TMFLAYVSIKWFKLFTQE(CSGINKFVAKF S
IPLLSFQILSSHNIYRMSLKLMYADFI(QKLLAFLLLTALIKIRGKGGLEW
IITELSLSTLPNTLIIGIPVLKAMYHDEAVVLLAQFVFL (SHUWYHLLLF
SQ TYFFDARKHTLSAPPSETASET KREMKIYPILVTVG
KKLIRHPHTFASLLGITWSSITHFRWGIHMPEVVHQSIELL SHGGLGMAME
SIGLFMASQSSIIACGARNTMVAIGLEVLY GPALMALAS IVIGLRHTLFK
VAIVQAALP(GIVPFVFAKEYRVHPSTL S TATLLGML TAL PVELAFYFLL
AL

Domain decomposition

»
S=1200
g:g::::g:gg:,: *:: 1 352 =70 IPRO04776:Auxin efflux cartier; G
-1 E~6.52466e-149
»

f PsCam007118_1_ARA
'd démarrer. € I~ a

Agroécologie . -
.| m—— (Judith Burstin et al):

Alves-Carvalho Plant




Exploitation of TILLING via new genomics
resources in Pea

PsCameor Genomic sequencing ¥ . e |

Unigene set of Cameor = SN ()

Genespace Genomic
reconstruction resequencing
16 genotypes

) it e
SNP discovery 0 I
GenoPea Infinium® BeadChip - o | |

Genotyping genetic l Genotyping mapping > i e LT
resources populations RN i B 1
CWAS Mapping el s i e

Aluome et al. submitted Tayeh et al. 2015, The Plant J.
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TILLING: Widely used in Pea since 2008

o S

Brassinosteroid
biosynthesis genes

e T -.J_.;-.:":;.'::;::.E
Anti-nutritional factors: T
Albumine (PA2), lectinA .
(allergen), trypsin inhibitor \ Nitrogen fixation:
(TI1), protease inhibitor NF signaling, nodulation

|

Seed carbon Plant architecture: .
metabolism: Gibberellin 3B-hydroxylase Disease resistance:
invertase (cWINV), allele 3 (Le3), Dioxygenase lectineA eiF4E m
sucrose Aransnort RAMOSUS 1 (RMS1) it il g
protein (SUT1) NPR1, Mio
Agroécologie (~100 genes screened, supply on average 6 lines per

PR —— gene screened)




Examples of TILLed genes in our project on seed
development and composition

Model Crop
P. sativum

M. truncatula

GWAS & Comparative QTL mapping

.

Candidate genes ‘ Putative pea orthologs

Seed p ¥ ) .
» "’ Two genes with an endosperm-specific

expression during embryogenesis determine
final seed weight through the regulation of

embryo cell division :

* a Subtilisin-like serine protea(y) phytosulfokines ?
D’Erfurth et al., 2012 New Phytol.

development

* a DNA-binding with One zinc-Finger
(DOF)-type transcription factor

Communication & Noguero et al., 2013 Plant Sci.
Noguero et al. 2015 Plant J.

infarartinn 2

Agroécologie
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A gene encoding a seed-specific subtilisin colocalizes with a
Medicago seed weight QTL and is expressed at the interval
embryogenesis-seed filling

5 ¥

Mt LG5

MtSBT1

Mtr.2735.1.51_at; Senescence-inducible chloroplast stay-green protein
WMtr.51717.1.51_at; Intracellular protein transport protein US01-related

- -
3
0,0~ MTE30 & Min Max:
—T T~ = - W W w ® W
I %?*ﬁ/‘\——fﬁgl s F o 2y zgzieiigis
N s 2EBs 3282l — ;
15.7 MTE32 4% 2 3 2 2 % % 2253535 a2 a2 a w o a AffymetrixiD; IMGAG annotation
1 =y 4 o | = Z L o xr = = Z wm o wn o0 w wm wm
i 2413 MTES33 Mtr36679.1.51_s_at; late embryogenesis abundant protein
i Mtr.11561.1.51_at: hypothetical protein
htr.28698.1.51_at; Subtilisin
39,4 MTE34 Mtr.3557.1.51_3t, Hypothetical protein
Mir.43842.1.51_s_at; Cystinosin/ERS1p repeat
49’5\_, MTE35 Mir2728.1.51_at; Late embryogenesis abundant protein
54,6 MTE36 | WItr.0028.1.51_at; AAA ATPase, central region
62 4~ MTE122 WMtr.35817.1.51_at; Glutamate-cysteine ligase, GCS2
y =
64,8/ N\ MTIC670 Mtr.13231.1.5T_s_at; hypothetical protein
—T T~
73'2 MTE37 Mir.48523.1.51_at; Protein kinase
Mir5484.1.51_at; Amino acid-binding ACT
92,8-\ /- MTE38 Mir.4870.1.51_at; Alpha/beta hydralase fald, Lipase
941 MANG7 Mtr.5806.1.51_s_at; Ubiguitin-associated
’ \_ Mtr.14579.1.51_at, Rab escor protein, putative
94,7/3\ MDIJ8 Mtr.2812.1.51_at; Pratein of unknown function
99,8 MTE6G6 WMtr.30357.1.51_s_at; Synaptobrevin, Syntaxinfepimorphin family
0,008 -
0,006 -
B PsSBT1 & MtSBT1
0,004 -
0,002 -
1 o
0 - = L

(10 12 14
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'F L Emb B0 S

Seed development (dap)

P sativum Seed water
M. truncatula content (%9



In situ hybridization of MtSBT1.1 to 10 and 12 DAP
seeds

10 dap 12 dap

mﬁﬁ W ; %%
&
Sc E R . 556

Emh Emb
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Alighment of MtSBT1.1 AND PsSBT1.1
showing mutants available

10 z0o 30 40 a0 a0 70 a0 30 100 110 120 130
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Surface area and number of Cotyledon cells in mature
seeds of the homozygous MtP330S mutant versus wild-

type.

A B Mean area of cotyledon cells

1000

o Mean [JMean:std eror T Meanz! 8675t error

T

Cell area (pixels)
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. ™ 0
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Endosperm-specific genes controlling seed quality
DASH, a DOF TF Acting in Seed embryogenesis and Hormone Seed Lo ¥

»
regulation >
development

10 dap

Transcriptome
changes in youn( M Affyml=gre
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R
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PageMan display of the
functional classes down-
regulated in the dof mutant

protein synthesis

hormone metabolism.auxin.induced-regulated-
responsive-activated
hormone metabolism.auxin

cell

cell.organisation -3,4

cell.cycle
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Auxin-transport genes

Auxin-responsive genes
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the plant journal
Noguero & Le Signor et al. 2015 HCERES evaluation, Dijon January 19th-20th, 2016



Endosperm-specific genes controlling seed quality

Seed »
p ¥
»
dévelopment
10 dap WT
M. truncatula =

Transcriptome
changes in youn AffymET{H
pods '

N
(8 dap) ‘ S

PageMan display of the
functional classes down-
regulated in the dash mutant

protein synthesis
hormone metabolism.auxin.induced-regulated-
responsive-activated
hormone metabolism.auxin
cell

o
seeds

cell.cycle
DNA.synthesis/chromatin structure
cell.organisation -3,4
\ .
Auxm-transport genes
. Auxin-responsive genes

Noguero & Le Signor et al. 2015 HCERES evaluation, Dijon January 19th-20th, 2016
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Pea/Mtr TILLING: Publications arising

Resource development

Triques, K., et al. (2008). "Mutation detection using ENDO1: Application to disease diagnostics in
humans and TILLING and Eco-TILLING in plants." BMC Molecular Biology 9.

LeSignor C., (2009) Optimizing TILLING populations for reverse genetics in Medicago truncatula.
Plant Biotechnology J. 7 : 430-441

Dalmais, M., UTILLdDb, a Pisum sativum in silico forward and reverse genetics tool. Genome Biol.
(2008) 9(2): R43.

Examples of Applications

Hofer, J., L. Turner, et al. (2009). "Tendril-less Regulates Tendril Formation in Pea Leaves." Plant
Cell 21(2): 420-428.

Laura de Lorenzo, (2009) A Novel Plant Leucine-Rich Repeat Receptor Kinase Regulates the
Response of Medicago truncatula Roots to Salt Stress The Plant Cell 21:668-680

Plet et al, (2011) MtCRE1-dependent cytokinin signaling integrates bacterial and plant cues to
coordinate symbiotic nodule organogenesis in Medicago truncatula. Plant J. 65: 622-633.

Tivendale, N. D., S. E. Davidson, et al. (2012). "Biosynthesis of the Halogenated Auxin, 4-
Chloroindole-3-Acetic Acid." Plant Physiology 159(3): 1055-1063.

D'Erfurth, I., C. Le Signor, et al. (2012). "A role for an endosperm-localized subtilase in the
control of seed size in legumes.” New Phytologist 196(3): 738-751.

Noguero, M., C. Le Signor, et al. (2015). "DASH transcription factor impacts Medicago truncatula
seed size by its action on embryo morphogenesis and auxin homeostasis." Plant Journal 81(3):
453-466.

Vernié, T, Camut S, et al (2016) PUBL1 interacts with the receptor kinase DMI2 and negatively
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