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Selecting TILLING mutants

Knock-out mutations are available in most wheat genes providing an invaluable resource for
characterising gene function. Targeting Induced Local Lesions In Genomes (TILLING) is a method
of inducing and identifying mutations in specific genes. This section will describe how to use the in
silico wheat TILLING resource. This resource consists of TILLING populations developed in
tetraploid durum wheat cv 'Kronos' and hexaploid bread wheat cv '‘Cadenza’ as part of a joint project
between the University of California Davis, Rothamsted Research, The Earlham Institute, and John
Innes Centre (Krasileva et al., 2017). The exome sequences of 1,535 Kronos (tetraploid) and 1,200
Cadenza (hexaploid) mutants have been re-sequenced using lllumina next-generation sequencing.
In the original publication (Krasileva et al., 2017) the raw data was aligned to the best available
genome at the time (CSS released in 2014). This dataset is still available as legacy (described below
in section e). However, given the latest genome release in 2018 (RefSeq) the raw data has been
realigned to the IWGSC RefSeqvl.0 genome assembly, mutations identified, and their effects
predicted based on the IWGSC RefSeqv1l.1 annotation. For more information on the latest mutation
calls see Ensembl Plants.

The following document will explain how to select TILLING mutants for your gene(s) of interest. To
begin, you will need the IWGSC RefSeq v1.1 gene model identifier for your gene(s) (see “Finding
wheat orthologs” for more information).

a)Using Ensembl Plants to find TILLING mutations

1. Go to www.plants.ensembl.org.

2. Search for your gene on Ensembl Plants using the IWGSC RefSeqvl.1 gene ID (see “Gene
models” and “Using Ensembl Plants” for details).

3. Click the link for your desired gene and make sure you are on the Gene tab view (Figure 1a).
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4. TILLING mutants can be accessed using either the ‘variant table’ or ‘variant image’ links on
the left-hand side of the page (Figure 1b, c).
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Figure 1: Ensembl Plants gene tab
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5. The variant image is useful for looking at the position of all available mutations in your gene
of interest. Mutations are coloured according to their predicted effect on the gene model. You
can find further information about individual mutations by clicking on them and following the
“more about...” link (Figure 2a). This link will include Zygocity and pre-designed KASP
assays.
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Figure 2: Ensembl Plants variant image

6. The variant table contains the same information but in table format. By default, the variant
table will include details about variation in your gene of interest from multiple different
sources, but you can display TILLING mutations only by selecting “EMS-induced mutation”
in the source filter at the top of the table (Figure 3a).
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Figure 3: Ensembl Plants variant table

Understanding the variant table

Each row in the variant table corresponds to a single mutation in a single mutant line of the TILLING
population with the columns containing information about the mutation:

Variant ID

The ID of the mutant line in which the mutation was found and its location in the genome, e.g.
“Kronos3039.chr5B.417438412” indicates that the mutation is in line Kronos3039 located on
chromosome 5B at position 417,438,412 (in base pairs) of the IWGSC Refseqvl.0 assembly. The
line name indicates which population the mutation is in, either Kronos (tetraploid) or Cadenza
(hexaploid) and is required for ordering seeds. In this case, Kronos3039 is the mutant ID that you
would need to order seeds (see section c below).

Chr:bp
The chromosome and base pair position of the mutation in the IWGSC RefSeqvl.0 assembly.

Alleles

The wild type/reference (i.e. non-mutagenised Kronos or Cadenza depending on the population) and
mutant base (i.e. mutation as a result of EMS mutagenesis) at this position (WT/mutant). For EMS-
induced mutations, over 99% correspond to G/A and C/T mutations.

Class
The type of variation. For the TILLING mutants this should always be “SNP” (single nucleotide
polymorphism).

Source
The source of variation. For the TILLING mutants this will always be “EMS-induced mutation”.
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Conseq. Type

Consequence of the mutation on the IWGSC RefSeq v1.1 transcript as predicted by the Variant
Effect Predictor (VEP) tool from Ensembl. A full detail of the different effects predicted is described
here.

AA

The amino acid affected in the IWGSC RefSeq v1.1 gene model based on the VEP output, if
applicable. In the case of non-synonymous mutations, the display will read WT/mutant.

AA co-ord
The amino acid affected in the IWGSC RefSeq v1.1 gene model based on the VEP output, if
applicable.

SIFT

Sorting Intolerant From Tolerant (SIFT) probability score that that the amino acid change is tolerated.
Scores <0.05 are considered deleterious whereas all others are considered tolerated. SIFT was
implemented through Ensembl VEP as described in Krasileva et al., (2017).

Transcript
The RefSeqvl.1 transcript affected by the mutation based on the VEP output.

b)Selecting a mutant line

When selecting a mutant line, there are certain things you should take into consideration. There will
be many lines that have point mutations in your gene of interest and so it may not be immediately
obvious which line is the best to take forward. Every case will be slightly different and depend on the
aim of the study but here we will describe some common usages.

Type of mutation

The ‘Conseq Type’ column in the variant table will describe the type of mutation predicted based on
the gene model. As these consequence predictions are based on the gene model, it means that they
are only as good as the gene model itself. Therefore, if the gene model is incorrect then the
consequence prediction may also be incorrect. Even though the RefSeqv1.1 annotation is very high
quality it is still important to check that your gene of interest is annotated correctly. See “Gene
models” for a description of how to assess gene model quality and what to do if the gene model is
incorrect.

In many cases, the most desirable consequence will be “stop_gained” (premature termination
codon), which will most likely result in a loss of function of the gene of interest. It is important to
consider the position of the premature stop codon in the protein as this might have implications for
the phenotype. A premature stop codon early in the gene could be a good sign that the protein is
non-functional, however, a premature stop codon that occurs very late in the gene could still result
in a functional protein.

If there are no “stop_gained” mutations available, then a “splice_acceptor_variant” or
“splice_donor_variant” could be used. These are mutations in the GT or AG sites that are located at
the start and end of introns, respectively. A mutation that results in loss of one of these sites could
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lead to incorrect splicing, which in turn has a high chance of resulting in a non-functional protein. As
before, it is important to understand the context of the mutation and identify downstream GT or AG
sequences that could potentially be used as alternative splice sites. Note that there is another
category of mutations labelled as “splice_region_variant intron variant”. These are mutations
occurring within 5 base pairs of the canonical splice sites, but not at the splice sites themselves. The
effects of these mutations are difficult to predict. While splicing is not just controlled by the canonical
splices sites themselves (GT or AG), there is no a priori way of identifying nucleotides relevant for
correct splicing. We would discourage using these mutations without any knowledge of conserved
splicing residues for a given gene.

If there are no “stop_gained” or “splice_acceptor/donor mutations” available, then another option
could be a missense mutation. These are coding sequence mutations that result in a change of
amino acid. The effect of these mutations on the protein is often difficult to predict and can range
from no effect to disruption of an important domain resulting in either a non-functional protein or a
protein with altered function. The Sorting Intolerant From Tolerant (SIFT) score can help to decide
which mutation to select. The SIFT algorithm scores the probability that a particular amino acid
substitution will be tolerated in the protein. It can be interpreted in the same way as a p-value, where
a lower SIFT score implies a significant effect on protein function (e.g. a SIFT score of <0.05 implies
that the mutation is very likely to affect protein function). More information on how the SIFT algorithm
works can be found here: http:/sift.jcvi.org/. Alternatively, you could look for missense mutations in
highly conserved residues of the protein.

A “start_lost” is a loss of the ATG start codon of a gene. This could be a useful mutation, but often
there is another ATG in frame that could be used so it is important to check this before selecting
these mutations.

The effects of “intron_variants” and “UTR_variants” are very difficult to predict and so may not be
ideal choices unless you have in depth information about the regulatory sequences of your gene.

It is important to invest time in defining the best mutations to be used in the crossing scheme. As
described in Borrill et al., (2015), “This is especially relevant in situations of functional redundancy
between homoeologs, where it is necessary to cross individual mutants to generate double or triple
knockouts to observe a phenotype. The use of truncations in all homoeologs will generate a complete
null across genomes, thus allowing for correct interpretation of the resulting phenotype. However,
the use of missense mutations is risky if one of the mutations does not effectively abolish gene
function, thereby limiting the phenotypic effect in the double/triple mutant.”

Zygosity

Mutations may be in either a homozygous or heterozygous state. Homozygous mutations are
preferable as these should be present in all seeds and so fewer seeds will need to be screened to
confirm mutations (see “Designing crossing schemes”, “Designing genome_specific primers” and

“Wheat growth” section for practical aspects of screening).
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The Zygosity of the mutation can be found on Ensembl Plants. If using the Variant Image (Figure 2)
you can click on the individual mutation and select “more about” (Figure 2a), or if using the Variant
Table (Figure 3) press the Variant ID hyperlink itself. This will open up a page for the specific Variant
with more information. Most of this information is also found on the table or pop-up, but the individual
variant page also displays the zygocity and primer information for each mutant. This is provided as
“Synonyms” within the Variant Page:

Synonyms

Primer metadata Cadenza2044.chr5B.417442773:snp_type=non-
homoeologous;total_contigs=3;A=caccaccttccgAaaaccC;B=caccaccttccgAaaaccT;common=tcgAcacGtAIGGAAAT
GtACAT;primer_type=chromosome_specific;product_size=81;EMS-GT=Hom

In this example, the zygocity information is found at the end of the string (EMS-GT=Hom) meaning
that the EMS mutation is homozygous (Hom). In the case of heterozygous mutations this will display
as (EMS-GT=Het). This string also includes the pre-designed KASP markers for validation of the
SNP (see below).

Heterozygous mutations require some additional work but have distinct advantages. The sequence
information for a particular mutant comes from a single M. plant and the seeds you receive will be
either M4 or Ms seed (two or three additional self-pollinated generations). Heterozygous mutations
will most likely still be segregating in the M4 or Ms seed so a larger number of seeds will need to be
screened to identify homozygous mutations. Despite this apparent drawback, the opportunity to
identify both homozygous mutant and wild type plants provides a proper experimental control in case
you want to assess phenotypes in this first generation. It is important to consider that some of the
mutations that were heterozygous in the M> may have been fixed in the M4 or Ms seed, whereas
other mutations may have been lost through genetic drift.

In all cases it is advisable that you confirm the mutations with markers (e.g. KASP assays) or
alternative methods (e.g. sequencing) to ensure the presence of the mutation in plants that will be
phenotyped or used for crossing. Pre-designed KASP assays are available for most mutations (see
below). See “Designing genome specific primers” for more information about how to design KASP
assays for mutations.

Population

As mentioned above, there are two TILLING populations available: Cadenza (hexaploid) and Kronos
(tetraploid). The choice of population will depend very much on the final aim of your study. If the aim
of your study is to investigate a complete knockout of the gene, then the tetraploid Kronos population
might be preferred as it will be quicker to reach a complete knockout by crossing since there are only
two homoeologs present (A and B). The hexaploid background (Cadenza) contains a third
homoeolog (D) and will therefore require a longer and more complex crossing scheme. Alternatively,
if you want to assess the effect of the mutation in elite hexaploid backgrounds then the Cadenza
population would be better. Your choice of population may be influenced by the availability of
mutations, for example, there may not be a Kronos line with a premature stop mutation in your gene
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of interest but there might be one in the Cadenza population. Unless you have a very strict
requirement for either population, it is always worth looking for mutations in both populations and
then making the decision as to which lines to take forward. The genomes of both cultivars have also
been recently sequenced and assembled. Both wild type assemblies are available at the Earlham
Institute Grassroots Genomics blast server.

Available primers

If several mutant lines have a suitable mutation, one deciding factor could be the availability of
chromosome_specific KASP genotyping primers. The pre-designed KASP genotyping markers are
provided within the individual Variant page for each mutation (see Zygosity above). Once on the
Variant page, the primers are presented within the “Synonyms” string:

Synonyms

Primer metadata Cadenza2044.chr5B.417442773:snp_type=non-
homoeologous;total_contigs=3;A=caccaccttccgAaaaccC;B=caccaccttccgAaaaccT;common=tcgAcacGtAtGGAAAT
GtACAT;primer_type=chromosome_specific;product_size=81;EMS-GT=Hom

In this example, the string includes the following information:

e snp_type: hon-homoeologous; meaning that the mutation is not found between the A, B and
D genomes of wheat. This is expected for EMS-induced mutations.

e total_contigs: This is the number of contigs that were retrieved for the multiple alignment that
helps design the genome-specific assay. In this case, there are 3 contigs, which is expected
from the A, B and D genomes.

e Primers: the three primers from the KASP reaction are provided as A, B and common. The
A primer is for the wild type/reference allele; the B primer for the EMS-induced mutation and
the common primer is the one that provides genome-specificity. Letters in uppercase indicate
bases that are unique to a genome and hence provide specificity to the KASP assay.

e primer_type: In this example the assay should be homoeolog specific (chromosome_specific)
as PolyMarker was able to design a common primer with several homoeolog specific SNPs
(indicated by the uppercase letters in the common primer). For some EMS-induced
mutations, the common primer cannot be designed to be homoeolog specific and in such
case the primer metadata will state “chromosome_nonspecific”. If primer design was not
possible, this will also be indicated (“Primers not designed”).

e product_size: indicates the expected size of the PCR product resulting from the amplification
with primers A/B against the common primer.

e EMS-GT: this indicates the zygocity of the mutation as either homozygous (Hom) or
heterozygous (Het).

Please note:

1. The diagnostic allelic primers do not contain probe sequences for fluorescent dyes (FAM and
HEX/VIC) used in a typical KASP assay. These must be added to the 5’ end of the primers.
Add the FAM probe sequence (GAAGGTGACCAAGTTCATGCT) to the 5’ end of the wild
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type/reference primer (A) and VIC/HEX probe (GAAGGTCGGAGTCAACGGATT) to the 5
end of the mutant primer (B).
2. Primers were designed using http://www.polymarker.info/ (Ramirez Gonzalez et al., 2015).

The absence of genotyping primers, however, should not stop you from selecting a mutation if it is
otherwise fit for purpose as primers for KASP and alternative genotyping methods can be designed
manually. More information on genotyping can be found in the “Designing genome specific primers”

document.

c)Ordering seeds

Seeds can be ordered directly through the UK Germplasm Resource Unit (GRU) website called
SeedStor using the following link: https://www.seedstor.ac.uk/shopping-cart-tilling.php. This link will
direct you to a shopping cart for the Kronos and Cadenza TILLING populations. Mutations were
identified in DNA from a single M. plant whose M3 seeds were pooled and bulked for distribution.
Therefore, the seeds which are distributed correspond to M4 or Ms seed (depending on seed
availability).

To order seeds you need to enter the mutant line number(s) (for example Kronosl1234 or
Cadenza0250) into the ordering form. Seeds from both populations can be placed within one order.
You can also request seeds from the wild type Kronos or Cadenza parents. The form is sent to the
GRU for processing and the order is kept confidential at all times. The developers of the populations
do not have access to these orders.

Requests for seeds operate on a cost recovery basis for parties interested in research purposes only
(E15 per line + £10 flat handling fee per shipment). This MTA allows the use of the mutants for
research purposes only. This includes crossing between mutants and Cadenza and Kronos wild type
plants. In cases where potential industrial applications are envisaged and crosses are performed to
cultivars/breeding lines different to Cadenza and Kronos, there is an MTA that confers “freedom to
operate” for the mutant lines. This MTA is £200 per line (+£10 handling fee per shipment) and
provides a non-exclusive right to use the mutant line and its derivatives for commercial purposes.
Details are described in the corresponding MTAs available on the SeedStor website
(https://www.seedstor.ac.uk/shopping-cart-tilling.php).

d)What to do next

Germinating and growing plants:

Please see the relevant PDF documents in the “Introduction to Wheat Growth” section of the website,
which has detailed explanations regarding how to germinate seeds and the basics of growing wheat
under glasshouse conditions.
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Designing crossing schemes:

Many of the mutations will need to be backcrossed to reduce the mutation load or inter-crossed to
produce double and triple mutants of the corresponding homoeologs. We describe different crossing
schemes and approaches in “Designing crossing schemes”.

More information on the TILLING mutant resource can be found in Krasileva et al., (2017) DOI:
10.1073/pnas.1619268114.

e)lnstructions on how to use www.wheat-tilling.com
(legacy website)

The www.wheat-tilling.com website is the original website used to host the data for the TILLING
populations. However, this data is mapped to the CSS genome assembly, and uses the CSS gene
models to predict mutation effects (see “Genome assemblies” and “Gene models” for more
information). The data on this website is therefore based on less reliable gene models compared to
the data hosted on Ensembl Plants and ideally should not be used on first instance. The website has
been left in place as a legacy site in case this dataset is required for a specific reason. Instructions

on how to use this website from a previous iteration of www.wheat-training.com are below:

Using the TILLING website

1. Go to the website www.wheat-tilling.com
2. Enter your CSS gene name(s) into the ‘Search TILLING data’ box (Figure 4a).

a. You may also search for mutant lines using the IWGSC CSS scaffold or by blasting
the sequence. Blasting the sequence may be useful for when your gene model is bad
or not present in the IWGSC CSS reference (see “Gene models” for more details).
You may also search for all mutations present in a specific mutant line. There is also
an option to upload a “.csv” file containing your terms of choice (Figure 4d).

3. Select the population you wish to find mutations in. You may select Cadenza (hexaploid),
Kronos (tetraploid) or both (Figure 4b). The default is both populations. We will use both.
4. Click ‘Search’ (Figure 4c). This will open up an HTML output (Figure 6).
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Figure 4: TILLING browser

Using BLAST to identify mutations

An alternative way to search for mutations in your gene of interest is to BLAST the gene sequence.
This could be useful if, for example, your gene of interest has an incomplete gene model or no gene
model present in the IWGSC CSS assembly (see “Gene models” for more information). Copy and
paste your sequence into the ‘BLAST scaffolds’ box (Figure 4e) and click ‘BLAST'. The result will
include:

a) The visual representation of the query sequence and the hits to the database (Figure 5a)

b) Table with the BLAST output (Figure 5b). Each row will be a scaffold that shows similarity to
the Query input sequence. The scaffolds will either be an IWGSC CSS scaffold (e.g.
IWGSC_CSS 5HAL scaff 2810281) or de novo assembled scaffolds with the
“UCW_Kronos_U” or “TGAC_Cadenza_U" prefix. These ‘U’ scaffolds consist of de novo
assembled reads from the exome capture and sequencing that did not align to any of the
IWGSC CSS scaffolds. Clicking on the scaffold name (Figure 5c¢) will link to the High-scoring
Segment Pair (HSP) alignment below (Figure 5d). Beside the scaffold name is a link called
“Mutations” which will hyperlink to the HTML output for the EMS mutations in the subject
sequence (Figure 5e). This table is the same table that would have been obtained by
searching the database using that scaffold name as described above. The E value and length
of the Subject sequence are also part of the output.
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¢) The High-scoring Segment Pair (HSP) alignment of the Query and Subject sequences. Here
the “View Mutations” button will also open up the HTML output for the EMS mutations (Figure

5f).

! 1?0 290 3{.)0 4?0 5?0 690 790 890 9?0 1’0.00 !,1I00 1 ,2:65
———
Weaker hits W Stronger hits
View More ¥

Total score E value Length

1. IWGSC_CSS_1AL_scaff 3955298 Mutations 2282.55 0.00 9017
2. IWGSC_CSS_6AL_scaff 5787491 Mutations 970.47 0.00 15911
3. IWGSC_CSS_1B5_scaff_3419588 Mutations 700.48 4.71 x 107144 21683
@4. IWGSC_CSS_4AL_scaff_7175643 Mutations 653.59 4.13x10"% 15842
5. IWGSC_CSS_2D5._scaff_5335607 Mutations 606.70 5.03x 107 12140
3 IWGSC_3BSEQ_3B_v443_0858 Mutations 437.70 3.62x 107" 894716
7 IWGSC_CSS5_585_scaff_2249695 Mutations 654.87 1.54x 10118 8075
8. IWGSC_CSS5_5AL _scaff 2766714 Mutations 423,27 7.98x= 107 2610
9. IWGSC_3BSEQ _3B_traes3bPseudomoleculeV1 Mutations 5483.92 7.47 x 10°1'° 774434471
10. IWGSC_CS5_3B_scaff_10766867 Mutations 403.44 7.47 x 10110 4937

v IWGSC_CSS_1AL_scaff_3955298

Hit length: 9017

- ;3?55,8 (2550) w ;?I‘:e"-o"“ :d;;

@ suviuct 1061 MMCHOLHHILEIENE
ungece 1101 TUNHOIHERHITEA

cunfect 1161 WAL HILMALLSETEY

Figure 5: BLAST output
Understanding the output file

The excel file output will have 25 columns and one row for each mutation found

interest. A description of the columns is in Table 1.

275(100.00

TG
LI
EHTTEn

Table 1: Description of the TILLING output headers

@ —

Select | ® View mutations

Gaps Strand

0/1275 (0.00) ++
N rat 1
BT e
NG -

in your gene(s) of

This is the name of the IWGSC CSS scaffold using the Ensembl Plants

nomenclature. The name has a hyperlink to the actual FASTA
sequence of the scaffold which allows users to identify the position
within the genomic DNA context.

Colum Column Description
n no. name

1 Scaffold

2 Chr

and is a useful filtering feature.

Selecting TILLING mutants
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3

10

11

12

13

14

15

16

17

Line

Category

Position

Chromosom
e position

Rf

wit

mt

Het/hom

WT cov

Mut cov

Gene

Consequenc
e

cDNA pos
CDS pos

Amino acids

Name of the mutant line, which consists of the name of the mutant
population (Cadenza or Kronos) and a four-digit number (e.g
Cadenzal5s74).

EMS mutations were classified according to different categories which
are detailed below.

The position of the SNP relative to the start of the respective IWGSC
scaffold. The actual FASTA sequence is available through the hyperlink
in the scaffold name (Column 1).

The position of the SNP relative to the chromosome pseudomolecules
hosted at Ensembl Plants (Release 27;
http://archive.plants.ensembl.org/Triticum aestivum/Info/Index).
Reference: This is the base call at the position in the reference genome
of Chinese Spring (CS) published by the IWGSC.

Wild type: This is the base call at the particular position in a non-
mutagenized wild type control of either the hexaploid variety Cadenza
or the tetraploid variety Kronos.

Mutant: This is the base call at the position in the EMS-mutagenized
individual from either the hexaploid variety Cadenza or the tetraploid
variety Kronos.

Classification of the individual as heterozygous or homozygous for the
mutant allele. If the wild type coverage (WT_cov) is 0 or <15% of the
total reads, then the SNP is called as homozygous mutant. Otherwise
the SNP is called as heterozygous.

Wild type coverage: Number of reads with the wild type allele at the
position.

Mutant coverage: Number of reads with the Mutant allele at the
position.

This is the name of the IWGSC gene model that is present on the
IWGSC scaffold. More than one gene can be present on a single
scaffold. The “.X" ending refers to the transcript variant which was used
to predict the effect of the mutation. The gene name is hyperlinked to
the Ensembl Plants gene page.

Consequence of the mutation on the transcript as predicted by the
Variant Effect Predictor (VEP) tool from Ensembl based on the IWGSC
gene model. A full detail of the different effects predicted is described
here
(http://www.ensembl.org/info/genome/variation/prediction/predicted dat
a.html).

Position of the mutation relative to the cDNA of the predicted IWGSC
gene model.

Position of the mutation relative to the coding sequence (CDS) of the
predicted IWGSC gene model.

Indicates whether a mutation leads to the change of an amino acid in
the translated protein of the predicted gene model. For UTR, intron and
synonymous variants this value is empty; for non-synonymous
mutations the amino acids encoded by the wild type and mutant alleles
are shown. For example, a value of “P/L” means that the wild type
codon encoding for a proline (P) residue was mutated to a codon
encoding for a Leucine (L) residue.

Selecting TILLING mutants 13
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18 Codons Sequence of the wild type / mutant codon in the mutant line. The
uppercase letter indicates the base which was mutated. For example,
cCalcTa corresponds to a mutation in the middle position of the CCA
codon (P) which was mutated to a CTA codon (L).

19 Sift score  Sorting Intolerant From Tolerant (SIFT) probability score that that the
amino acid change is tolerated. Scores <0.05 are considered
deleterious whereas all others are considered tolerated. SIFT was
implemented through Ensembl VEP as described in Krasileva et al.,
2017.

20 Primer type The predicted specificity of the designed KASP assays according to its
ability to preferentially amplify a single target genome (specific),
discriminate against at least one alternative genome (semi-specific) or
not able to discriminate and hence amplifying all genomes or
paralogues of the gene (non-specific). Specific and semi-specific
assays are preferred where possible for downstream validation of the
mutation. Primers were designed using http://www.polymarker.info
(Ramirez-Gonzalez et al., 2015).

21 Orientation  Plus (+) or minus (-) according to the strand orientation of wild type and
alternative primers on the IWGSC scaffold (column 1) sequence.
22 WT primer !  Sequence of the wild type primer. Uppercase bases within the primer

sequence correspond to genome specific SNPs, whereas the 3’
uppercase base corresponds to the target EMS SNP.

23 Alt primer ' Sequence of the alternative primer which amplifies the mutant allele.
24 Common  Common primer sequence for the KASP assay.
25 Multimap  Additional scaffolds to which a mutation could be defined based on the

multi-map pipeline (see below).

1The diagnostic allelic primers do not contain probe sequences for fluorescent dyes (FAM and HEX/VIC) used
in a typical KASP assay. These must be added to the 5’ end of the primers. Add the FAM probe sequence
(GAAGGTGACCAAGTTCATGCT) to the 5 end of the WT primer and VIC/HEX probe
(GAAGGTCGGAGTCAACGGATT) to the 5’ end of the Alt primer.

Exporting results:

The HTML output can also be exported as an Excel compatible “.csv” file by clicking on the “Export”
button (Figure 6a). This allows you to download the results for a given scaffold, gene or mutant line

and perform additional analysis and filtering steps in a local environment.

Filtering:

The results can be filtered for specific terms or names by using the search box in the HTML output
(Figure 6b). For example, the search term “stop” will filter the results to show only those mutations
which have a “stop_gained” consequence. To remove the filtering, press the “x” at the end of the
Search box.

Sorting:
The results for a given column can be sorted by clicking directly on the column header (Figure 6c).
For example, to display the mutations based on their zygosity then the “Het/Hom” header can be

Selecting TILLING mutants 14
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clicked, or the “cDNA pos” header can be clicked to sort the mutations based on their position within
the target gene cDNA.

Displaying columns:
The specific column to be displayed can be modified by pressing the “show/hide columns” icon
(Figure 6d) and selecting or deselecting the desired columns.

Categories of mutations

Five categories of mutations are displayed on the www.wheat-tilling.com website. The first three
relate to the minimum number of reads including a mutation that were required by the SNP calling

pipeline to consider a mutation real. The minimum coverage (MC) to call a mutation was established
independently for homozygous (Hom) and heterozygous (Het) mutants using the HomMC and
HetMC parameters. The optimal threshold is displayed as default: a minimum coverage of five
mutant reads for heterozygous (HetMC5) and three for homozygous mutations (HomMC3)
(estimated <1% potential error). Additional mutations were also identified at lower coverages
HetMC4/HomMC3 and HetMC3/HomMC2 but at the expense of potential errors (<3% and 10% error,
respectively). It is safer to use mutations identified at higher stringencies (HetMC5/HomMC3), but if
a desired mutation is identified in the lower categories, it still has a good probability of being real.
Two additional categories were used to classify mutations.

1. Multi-Map (MM): This category was used to designate regions which have high sequence
similarity across multiple scaffolds and hence reads from regions mapped to multiple
scaffolds. These regions correspond to recently duplicated genes, homoeologs with
unusually high sequence similarity or artificially duplicated scaffolds generated during the
assembly of the IWGSC reference sequence. Information of the additional putative
scaffolds to which the mutation could be mapped are presented in the last column of the
table output (column 25).

2. Residual Heterogeneity (RH): This category corresponds to SNPs which were present in
multiple individuals and are most likely the result of residual heterogeneity in the initial
seed stocks used for the EMS mutagenesis.

The www.wheat-tilling.com output displays by default HetMC5/HomMC3, MM and RH mutations. If
you cannot find an adequate mutation within these categories then click the “Show lower quality
mutations” to display mutations classified as HetMC4/HomMC3 and HetMC3/HomMC2 (Figure 6e).
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Expart the displ mutations for iocal analyisis: . Export “quul- mutations

QA
Scaffold Chr | Line Cat. oz (Shr 0wt me W UT MR Gene Consequence cONR e
I‘WGSC_C S5_1AL_scalf_3955296 I 1A .Clllllrl 1420 i [ 2,73[‘ 207.192,%2-5 .G .l -Ml -E -5 .Tl'l! 3_lAL_SECI1ESFOC.1 -S_DHII\!_U'E_\‘IHI!R 27 I
IWGSC_CS5_1AL_scall_3955298 14 Cadenzal??a 2,784 207,492,315 6 G A hom 0 4 Traes_1AL_SECIEGFOC.T S_prime_UTR_variant 80
IWGSC_CSS_1AL_scaft_1955290 1A Cagenzalzn: 2601 74921326 G A het 1 8 Traes 1AL SECIEGFOC.Y 5 _prime UTR_versat 97
IWGSC_CSS5_1AL_scaff_3955298 14 Cadenzald’8l 2,894 207,492,225 C (- T hom ] 3 Traes_1AL_SECIEGFOC.1 missense_variant 1% a9
IWGSC_CS5_1AL_scaff_3955298 1A CadenzaQ4s? 1903 07,452,214 G G A het 14 -] Traes_lAL_$ECIEGFOC.1 missense_variant 199 8
IWGSC_CES_1AL scalf_3955258 14 Cadenzaddos 2903 20749223 G G A het 4 7 Traes_1ALSECIEGROC.L  missense_variant 139 58
IWGSC_CSS_1AL_scaff_39552%8 1A Cadenzaldés69 2,938 207,492,269 G G A hom ] 13 Traes_1AL_SECIEGFOC.1 missense_variant 234 133
IWGEC_CES_1AL scall_3955208 1A Cadenzalldy 2962 074923 C € T hem 0 17 Traes_1ALSECIEEFOC.L  synenymous_variant e 17
IWGSC_CSS_14L_scaff_3985298 14 CadenzaOs2s 2,993 207,492,324 C € T  het 28 24 Traes_l4L_SECIESFOC.1 | missense_variant 289 188
IWGSC_CS5_1AL_scall 3055290 1A  Cadenzal?ié 3,000 207,492,340 C < T hom i 7% Te LIAL_SECIEGFOC.1 SyROnymMous_vanant 305 204
IWGSC_CS5_1aL_scaff_3955298 1a Cadenzal2ss 3,029 207,492,360 C < T het 18 1 Traes_lAL_SECIESFRC.] missense_vanant 328 224
IWGSE_CSS_1aL_seaff_ 1955198 1A Cadenzal212 3,043 207,492,374 G G A het 9 9 Traes_1AL_SECIEEFOC.1 missense_vanant e 238
IWGSC_CSS_1AL_scaff_39552%8 1A Codenzal?00 3,043 07,452,374 G G ) het &0 a7 T 1AL_SECIESFOC,1 masense_vanant I’ 238
IWGSC_CSS_1AL_scaff_3955298 1A Cadenzallss 3,045 07,492,376 6 & A hat 1 s Trass 1AL_SECIEGFOC.1 Y PONYMOUE_variant 3 240
IWGSC_CS5_1AL scaft_3935250 1A Codenza0zd 3066 TASLIT G G A hom 2 81 Trees_LALSECIESFOC.L  symomymous_veriant w2 201
IWGSC_CSS_1AL_scaff_3955298 1A Cadenzalé&94 3,085 207,492,416 G G A hom ] 14 Traes_1AL_SECIESFOC.1 rassense_vanant s 280
IWGSC_CS5_1AL scaff_3955258 1A Cadenzaldi 3002 2074524336 G A het 18 12 Traes_1AL SECIESFOC.L  synenymous_variant ETCRE
IWGSC_CS5_14L_scalf_3585258 14 Cadenzal338 3,108 207492437 C & T het 47 44 Traes_14L_SECIESFOC.1 synonymous_vanant 4, 301
IWGSC_CSS_tAL_seaff_3055290 1A Cadenzalddl 3122 207,492,453 G G A hem (] 44 Traes_1AL_SECIEGFOC.1 missence_variant 418 nz
IWGSC_CSS_1AL_scall_3985208 1A Cadenzalé2s 3470 207492500 C € T het 17 15 Traes_1AL SECIEEFOC.  missense_variant 88 35
IWGSC_CSS_1AL_scaff_1955290 1A Cadenza0l42 3,180 207492511 C € [T  het 46 22 Traes_1AL_SECIEEFOC.1 Symonymous_variant a6 ars
IWGSC_CSS_1AL_scal_3955298 1A Cadenzadssz 3193 207,492,524 C €. T het 60 59 Traes_1AL_SECIEGFOC.1 intron_varnant
IWGSC_CS5_1aL_scaff_3955298 14 CadenzadQll 3,194 207,492,525 C < T hom ] 134 Traes_1AL_9ECIESFOC.1 intron_vanant
IWGSC_CSS_1AL_scalt_J955298 1A Cadenzalsen 3214 207492545C € T bt 60 66 Traes_1AL SECIEGFUC.L  intron_variant
IWGSC_CSS_1AL_scaff_J955298 1a CadenzalQ0l aar 207,492,548 C [ T et 55 58 Traes_14L_SECIEGFDC.1 intron_vanant
IWGSC_CSS_1AL_scaff_J955298 1A Cadenzallge 3219 207,492,560 C (4 T hat v $0 Tra 1AL_SECIEGFOC. intron_vanant

\
Additional Resources
additional resources and documentation of the website and populations

Ssads: To order seads ploass visit the SeedStor site at WWW.52edsI0rac Uk yo, will need the mutant line identifier to raquast sesd {2g Cadanzat 111 or Kranast111) S eed St‘L

Figure 6: TILLING HTML table output
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