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turgidum cv. Kronos TILLING
Population
Sophie A. Harrington1, Nicolas Cobo2, Miroslava Karafiátová3, Jaroslav Doležel3,
Philippa Borrill1,4 and Cristobal Uauy1*

1 John Innes Centre, Norwich, United Kingdom, 2 Department of Plant Sciences, University of California, Davis, Davis, CA,
United States, 3 Institute of Experimental Botany, Centre of the Region Haná for Biotechnological and Agricultural Research,
Olomouc, Czechia, 4 School of Biosciences, University of Birmingham, Birmingham, United Kingdom

Durum wheat (Triticum turgidum) derives from a hybridization event approximately
400,000 years ago which led to the creation of an allotetraploid genome. The
evolutionary recent origin of durum wheat means that its genome has not yet been
fully diploidised. As a result, many of the genes present in the durum genome act
in a redundant fashion, where loss-of-function mutations must be present in both
gene copies to observe a phenotypic effect. Here, we use a novel set of induced
variation within the cv. Kronos TILLING population to identify a locus controlling a
dominant, environmentally dependent chlorosis phenotype. We carried out a forward
screen of the sequenced cv. Kronos TILLING lines for senescence phenotypes and
identified a line with a dominant early senescence and chlorosis phenotype. Mutant
plants contained less chlorophyll throughout their development and displayed premature
flag leaf senescence. A segregating population was classified into discrete phenotypic
groups and subjected to bulked-segregant analysis using exome capture followed
by next-generation sequencing. This allowed the identification of a single region on
chromosome 3A, Yellow Early Senescence 1 (YES-1), which was associated with the
mutant phenotype. While this phenotype was consistent across 4 years of field trials in
the United Kingdom, the mutant phenotype was not observed when grown in Davis,
CA (United States). To obtain further SNPs for fine-mapping, we isolated chromosome
3A using flow sorting and sequenced the entire chromosome. By mapping these reads
against both the cv. Chinese Spring reference sequence and the cv. Kronos assembly,
we could identify high-quality, novel EMS-induced SNPs in non-coding regions within
YES-1 that were previously missed in the exome capture data. This allowed us to
fine-map YES-1 to 4.3 Mb, containing 59 genes. Our study shows that populations
containing induced variation can be sources of novel dominant variation in polyploid crop
species, highlighting their importance in future genetic screens. We also demonstrate
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the value of using cultivar-specific genome assemblies alongside the gold-standard
reference genomes particularly when working with non-coding regions of the genome.
Further fine-mapping of the YES-1 locus will be pursued to identify the causal SNP
underpinning this dominant, environmentally dependent phenotype.

Keywords: durum wheat, genomics, senescence, chlorosis, bulked-segregant analysis, TILLING, mapping-by-
sequencing

INTRODUCTION

Polyploidisation events underpin plant evolution and have been
suggested to be key drivers of innovation, particularly within the
angiosperms (Soltis and Soltis, 2016). All angiosperm species,
including important crops such as wheat, rice, and maize,
carry signatures within their genomes of ancient whole genome
duplication (WGD) events that occurred within their lineage,
such as the monocot-specific duplication, τ (Paterson et al.,
2012). These polyploidisation events lead to the presence of
multiple copies of genes which previously carried out the same
function. It has been proposed that, following WGD, the resulting
diploidisation of the genome leads to neo-functionalization or
sub-functionalisation of gene copies derived from the original
WGD (Dodsworth et al., 2016; Clark and Donoghue, 2018).
The diploidisation process reduces the redundancy present
within the genome by minimizing the number of genes with
duplicate functions.

However, unlike rice and maize, wheat has also undergone
two more recent allopolyploidisation events, where inter-species
hybridizations bring together the chromosomes of each parent,
creating a hybrid species with higher ploidy. The first event,
approximately 400,000 years ago, occurred when two wild grasses
hybridized to produce a tetraploid grass (wild emmer) which
would go on to be domesticated as durum wheat (Triticum
turgidum) (Dubcovsky and Dvorak, 2007; Borrill et al., 2019).
The second polyploidisation event occurred more recently, only
10,000 years ago, when the tetraploid emmer hybridized with
another diploid wild grass, leading to a hexaploid species which
was then domesticated as bread wheat (Triticum aestivum).
Unlike in ancient WGDs, these polyploidisation events have
occurred relatively recently, such that most wheat genes are
present as homoeologous duos or triads in durum and bread
wheat, respectively, and may often have redundant functions
(Ramírez-González et al., 2018).

A direct result of this homoeolog redundancy is that the
inheritance of many traits in polyploid wheat tend to be
quantitative, with multiple homoeologous loci contributing
partly to the phenotype (Borrill et al., 2019; Brinton and
Uauy, 2019). The phenotypic consequences of mutations in
single homoeologs in wheat can be broadly classified into three
categories — dominant (e.g., VRN1), whereby the mutant allele
leads to a complete change in phenotype akin to mutations in
diploids (Yan et al., 2003); additive (e.g., NAM, GW2), whereby
mutants in each homoeolog lead to a partial change in phenotype
which becomes additive as mutations are combined (Avni et al.,
2014; Pearce et al., 2014; Borrill et al., 2018; Wang et al.,
2018); and full redundancy (e.g., MLO), whereby the single and

double mutants are similar to wildtype individuals, and only
the full triple mutant (in hexaploid wheat) leads to significant
phenotypic variation (Acevedo-Garcia et al., 2017). The presence
of homoeolog redundancy, therefore, can hinder the use of
forward genetic screens in polyploid wheat.

Therefore, beyond its status as an important crop, tetraploid
durum wheat can provide a useful system to reduce the
redundancy inherent in polyploid wheat. New advances in wheat
genomics resources are increasing the speed and resolution with
which we can now map loci corresponding to quantitative traits
(Uauy, 2017). Recently gold-standard reference genomes for
wheat were released, based on the hexaploid landrace Chinese
Spring (International Wheat Genome Sequencing Consortium,
2018) and the tetraploid cultivar Svevo (Maccaferri et al.,
2019). Additional wheat cultivars from across the globe are
being sequenced as part of the wheat 10+ pan-genome
project (10+Wheat Genomes Project, 2016). Crucially, this also
includes durum wheat cultivar Kronos, which was used in the
development of an in silico TILLING population (Krasileva
et al., 2017). This mutant resource contains over 4 million
chemically induced point mutation variation that can be
rapidly accessed for a gene of interest through Ensembl Plants
(Vullo et al., 2017).

An additional challenge when working in wheat is the
sheer size of the genome, approximately 16 Gb in hexaploid
and 11 Gb in tetraploid wheat. This is particularly important
when designing sequencing strategies of mutant populations
or individuals for mapping-by-sequencing. Various reduced
representation methods exist for subsampling the wheat genome.
These include gene-based methods through exome capture
(Mamanova et al., 2010; Krasileva et al., 2017) or sequencing
a specific gene family, as in R-gene enrichment sequencing
(RenSeq) (Jupe et al., 2013; Steuernagel et al., 2016). However,
these methods are less successful in obtaining variant information
from non-coding regions due to their focus on genic regions. This
is particularly important in the case of dominant phenotypes,
which are often due to variations in regulatory regions that are
not within the gene body (Yan et al., 2004; Fu et al., 2005;
Borrill et al., 2015), although not exclusively (Simons et al.,
2006; Greenwood et al., 2017). Methods do exist, however,
to facilitate subsampling of the wheat genome while still
retaining information from non-coding regions. In particular,
chromosome flow sorting reduces the size of the genome by
isolating an entire chromosome which can then be sequenced
(Doležel et al., 2012). Other techniques (implemented in rice)
include skim sequencing, which uses low coverage to obtain
information about deletions or duplications, as well as SNPs,
across the genome (Huang et al., 2009).
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The new genomic resources and techniques for use in wheat
now allows the more in-depth study of traits at the genetic
level. One of these traits is chlorosis, characterized by the
degradation of chlorophyll pigments in the leaves of the wheat
plant. Chlorosis can be a symptom of disease, such as for yellow
(stripe) rust and barley yellow dwarf virus (BYDV) (Kimura et al.,
2016), as well as of many different nutrient deficiencies, such
as nitrogen, magnesium, and potassium (Snowball and Robson,
1991). The presence of chlorosis, therefore, is often dependent
on environmental conditions, such as the level of nutrients
present in the soil. As a result, while chlorosis is not a desirable
phenotype for breeding purposes, understanding the genetics
underpinning chlorosis in different circumstances can increase
our understanding of complex processes involved in nutrient
homoeostasis and disease resistance.

Here, we used the Kronos TILLING population as a case
study to identify and fine-map a novel locus in a tetraploid
background (Krasileva et al., 2017). We performed a forward
screen of the Kronos TILLING population for lines that exhibited
late or early senescence phenotypes. From this set, we identified
a line that segregated for a dominant chlorosis phenotype
and was consistent across multiple years of field trials in the
United Kingdom. We used mapping-by-sequencing to define the
dominant phenotype as a single Mendelian locus on chromosome
3A, which we called Yellow Early Senescence-1. Using exome
capture and chromosome flow-sorting to subsample the large
wheat genome, we utilized the new RefSeqv1.0 hexaploid
reference genome (International Wheat Genome Sequencing
Consortium, 2018) alongside an assembly of the durum cultivar
Kronos to identify SNPs across the region of interest. Following
this, we mapped the Yellow Early Senescence-1 locus to 4.3 Mb,
containing 59 high-confidence genes.

MATERIALS AND METHODS

Field Trials
TILLING Population Screen
The initial screen of the sequenced Kronos TILLING population
(N = 951 M4 lines) was carried out on un-replicated single
1 m rows (Supplementary Figure 1A), sown in November
2015 at Church Farm, Bawburgh (52◦38′N 1◦10′E). Note that
all John Innes Centre (JIC) trials were sown at Church Farm,
but in different fields at the farm in each year. Lines were
sown in numerical order (i.e., line Kronos0423 was followed
by Kronos0427). For simplicity, TILLING lines will be referred
to as KXXXX throughout the manuscript (i.e., Kronos0423 as
K0423). Wild-type controls (cvs. Kronos, Paragon, and Soissons)
were sown randomly throughout the population. Rows were
phenotyped for senescence as detailed below. Following scoring,
independent M4 individuals from 10 mutant lines with early
flag leaf and/or peduncle senescence and 11 mutant lines with
late flag leaf and/or peduncle senescence were crossed in the
glasshouse to wild-type Kronos (Supplementary Table 1). The
F1 plants were then self-pollinated to obtain F2 seed (Figure 1E).
For three mutant lines (K0331, K3085, and K3117) we recovered
insufficient F2 seeds and hence these populations were not

pursued further. All original mutant lines described are available
through the JIC Germplasm Resources Unit1.

Recombinant Scoring
F2 populations of the selected TILLING lines (backcrossed to
cv. Kronos) were sown at Church Farm in March 2016 and
grown as described previously (Harrington et al., 2019b). Briefly,
individual F2 seeds were hand-sown in 6 × 6 1 m2 grids, leaving
approximately 17 cm between each plant (Supplementary
Figure 1B). In total, we sowed 31 F2 populations representing 18
distinct TILLING mutant lines. For K2282, two F2 populations
were sown, K2282-A and K2282-B, and phenotyped. Seeds from
both K2282 populations were taken forward for further field
trials. 119 kg/ha of Nitrogen was applied to the trials during 2016.

In 2017 and 2018, the F3 seed from the K2282 F2 plants
that were either heterozygous across the identified region on
chromosome 3A or contained recombination within the mapped
interval were grown. In 2017, we selected 30 lines from the
K2282-A population and 8 lines from the K2282-B population. F3
seed from these 38 lines were sown in a randomized block design,
replicated between 1 to 4 times depending on seed availability.
Each experimental unit consisted of a 1 m2 plot that contained
three 1 m rows of a single lines, separated from each other by
∼17 cm (Supplementary Figure 1A). The primary tillers of 12
individual plants from each row were tagged before heading. In
2018, 374 individual seeds derived from 16 F2 plants completely
heterozygous across the SH467/SH969 region were hand-sown
into a 1 m2 grid (Supplementary Figure 1B) and scored as in
2016. In each year, tissue for genotyping was sampled from the
tagged plants (2017) or each individual plant (2018). Senescence
phenotyping was carried out as detailed below. Precipitation
data for the JIC field trials was obtained from a weather station
at 52◦37′ 52.29′′ N, 1◦10′ 23.57′′ E. Nitrogen was applied to
the field as fertilizer in both years, 147 kg/ha in 2017 and
124.5 kg/ha in 2018.

Phenotypic Characterization
Based on the 2017 genotypic information, nine individual F3 lines
genotyped as fully homozygous mutant (N = 4) or homozygous
wild-type (N = 5) across the initial mapped region (from marker
SH467 to SH969) were selected. Plants from these nine genotypes
were sown in 2018 in 1 m2 plots (two double 1 m rows
separated by approximately 33 cm; Supplementary Figure 1C)
and replicated 3 times in a complete randomized design. Wild-
type Kronos and M5 seed from the K2282 line were also sown
as controls (N = 3). Two tillers in each row were tagged at
heading and used for SPAD readings and genotyping. Senescence
phenotyping was carried out as detailed below.

Putative Candidate Gene Phenotyping
In 2018, TILLING lines containing mutations in
TraesCS3A02G414000 were grown in the field at JIC. Twenty-
four seeds were hand sown per line in single, unreplicated 1 m
rows (Supplementary Figure 1A). The TILLING lines were
selected using the in silico TILLING browser implemented

1www.seedstor.ac.uk
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FIGURE 1 | A premature yellowing phenotype from the Kronos TILLING population segregates as a single dominant locus. F2 populations of the K2282 Kronos
TILLING line grown at the JIC in 2016 showed an early yellowing phenotype (A) Pigment content was measured in the yellow mutant plants (F2M) compared to the
wild-type plants (F2WT) (B; n = 3 per genotype) and was also quantified using SPAD (C; n = 153 F2M, n = 61 F2WT). The yellow group (F2M) senesced significantly
earlier than the late bulk (F2WT) (D; n = 148 F2M, n = 56 F2WT). Scoring of the plants demonstrated that the F2 population was segregating 3:1 for the yellow trait,
indicative of a dominant single locus where heterozygous plants, such as the F1 generation, also present the mutant phenotype (E; numbers are combined for both
populations). F2M and F2WT refer to plants which are yellow and green, respectively, and which derive from the F2 population (see bottom of E), while WT and MP
refer to Kronos WT plants or M4 K2282 plants, respectively (see top of E).

through Ensembl Plants (based on reanalysis of data from
Krasileva et al., 2017). Lines containing frameshift and
deleterious missense mutations (SIFT = 0) were identified,
and three were selected for testing in the field based on mutation
location and germination success of the TILLING line.

Davis, California Trial
91 F3 lines from population K2282-A and 55 F3 lines from
population K2282-B were sown at the University of California
Field Station near Davis, California (38◦ 31′ N, 121◦ 46′ W) in

November 2016. Lines were selected if the F2 parent contained
recombination within the SH467/SH969 region or was fully
heterozygous across the region. In addition, seed from F2 parents
completely mutant or wild-type across the region (N = 12 each)
were also selected. Lines were sown in a complete randomized
design, as double 1 m rows each separated by an empty row
(as in the JIC 2018 trial; Supplementary Figure 1C). Eight
individual plants were tagged per row at heading for plants
derived from heterozygous parents, to allow genotyping and
scoring of individual plants. At least two plants per double
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row were also tagged and sampled to verify the genotype of
the completely wild-type or mutant lines. Heading and visual
senescence was scored as in 2018 at the JIC, detailed below. 225 kg
N/hectare was applied to the trial (as ammonium sulfate), half
before planting and half on March 31st (Z30 stage). The trial
was treated with appropriate fungicides to prevent stripe rust
(Puccinia striiformis f. sp. tritici). Precipitation data for the Davis
trial was obtained from the Davis, California weather station (38◦
32′ 07′′ N, 121◦ 46′ 30′′ W).

Glasshouse Trial
F3 plants derived from mutant or wild-type F2 parents, genotyped
across the SH179-SH969 region, were pre-germinated on damp
filter paper for 48 h at 4◦C in the dark. The seedlings were sown
into P96 trays with 85% fine peat and 15% horticultural grit.
Plants were transplanted to 1 L pots at the 3-leaf stage. The pots
contained either (a) Petersfield Cereal Mix (Petersfield, Leicester,
United Kingdom), (b) Horticultural Sand (J. Arthur Bower’s,
Westland Horticulture), or (c) Soil taken from the Church
Farm site used for JIC field trials (Bawburgh, United Kingdom).
Plants sown into sand were also supplied with 100 mL of
Hoagland solution every 3 days (Hoagland and Arnon, 1950).
K2282 mutant and wild-type F3 plants were also tested under
low water conditions in each of the three soil conditions listed
above. Under the low water conditions, the plants were watered
once weekly, and additionally to maintain a soil volumetric
water content of approximately 20%, as measured with the
Decagon GS3 sensor (ICT International, Armidale, Australia).
Three plants of each genotype were treated in each condition.
Plants were visually phenotyped for chlorosis onset, determined
as a visual yellowing of the main flag leaf (see Figure 1A for a
visual example).

Plant Phenotyping
Visual Color Scoring
Plants were scored as either yellow or green based on their
visual appearance in the field. Those which phenocopied the
wild-type Kronos plants were scored as green, while those which
phenocopied the TILLING mutant parent (MP) were scored as
yellow; the two categories are illustrated in Figure 1A. These
initial visual scores were then corroborated with SPAD and
chlorophyll scoring; see methods below.

Senescence Phenotyping
Plants were scored for senescence across the different field
trials as detailed previously (Harrington et al., 2019b). Briefly,
when scoring individual plants, all phenotyping was carried
out on the main tiller, tagged upon heading. Heading was
scored at Zadoks growth stage 57, when the spike was 25%
emerged (Zadoks et al., 1974). Flag leaf senescence was scored
for the main tiller when 25% of the flag leaf showed visual
yellowing and tissue death (necrosis) from the tip. Senescence
of the main peduncle was scored when the top 3 cm were
fully yellow. When scoring rows of the same genotype, all
stages were scored across the entirety of the row. Rows were
considered to have reached heading when 75% of the main
spikes reached Zadoks growth stage 57. Leaf senescence was

similarly scored when 75% of the flag leaves were yellowing and
necrotic across 25% of the leaf, from the tip. Peduncle senescence
was scored when the top inch of 75% of the peduncles were
completely yellow.

Alongside visual scoring, we utilized the SPAD-502 meter
(Konica Minolta, Osaka, Japan) to obtain non-destructive
chlorophyll content readings. For measurements of individual
plants (2016, 2017, 2018) eight readings were taken along the
flag leaf on each side of the midrib and averaged to obtain a
final reading which was considered the SPAD score for that
biological replicate. For measurements of rows (2018), the two
tagged tillers were both measured in the same way, and the
average of their measurements was taken as the SPAD reading
for that biological replicate.

Chlorophyll Quantification
Chlorophyll content was measured directly from sampled leaf
tissue in 2016 and 2018 at JIC. In 2016, flag leaf tissue was
sampled at heading (N = 3 per genotype); in 2018 flag leaf tissue
was sampled at anthesis and the third leaf was sampled at the
third leaf stage (Zadoks 13–14), approximately 24 days before
anthesis (Mutant, N = 8; Wild-type, N = 10). In 2016, one leaf was
sampled per individual plant and was treated as an independent
biological replicate. Similarly, in 2018, one leaf was sampled per
row, and treated as an independent biological replicate. Three
1 cm2 discs were extracted from each leaf, one at the base of the
leaf, one in the middle, and one from near the leaf tip. Chlorophyll
was extracted as described previously (Wellburn, 1994); briefly,
the discs of tissue were soaked in N, N-Dimethylformamide
(analytical grade, Sigma-Aldrich, United Kingdom) for 48–64 h
until all pigment was completely removed from the leaf tissue.
Pigment content was then quantified as previously described
(Wellburn, 1994).

Leaf Mineral Content
Mineral content was taken from leaf tissue samples (2018). Leaf
samples of approximately 0.2 g were dried and ground to a fine
powder before digestion with 2 mL nitric acid (67–69%, low-
metal) and 0.5 mL hydrogen peroxide (30–32%, low-metal) for
12 h at 95◦C. Samples were then diluted 1:11 in ultrapure water
before analysis with ICP-OES (Vista- PRO CCD Simultaneous
ICP-OES; Agilent). Calibration was carried out using standards
of Zn, Fe, and Mg at 0.2, 0.4, 0.6, 0.8, and 1 mg L−1 and Mn and
P at 1, 2, 3, 4, and 5 mg L−1.

Light Microscopy
Thin sections of flag leaves were cut using a razor from mutant
and wild-type plants in 2018 were imaged using a Leica MZ16
light microscope (Meyer Instruments, Houston, United States;
N = 3 per genotype).

Bulked Segregant Analysis
Individual plants with green and yellow phenotypes from the
K2282 F2 populations sown at the JIC in 2016 were selected for
bulked segregant analysis. DNA from plant tissues, sampled at
seedling stage, was extracted using the QIAGEN DNeasy Plant
Mini Kit. The quality and quantity of the DNA was checked using
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a DeNovix DS-11 Spectrophotometer, Qubit (High Sensitivity
dsDNA assay, Q32854, Thermo Fisher), and by running a sample
of the DNA on an agarose gel (1%) to visualize the high
molecular weight DNA. Four bulks were assembled by pooling
DNA from plants which had been scored as either “yellow” or
“green” (K2282-A, N = 75 for yellow, N = 16 for green; K2282-
B, N = 33 for yellow, N = 22 for green). Equal quantities of
DNA from the individual plants were pooled into each bulk
to minimize bias.

Library preparation and sequencing was carried out at the
Earlham Institute (Norwich, United Kingdom) as follows. DNA
quality control was carried out using the High Sensitivity
Qubit assay, before library preparation was carried out with a
KAPA HTP Library Prep Kit. Size selection was carried out
using Beckman Coulter XP beads, and DNA was sheared to
approximately 350 bp using the Covaris S2 sonicator. Four
libraries were produced, one for each bulk detailed above, which
were barcoded and pooled. Five cycles of PCR were carried out
on the libraries before carrying out exome capture.

Hybridization to the wheat NimbleGen target capture,
previously described in Krasileva et al. (2017), was carried out
using the SeqCapEZ protocol v5.0, with the following changes:
2.8 µL of Universal Blocking Oligos was used, and the Cot-1 DNA
was replaced with 14 µL of Developer Reagent. Hybridisation
was carried out at 47◦C for 72 h in a PCR machine with a lid
heated to 57◦C.

The library pool was diluted to 2 nM with NaOH and
10 µL transferred into 990 µL HT1 (Illumina) to give a
final concentration of 20 pM. This was diluted further
to an appropriate loading concentration in a volume
of 120 µL and spiked with 1% PhiX Control v3 before
loading onto the Illumina cBot. The flow cell was clustered
using HiSeq PE Cluster Kit v4, utilizing the Illumina
PE_HiSeq_Cluster_Kit_V4_cBot_recipe_V9.0 method on
the Illumina cBot. After clustering, the flow cell was loaded onto
the Illumina HiSeq2500 instrument following the manufacturer’s
instructions. The sequencing chemistry used was HiSeq SBS
Kit v4. The library pool was run on two lanes with 125 bp
paired end reads. Reads in bcl format were demultiplexed
using the 6 bp Illumina index by CASAVA 1.8, allowing for a
one base-pair mismatch per library, and converted to FASTQ
format by bcl2fastq.

Chromosome Flow-Sorting and
Sequencing
Seeds from the original K2282 M5 mutant line were used for the
chromosome sorting and sequencing to ensure all parental SNPs
were included. Suspensions of intact mitotic chromosomes were
prepared from synchronized root tip meristems according to
Vrána et al. (2000). To achieve better discrimination of individual
chromosomes by flow cytometry, GAA microsatellite loci were
fluorescently labeled by FISHIS (Giorgi et al., 2013) using FITC-
labeled (GAA)7 oligonucleotides as described (Vrána et al.,
2016). Chromosomal DNA was then stained by 4′,6-diamidine-
2′-phenylindole (DAPI) at final concentration 2 µg/ml and
the chromosome suspensions were analyzed by FACSAria

SORP II flow sorter (BD Biosciences, San Jose, United States)
at rates of 1000–2000 particles/s. Bivariate flow karyotypes
DAPI vs. GAA-FITC were obtained and individual populations
were flow sorted to identify the population representing
chromosome 3A and to estimate the extent of contamination
by other chromosomes (Supplementary Figure 2). Briefly, 2000
chromosomes were sorted onto a microscopic slide and evaluated
by fluorescence microscopy after FISH with probes for GAA
microsatellite and Afa-family repeat (Kubaláková et al., 2002).
Three batches of 30,000 copies of chromosome 3A corresponding
to ∼50 ng of DNA each were then sorted into PCR tubes
containing 40 µl sterile deionized water. Chromosomal DNA
was purified and amplified by Illustra GenomiPhi V2 DNA
amplification Kit (GE Healthcare, Piscataway, United States)
according to Šimková et al. (2008).

Library preparation and sequencing were carried out at
Novogene. DNA integrity was confirmed on 1% agarose gels.
A PCR-free library preparation was carried out, using the
NEBNext Ultra II DNA Library Prep Kit for Illumina, following
manufacturer’s instructions. Libraries were sequenced using a
HiseqX platform, generating 150 bp paired end reads.

Sequencing Alignments and SNP Calling
For the bulked segregant analysis, the raw Illumina reads were
aligned to the Chinese Spring reference genome, RefSeqv1.0
(International Wheat Genome Sequencing Consortium, 2018),
using bwa-mem (v 0.7.5) with the default settings (-k 20, -d 100)
(Li, 2013). Alignments were sorted, indexed, and PCR duplicates
removed using SAMtools (v 1.3.1) (Wysoker et al., 2009), and
SNPs were called using freebayes (v 1.1.0, default settings)
(Garrison and Marth, 2012). Depth of coverage was calculated
using the exome capture size detailed previously (Krasileva
et al., 2017; Supplementary Table 2). Following SNP calling,
we then filtered the original output to obtain only SNPs that
were previously called in the K2282 parent line (Krasileva et al.,
2017) using an original script available online to convert SNP
coordinates to the RefSeq v1.0 genome2. The relative enrichment
of each SNP in the yellow and green bulks was visualized across
the wheat genome using the Circos package (Krzywinski et al.,
2009). To do this, the AO/DP ratio was calculated for each of
the green and yellow bulks, where AO is the number of reads
with the mutant, or “alternate,” allele at the position in question,
and DP is the depth of reads at that position. A 1 value was
calculated by subtracting the AO/DP ratio for the green bulk
from the yellow bulk. A schematic of the pipeline is provided in
Supplementary Figure 3.

Following flow-sorting of chromosome 3A, reads were aligned
to both RefSeq v1.0 and the Kronos assembly. We obtained access
to the draft Kronos assembly produced at the Earlham Institute,
which was assembled using the methods previously described
(Clavijo et al., 2017a,b). The Kronos assembly is available in
advance of publication from Grassroots Genomics3. In both cases,
the alignment was carried out with bwa-mem (v 0.7.5; default

2https://github.com/Uauy-Lab/K2282_scripts; SNPs from K2282 were obtained
from www.wheat-tilling.com
3https://opendata.earlham.ac.uk/opendata/data/Triticum_turgidum/
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settings -k 20, -d 100) (Li, 2013). Illumina reads from the wild-
type Kronos assembly were aligned to RefSeq v1.0 using hisat
(v 2.0.4, default settings with -p 8) (Kim et al., 2015). In all
cases, files were sorted, indexed, and PCR duplicates removed
with SAMtools (v 1.3.1) (Wysoker et al., 2009). For alignments to
RefSeq v1.0, depth of coverage across part 2 of chromosome 3A
was calculated using genomic windows of 1 Mb (Supplementary
Table 2). Depth of coverage was not calculated for the complete
Kronos alignment, as the scaffolds are not associated with a
chromosome. SNPs were called on the respective alignments
using freebayes (v 1.1.0) at default settings in all cases. BCFtools
(Wysoker et al., 2009) was used to filter the SNPs based on quality
(QUAL≥ 20), depth (DP > 10), zygosity (only homozygous), and
EMS-like status (G/A or C/T SNPs).

For the alignment against the Kronos genome, SNPs were
manually filtered to remove those in regions of very high SNP
density. We then identified scaffolds from the Kronos genome
which fall within the YES-1 locus in the Chinese Spring RefSeq
v1.0 genome using BLAST (v2.2.30; default parameters with -
max_hsps 1 and -outfmt 6) (Altschul et al., 1990) against the
gene sequences annotated within that region, using the v1.1 gene
annotation. All further analysis of the SNP data for mapping and
marker design focused solely on the 32.9 Mb YES-1 region. This
retained 18 scaffolds which contained high quality SNPs within
the YES-1 region.

Varietal SNPs between Kronos and Chinese Spring were
identified by aligning the raw wild-type Kronos reads against
RefSeqv1.0 (as detailed above). These varietal SNPs were then
removed from the SNPs called from the alignment of the
chromosome 3A reads to RefSeqv1.0. These SNPs were also
manually curated to remove any which fell in regions of
unreasonably high SNP density. A schematic of this workflow is
provided in Supplementary Figure 4.

KASP Marker Genotyping
Markers were designed for the identified SNPs predominantly
using the PolyMarker pipeline (Ramirez-Gonzalez et al.,
2015b). Those not successful in PolyMarker were designed
manually to be homoeolog specific. Markers were run on the
recombinant populations using KASP genotyping, as previously
described (Ramirez-Gonzalez et al., 2015a). Markers specific
to K2282 are listed in Supplementary Table 3. Markers
used for NAM-A1 genotyping were previously published
(Harrington et al., 2019b).

Data Analysis
Appropriate statistical tests for all data analyses were carried
out and are detailed explicitly in the section “Results”. When
needed, adjustments for false discovery rate were carried out
using the Benjamini–Hochberg adjustment. This is referred to in
the results as “adjusted for FDR.” All statistics were carried out in
R (v3.5.1) (R Core Team, 2018), and data was manipulated using
packages tidyr (Wickham and Henry, 2018) and dplyr (Wickham
et al., 2019). Graphs of phenotyping and expression data were
produced using ggplot2 (Wickham, 2016) and gplots (Warnes
et al., 2019), respectively.

RESULTS

A Forward Screen of the Kronos TILLING
Population Identifies a Line Segregating
for a Dominant Chlorosis Phenotype
951 M4 lines of the Kronos TILLING population (Krasileva et al.,
2017) were grown at the JIC in 2015 and scored for flag leaf and
peduncle senescence timing. Ten lines showed early senescence
phenotypes, while 11 showed late senescence phenotypes
relative to Kronos wild-type (Supplementary Figure 5 and
Supplementary Table 1). We developed F2 populations for these
21 lines crossed to wild-type Kronos. In 2016 the F2 mapping
populations for 18 of these 21 lines were grown at JIC, and again
scored for the senescence. From these populations, two showed
significantly delayed peduncle senescence; K1107, with delayed
peduncle senescence present in two independent F2 populations,
and K2711, with delayed peduncle senescence in one of two F2
populations (Supplementary Figure 6). These two lines both
contained mutations in the NAM-A1 gene, known to be a positive
regulator of senescence (Uauy et al., 2006). The presence of the
NAM-A1 mutation was sufficient to account for the variation in
peduncle senescence timing found within the F2 populations for
both K1107 and K2711 (Tukey’s HSD, p < 0.01, Supplementary
Figure 7), indicating that the NAM-A1 SNPs were causal. The
effect of the NAM-A1 mutations was followed up separately
(Harrington et al., 2019b).

Based on the data from the 2016 field trials, we identified a
single line, K2282, which showed a significant deviation in the
timing of flag leaf senescence onset between the F2 population
and the wild-type controls (p < 0.001, Kolmogorov-Smirnov
test, adjusted for FDR; Supplementary Figure 6). Two F2
populations derived from K2282, K2282-A, and K2282-B, both
showed earlier senescence compared to the wild-type controls.
This phenotype, however, did not appear to be typical of a leaf
senescence mutant. Although leaf senescence (scored based on
leaf-tip necrosis) was indeed earlier in the K2282 populations,
by anthesis the leaf tissue of individual plants was already
highly chlorotic (Figure 1A). Quantification of chlorophyll levels
confirmed that the yellow F2 individuals from both populations
contained significantly less pigment than green F2 individuals
(p < 0.05, Student’s t-test, Figure 1B). We also observed that the
chlorosis phenotype predominated in the interveinal regions in
the yellow plants, leading to a characteristic striated phenotype
(Supplementary Figure 8).

We scored the K2282 F2 populations for chlorosis as a
binary trait; i.e., plants were scored as yellow or green [see
Figure 1A for an image of yellow (MP/F2M) and green (WT)
flag leaves]. We confirmed that our visual scoring of the
plants corresponded to the true chlorotic phenotype using
non-destructive measurements of relative chlorophyll units.
This identified a significant reduction in chlorophyll in the
yellow (F2M) plants compared to the green (F2WT) plants, as
expected (p < 0.001, Student’s t-test; Figure 1C). After classifying
the F2 population into the green (F2WT) and yellow (F2M)
groups, we found that the yellow group had significantly earlier
leaf senescence (when scored to include necrotic symptoms)
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than the green group (p < 0.001 Kolmogorov–Smirnov test,
Figure 1D). The yellow group showed a slight but significant
delay of approximately 2 days in heading (p < 0.001, Wilcox
test; Supplementary Figure 9) compared to the green group.
This suggests that the early senescence observed is not due
to the yellow group flowering earlier than the green group.
The segregation of the chlorotic phenotype within the two
populations was not significantly different from a 3:1 yellow to
green ratio (X2, p = 0.07; Figure 1E), consistent with the trait
being underpinned by a single dominant locus, hereafter referred
to as Yellow Early Senescence 1 (YES-1).

The YES-1 Locus Maps to the Long Arm
of Chromosome 3A
To map the trait, we carried out bulked segregant analysis on the
two independent populations, K2282-A and K2282-B. A diagram
of the analysis pipeline used is provided in Supplementary
Figure 3. Following library preparation and exome capture,
reads were aligned against the RefSeqv1.0 genome (International
Wheat Genome Sequencing Consortium, 2018) and SNPs were
called (Supplementary Table 2). To reduce the number of false
SNP calls, we initially filtered the SNPs to only include those
previously identified in the original M2 TILLING line (Krasileva
et al., 2017). We recovered 1,548 SNPs out of the 3,060 SNPs
present in the original K2282 M2 line which was sequenced.
We expected to recover fewer SNPs than those identified in the
original TILLING line as SNPs that were initially heterozygous
in the M2 generation, may have been lost in the following two
generations. Similarly, ∼50% of heterozygous mutations present
in the M4 line crossed to wild-type Kronos to produce the F2
population would also have been lost.

We initially focused our analysis on the K2282-A population
and calculated the ratio of the mutant (alternate) allele over total
depth of coverage (AO/DP) at each SNP location in the yellow
and green bulks (Figure 2A, inner track). From this, we then
calculated the 1 value representing the enrichment of the mutant
allele in the yellow bulk compared to the green bulk (Figure 2A,
outer track). The segregation ratio seen in the field suggested
this was a dominant single locus trait. Hence, we assumed
that the yellow bulk would contain individuals homozygous or
heterozygous for the causal mutant allele, while the green bulk
should only contain homozygous wild-type plants. As a result,
the AO/DP value should approach 0 in the green bulk, and 0.66
in the mutant bulk, and thus have a 1 value of 0.66. Using a
conservative limit of 0.5 for the 1 value (gray line, outer track of
Figure 2A), we identified only one region, on chromosome 3A,
that was enriched for the mutant allele (Figure 2B). This result
was consistent with that obtained from mapping carried out on
the second population, K2282-B (Supplementary Figure 10).

To validate this mapping, we developed KASP markers for the
SNPs within and surrounding the region of interest (Figure 2C
and Supplementary Table 3). Mapping of the individual F2
plants which were used to perform the exome capture confirmed
the location of the region of interest on the long arm of
chromosome 3A. Using the recombination events within this
region and requiring at least two independent F2 plants to

define the mapping interval, we narrowed the YES-1 region to
between markers SH179 and SH969, a region of 32.9 Mb in
the RefSeq v1.0 genome containing 345 genes (RefSeq v1.1 gene
annotation) (Figure 2C).

Leaf Chlorosis Precedes Anthesis but Is Inconsistent
Across Environments
To further characterize the phenotype, individual lines which
were genotyped as completely mutant or wild-type across the
YES-1 region were grown at the JIC in 2018. The mutant lines
contained less chlorophyll A, B, and carotenoid pigment as early
as the 3rd leaf stage (Zadoks 13–14) (Student’s t-test, p < 0.01;
Figure 3A). This difference was increased at anthesis (Student’s
t-test, p < 0.005), at which stage there was a larger spread in
pigment content within the mutant lines than the wild-type
lines. Chlorophyll content, measured with SPAD units, was also
monitored across the development of the plants, from 14 days
before anthesis to 39 days post-anthesis. SPAD readings were
consistently lower in the mutant lines up to 24 days post-
anthesis (p < 0.01, Pairwise Wilcoxon Rank Sum adjusted for
FDR). The chlorotic phenotype remained highly visible on the
leaves of the mutant plants, compared to wild-type (shown at 20
DPA, Figure 3C). In both wild-type and mutant lines, the level
of chlorophyll in the flag leaf peaked at approximately 6 DPA
(Figure 3B). No significant decline in SPAD units was observed
in the wild-type plants until 24 DPA (p < 0.01, Pairwise Wilcoxon
Rank Sum adjusted for FDR). In contrast, the mutant plants
contained significantly less chlorophyll at 18 DPA compared to
the peak at 6 DPA (p < 0.01, Pairwise Wilcoxon Rank Sum
adjusted for FDR). Despite this earlier onset of senescence, the
mutant lines continued to lose chlorophyll until the final stage
of the time course (39 DPA), in line with the wild-type plants.
We also found that the chlorosis phenotype is associated with
significant decreases in leaf mineral content, with chlorotic leaves
containing less magnesium at the 3rd leaf stage, and less of all
four measured minerals at anthesis (Mg, Fe, Zn, p < 0.05; Mn,
p = 0.05; Supplementary Figure 11).

Mutant and wild-type lines were also grown at UC Davis
during the summer of 2016. Unlike in the United Kingdom,
no chlorosis or senescence phenotype was observed either
through visual or SPAD scoring (Supplementary Figure 12).
This suggested that the causal locus underpinning YES-1 was
environmentally dependent. Given the similarity between the
interveinal chlorosis phenotype observed in the YES-1 mutant
plants to that seen in plants with varying forms of nutrient
deficiency (Snowball and Robson, 1991) and the decrease in
leaf mineral content seen in the mutant plants (Supplementary
Figure 11), we hypothesized that the environmental variation
in phenotype may be due to nutrient content in the soil.
To test this, F3 plants fully mutant across the YES-1 region
were grown under glasshouse conditions in three soil types:
standard glasshouse cereal mix, soil taken from the JIC field
site in 2017, and horticultural sand supplemented with nutrient-
replete Hoagland solution. However, none of the three conditions
tested recapitulated the yellowing phenotype observed in the
United Kingdom field (Supplementary Figure 13). This was
surprising given the consistency of the phenotype at the JIC
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FIGURE 2 | Bulked segregant analysis identifies the YES-1 locus on chromosome 3A. Exome capture was carried out on yellow and green bulks from
K2282 × Kronos F2 populations grown at the JIC in 2016. The K2282-A yellow bulk (yellow line, inner track; smoothed to a moving average of 4) and green bulk
(green line) were scored at each SNP locus identified for enrichment of the mutant allele. The level of enrichment in the green bulk was subtracted from that of the
yellow bulk to obtain the 1 value (outer track; smoothed to a moving average of 4). A high 1 value, indicative of a region enriched for mutant alleles within the yellow
bulks, was identified on the long arm of chromosome 3A (B; smoothed to a moving average of 4). Markers designed on known TILLING SNPs within this region
mapped the YES-1 locus to a 32.9 Mb interval within the F2 population (C). Green bars indicate wild-type calls, while yellow bars indicate mutant or heterozygous
calls. The relevant phenotype of each recombinant group is shown to the left of the panel. The numbers of individual plants that fell into each recombination interval
are shown to the right. The chromosome scale in (A) is given in Mb.

field site across four different fields during four successive field
seasons (2015–2018).

We then investigated weather-related environmental variation
across the two field sites and across years. We obtained rainfall
and temperature data from Davis, CA, for the 2016–2017 growing
season, and from the JIC field site for the 2016, 2017, and
2018 growing seasons. The trials carried out in California in
2017 received substantially more rainfall between sowing and
heading than in any of the JIC trials (Supplementary Table 4
and Supplementary Figure 14). This suggested that perhaps
reduced rain levels were correlated with the appearance of the
mutant yellow phenotype. However, attempts to recapitulate
the yellowing phenotype in the glasshouse through reduced
watering of plants was also unsuccessful, as no early chlorosis
or senescence was observed under different watering conditions
(Supplementary Figure 13).

Fine-Mapping Reduces the YES-1 Locus
to 4 Mb on Chromosome 3A
To identify further SNPs within the YES-1 locus, we purified
chromosome 3A from the K2282 mutant by flow cytometry
sorting. However, as the population of 3A chromosomes partially

overlapped with the population of 7A chromosomes on a
bivariate flow karyotype DAPI vs. GAA-FITC (Supplementary
Figure 2), flow-sorted fractions comprised 80% of chromosome
3A and 20% of chromosome 7A as determined by microscopic
observation. For sequencing, three batches of 30,000
chromosomes (∼50 ng) were flow-sorted and subsequent
DNA amplification of three independent samples resulted in a
total of 4.51 µg DNA.

Following sequencing, reads were mapped against the A and
B genomes of the wheat RefSeq v1.0 genome (Supplementary
Figure 4). 60.38% of reads aligned to chromosome 3A while
25.37% aligned to chromosome 7A, consistent with the expected
contamination. The remaining reads (14.25%) mapped against
the rest of the genome. We obtained on average 82X coverage
across chromosome 3A, using genomic windows of 1 Mb.

In order to maximize our ability to discover novel SNPs in the
YES-1 region, we carried out a simultaneous approach to SNP
discovery utilizing both the Chinese Spring reference genome as
well as the draft Kronos assembly, as depicted in Supplementary
Figure 4. In brief, paired end sequencing of the K2282 mutant
chromosome 3A was used to obtain high-quality SNPs outside
of the previously captured exome. We used the Kronos assembly
to identify SNPs in non-coding regions that are less conserved
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FIGURE 3 | The YES-1 locus causes lower chlorophyll levels before anthesis and earlier onset of senescence. The early chlorosis phenotype was recapitulated in the
JIC 2018 field trials. Pigment content in the mutant lines is significantly lower at the third leaf stage (Zadoks 13–14, 24 days before anthesis) and becomes more
extreme by anthesis (A; ∗∗p < 0.01; ∗∗∗p < 0.001 Student’s t-test). Relatively chlorophyll content, as measured with a SPAD meter, is significantly decreased in the
mutant lines before anthesis, and remains significantly lower until 29 days post-anthesis (B; ∗∗p < 0.01; ∗∗∗p < 0.001 Pairwise Wilcoxon Rank Sum, adjusted for
FDR). The yellowing phenotype in the leaves were clear in the field at 20 DPA (C).

between the Kronos and Chinese Spring cultivars. In tandem, we
took advantage of the contiguity of the RefSeq v1.0 genome which
facilitated the identification of high-quality SNPs in and around
all genes within the YES-1 locus.

Reads from the mutant K2282 chromosome 3A were mapped
against the draft Kronos assembly and were filtered for
homozygous, EMS-like SNPs, passing minimum quality and

depth thresholds. To obtain only SNPs that fell within the
physical region encompassed by the YES-1 locus, we carried out
a BLAST between the Kronos scaffolds which contained SNPs
and the Chinese Spring gene sequences within part of the YES-
1 region. Conducting a BLAST against gene sequences within
the YES-1 region, rather than the entirety of the region, reduced
the number of scaffolds that mapped to the YES-1 region due
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to shared repetitive sequences rather than true synteny. Based
on recombination seen in individual plants, we focussed on a
region spanning 3 Mb upstream of marker SH179 and 3 Mb
downstream of marker SH838, approximately 16 Mb in size.
Within this region, we identified 18 unique Kronos scaffolds
which both contained SNPs and at least one gene found in the
RefSeqv1.0 YES-1 physical interval (Supplementary Table 5). 26
of the genes within the YES-1 region in Chinese Spring were
identified (out of 345 total) within these 18 Kronos scaffolds.
Genes that were not identified in the Kronos scaffolds may fall
in scaffolds that contained no high-quality SNPs, may be split
across multiple scaffolds, or may be absent from the Kronos
genome. The SNPs within these scaffolds were manually curated,
to exclude any regions that contained an unexpectedly high
density of SNPs, leaving a final list of 16 scaffolds containing high-
quality SNPs (Supplementary Table 5). These scaffolds covered
an approximately 2.2 Mb of genome sequence, containing
SNPs which fell mostly in non-coding regions (Supplementary
Table 5). The SNPs underlying markers SH838 and SH179,
initially identified in the exome capture data, were also recovered
in the Kronos genome, validating the use of this method.
KASP primers were designed for a subset of the SNPs and
were used, together with the previous phenotypic data, to map
YES-1 to a 6.6 Mb region between markers SH123480 and
SH59985 (Figure 4A).

To obtain more markers across the region, we also called
SNPs against the Chinese Spring reference. To account for
varietal SNPs between Kronos and Chinese Spring, we aligned
raw reads from wild-type Kronos to the RefSeq v1.0 genome
(Supplementary Figure 4). Using a subset of reads, we obtained
a coverage of approximately 30X across chromosome 3A. SNP
calling was then carried out against RefSeq v1.0 to obtain a list
of varietal SNPs between Chinese Spring and Kronos. A total of
968,482 homozygous SNPs with quality greater than 20 and depth
of coverage greater than 10 were identified across the second part
of chromosome 3A, encompassing YES-1.

SNPs were then called between the K2282 mutant
chromosome 3A reads and the RefSeq v1.0 genome. The
set of SNPs was filtered for quality and depth and to exclude the
varietal SNPs identified above. Following this filtering, a total
of 7,153 SNPs were identified between markers SH123480 and
SH969, a region of approximately 30 Mb. This was substantially
more SNPs than would be expected from the known mutation
density of 23 mutations/Mb for the Kronos TILLING lines
(Krasileva et al., 2017). However, SNP density across the
region was highly irregular which we hypothesized was due to
mismapping and spurious SNP calling in repetitive regions.

To reduce the impact of repetitive regions on SNP calling,
we extracted SNPs only from regions encompassing 1 Kb up
and downstream of annotated genes within the YES-1 region.
Following manual curation of SNPs, we identified a set of 15
SNPs that were located near genes within the annotated region
(Supplementary Table 6). Of these SNPs, three were located in
gene bodies (including the known TILLING SNP SH838), while
the remainder were intronic (5) or fell in the promoter (5) or
3′ UTR (2). Note that some SNPs are in sufficient proximity to
two gene models to be counted twice. Of the mutations in the

coding region, SH838 and SH858 are both missense variants with
low SIFT scores (0.00 and 0.03, respectively), while SH567 is a
synonymous mutation. We designed markers based on these new
SNPs and based on the JIC 2017 and 2018 phenotypic data we
mapped YES-1 to a 4.3 Mb interval, between markers SH044 and
SH59985 (Figure 4A).

Genes Within the Region
Within this region we identified 59 high-confidence genes
based on the RefSeq v1.1 gene annotation (Supplementary
Table 7). Using developmental time course data from two
wheat varieties (Chinese Spring and Azhurnaya) (Borrill et al.,
2016; Ramírez-González et al., 2018), we found that 25 genes
within the region are expressed above 0.5 transcripts per
million (TPM) in at least one stage of leaf or shoot tissue
during development, consistent with our observation of a
leaf-based phenotype (Figure 4). Of these genes, 18 were
expressed above 0.5 TPM in leaf and shoot tissue during both
vegetative and reproductive stages (Supplementary Table 7).
This set of genes includes a putative magnesium transporter,
TraesCS3A02G414000 (Gebert et al., 2009), which contains a
missense mutation in the first exon of the gene which is predicted
to be highly deleterious (SIFT = 0). This is the only gene within
the 4 Mb region that contains a coding-region SNP, however,
no chlorosis phenotype was observed for three additional lines
with mutations in this gene (Supplementary Table 8). Within
the 59 high-confidence genes, five genes were found to have
senescence-related functions in their closest rice orthologues.
A set of four tandem duplicated genes, TraesCS3A02G412900
to TraesCS3A02G413200, are orthologues to the rice gene
OsSAG12-1, a negative regulator of senescence (Singh et al.,
2013). A fifth gene, TraesCS3A02G410800, is orthologous to
Tryptophan Decarboxylase 2, a rice gene that causes higher
serotonin levels and delayed leaf senescence when over-expressed
(Kang et al., 2009). All five genes with senescence-related
phenotypes are lowly expressed or non-expressed across the set
of tissues and developmental stages considered. However, the
majority of the genes within the region are un-annotated and lack
orthologous copies in either rice or Arabidopsis.

DISCUSSION

Here we have fine-mapped a region causing a dominant,
environmentally dependent early-chlorosis phenotype. We have
taken advantage of the recently released genetic and genomic
resources for wheat to increase our ability to identify SNPs de
novo in a Kronos TILLING mutant line. We have shown how the
use of cultivar specific genome assemblies can be used to increase
the ability to identify high-quality SNPs in non-genic regions
which are often relatively less conserved between varieties than
coding sequences.

Induced SNP Variation Can Lead to
Novel Dominant Phenotypes
Many of the critical domestication alleles in polyploid wheat
are derived from dominant mutations (Borrill et al., 2015;
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FIGURE 4 | The YES-1 locus fine-maps to a 4.3 Mb region containing 59 genes. Markers were developed for novel SNPs identified in non-coding regions. We used
phenotypic data from JIC 2017 and 2018 field trials to classify recombinant lines as green or yellow, indicated to the right of the panel. (A). These markers mapped
YES-1 to a 4.3 Mb interval between markers SH044 and SH59985. Expression data for the 59 high-confidence genes in the region (B) from developmental time
course data (Ramírez-González et al., 2018) highlights gene expression in root (yellow, top), leaf/shoot (orange, second from top), spike (green, second from bottom)
and grain (purple, bottom) tissues across developmental stages. Genes mentioned in the text are highlighted by an asterisk (TraesCS3A02G412900 to
TraesCS3A02G413200; OsSAG12 orthologs), a circle (TraesCS3A02G410800; Tryptophan Decarboxylase 2) or an inverted triangle (TraesCS3A02G414000;
putative magnesium transporter). The full list of genes is provided in physical order in Supplementary Table 7.
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Uauy et al., 2017). This includes genes with critical variation
in flowering time and free-threshing alleles resulting from
dominant mutations (Yan et al., 2004; Fu et al., 2005; Simons
et al., 2006; Greenwood et al., 2017). In wheat, the high
level of redundancy between homoeologous genes adds to the
importance of identifying dominant alleles to develop novel
traits. Dominant alleles have retained their importance in modern
breeding programs, underpinning the Green Revolution via
the dominant dwarfing Rht-1 allele (Peng et al., 1999; Borrill
et al., 2015). Most traits selected for in modern breeding
programs, however, lack standing variation of dominant alleles
in both the modern breeding pool and in older wheat landraces
and progenitors. Instead, forward screens for phenotypes of
interest typically identify multiple quantitative trait loci (QTL)
that each contribute toward a small portion of the desired
phenotype. These more complex effects, often caused by loss-
of-function mutations, are inherently more difficult to identify
due to the need to acquire/combine mutations in both or all
homoeologous copies of a gene to attain a clear phenotypic effect
(Borrill et al., 2015, 2019).

Here we have demonstrated that novel dominant alleles can
be identified in chemically mutagenized TILLING populations
(Krasileva et al., 2017). Forward screens of the TILLING
population are most likely to identify novel traits caused by
dominant mutations, given the low likelihood of obtaining
simultaneous mutations in multiple homoeologous copies of
the same gene. Indeed, the fact that mutations in NAM-A1
underpinned the only other senescence phenotype identified
during this forward screen underscores this. The B-genome
homoeolog of NAM-A1 is non-functional in Kronos; as a result, a
single mutation in the A-homoeolog equates to a complete null
and was sufficient to show a strong and consistent phenotype
(Pearce et al., 2014; Harrington et al., 2019b).

The dominant phenotype identified in the K2282 line was
particularly clear in that individual plants could unambiguously
be scored for a binary green/yellow trait. However, we suggest
that the TILLING population is equally well suited for forward
genetic screens to identify novel dominant alleles governing
other phenotypes. Recently, the Kronos TILLING population was
used to identify a line which contained a deletion of Rht-B1,
the partially dominant dwarfing allele (Mo et al., 2018). Here
we have identified a novel dominant allele with no previously
characterized genes located within the candidate region. This
highlights the potential for novel dominant alleles to be identified
in populations with induced variation, such as the Kronos and
Cadenza TILLING populations (Krasileva et al., 2017).

The Use of Cultivar-Specific Assemblies
Facilitates the Identification of
Non-genic SNPs
A complication of working with dominant induced variation,
however, is that dominant mutations may often act through
changes to regulatory elements. Variation in the promoter and
intron sequence of the flowering time gene VRN1 underpins
the transition from winter to spring growth habit in wheat and
barley (Yan et al., 2004; Fu et al., 2005). More recently, CRISPR

editing has been used in tomato to edit the promoter region of
various yield-related genes, leading to a high level of variation
in trait morphology (Rodríguez-Leal et al., 2017). These results,
amongst many others, highlight the importance of non-coding
regions in regulating agronomically relevant traits. However,
many reduced representation methods focus on enrichment of
coding regions (Borrill et al., 2019). Such methods of genome
complexity reduction, therefore, are less likely to contain the
information needed to identify a dominant causal SNP in a
regulatory region. Compounding this difficulty is the fact that
non-coding regions of the genome are typically less conserved
between cultivars. As a result, SNP identification against the
reference variety may fail to identify critical SNPs or, conversely,
identify a large number of spurious SNPs.

We have shown here that the draft Kronos assembly can
instead be used, alongside non-biased methods of genome size
reduction (e.g., chromosome flow sorting), to identify cultivar-
specific SNPs in non-coding regions of the genome. We started by
calling SNPs against scaffolds of the Kronos assembly, obtaining
a large amount of SNP variation between the wild-type and
mutant lines. Once we had this data, we then positioned the
scaffolds which contained SNPs against the reference genome,
identifying the SNPs which were located within our region
of interest (here YES-1). This approach overcame two of the
main drawbacks to using the reference genome and the Kronos
assembly. On one hand, the reference genome would be expected
to have different sequence content to another variety, such
as Kronos, limiting its utility for SNP identification. On the
other hand, unlike the gold-standard reference genome, the
Kronos assembly does not have long-range assemblies needed to
obtain positional information for SNPs. Long-range contiguous
assemblies of additional cultivars, such as the recently published
Svevo genome (Maccaferri et al., 2019), will greatly improve this
current limitation. Until then, using variety-specific genomes,
such as those being produced by the 10+Wheat Genomes project,
alongside the highly contiguous reference genomes will facilitate
the identification of non-genic SNPs.

Variability in Phenotype Points to an
Environmentally Dependent Causal
Locus
The early chlorosis and senescence phenotype caused by the
YES-1 locus was consistent across 4 years in field trials at the
JIC. However, mutant lines showed no evidence of a chlorotic
phenotype when grown in Davis, CA. Comparison of rainfall and
temperature patterns between the years and locations highlighted
the fact that the plants received a high level of rainfall in Davis
before flowering, substantially more than that received in any
of the years at the JIC (Supplementary Table 4). This was due
to the highly unusual wet winter that occurred in California in
2016/2017, with an average rainfall of 781 mm across the state
from October 2016 to March 2017 (NOAA National Centers For
Environmental Information, 2017). This suggested initially that
the chlorosis response may be a response to higher water stress,
yet we were unable to recapitulate the phenotype when grown
in the glasshouse under different watering conditions. It is also
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possible that differences in temperature and photoperiod may
influence the presence of the chlorosis phenotype. In particular,
given the longer growing season in Davis, CA compared to at
the JIC, as well as the difference in latitude, the photoperiod
experienced by the Davis field trial would vary substantially
from that experienced in the United Kingdom. However, as we
also failed to recapitulate the yellow chlorosis phenotype in the
glasshouse in the United Kingdom, under natural photoperiod
in the spring and summer season of 2017, this does not
seem to be the most likely source of environmental variation
affecting the phenotype.

We also considered whether the phenotype was due to
variation in soil nutrient content. The presence of a missense
mutation within the coding region of a putative Mg2+ transporter
(Gebert et al., 2009) highlighted this as a promising candidate
gene. Similarly, the observed interveinal chlorosis phenotype
(Supplementary Figure 8) is reminiscent of that characteristic of
a magnesium deficiency (Snowball and Robson, 1991). However,
we failed to recapitulate the phenotype when grown in the
glasshouse using soil taken from the field at JIC, where the
three trials were grown that showed a clear chlorotic phenotype
(Supplementary Figure 13). Compounding this, we found that
three Kronos TILLING lines which contained other SNPs within
the transporter gene sequence did not show the same chlorotic
phenotype (Supplementary Table 8). This included lines with
both missense and premature stop codon mutations which lacked
the exon containing the identified SNP in K2282. This implies
that, if the magnesium transporter were the cause of the YES-
1 phenotype, the specific missense mutation present in K2282
has a unique ability to cause a dominant change in function. As
the transporter is predicted to function in a pentamer (Payandeh
et al., 2013), it is possible that the mutation could be sufficient
to prevent the pentamer to function effectively once formed,
but not sufficient to prevent the mutant monomer from being
incorporated into the pentamer. In this way it may be possible
that plants heterozygous for the mutation show an equally strong
phenotype as homozygous mutants as incorporation of a mutant
monomer disrupts completely the function of the hexameric
complex. This hypothesis could be tested in the future using
Cas9-driven base editing in wheat to recapitulate the exact
mutation in an independent background (Zong et al., 2017).

An alternative possibility is that a separate SNP located
in a regulatory region may be acting either on the
identified magnesium transporter, or on a separate, currently
uncharacterised gene. Few dominant chlorosis phenotypes have
previously been reported in the literature. A dominant chlorosis
phenotype was previously reported in Brassica napus, however,
this phenotype disappeared after budding (equivalent to heading
in cereals) unlike here, where the yellowing phenotype became
increasingly strong post-heading (Wang et al., 2016). In wheat,
a Ygm (yellow-green leaf color) mutant has been identified with
a semi-dominant phenotype where the heterozygous plants are
an intermediate yellow-green color between the wild-type and
homozygous mutant plants (Wu et al., 2018). This phenotype
is underpinned by abnormal chloroplast development and
is associated with differential expression of genes involved
in chlorophyll biosynthesis and carbon fixation, amongst

other traits. Further work to fine-map the YES-1 locus will
hopefully shed light on the specific causal SNP underpinning
the environmentally dependent chlorosis phenotype observed
here, as well as on mechanisms governing dominant traits in
polyploid wheat.
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Doležel, J., Vrána, J., Šafář, J., Bartoš, J., Kubaláková, M., and Šimková, H. (2012).
Chromosomes in the flow to simplify genome analysis. Funct. Integr. Genomics
12, 397–416. doi: 10.1007/s10142-012-0293-0

Dubcovsky, J., and Dvorak, J. (2007). Genome plasticity a key factor in the
success of polyploid wheat under domestication. Science 316:1862. doi: 10.
1126/science.1143986

Fu, D., Szücs, P., Yan, L., Helguera, M., Skinner, J. S., Von Zitzewitz, J., et al.
(2005). Large deletions within the first intron in Vrn-1 are associated with
spring growth habit in barley and wheat. Mol. Genet. Genomics 273, 54–65.
doi: 10.1007/s00438-004-1095-4

Garrison, E., and Marth, G. (2012). Haplotype-based Variant Detection from Short-
read Sequencing. Available: https://ui.adsabs.harvard.edu/abs/2012arXiv1207.
3907G (accessed July 01, 2012).

Gebert, M., Meschenmoser, K., Svidová, S., Weghuber, J., Schweyen, R., Eifler, K.,
et al. (2009). A root-expressed magnesium transporter of the Mrs2/Mgt gene
family in Arabidopsis thaliana allows for growth in Low-Mg2+ environments.
Plant Cell 21:4018. doi: 10.1105/tpc.109.070557

Giorgi, D., Farina, A., Grosso, V., Gennaro, A., Ceoloni, C., and Lucretti, S. (2013).
FISHIS: fluorescence in situ hybridization in suspension and chromosome flow
sorting made easy. PLoS One 8:e57994. doi: 10.1371/journal.pone.0057994

Greenwood, J. R., Finnegan, E. J., Watanabe, N., Trevaskis, B., and Swain, S. M.
(2017). New alleles of the wheat domestication gene Q reveal multiple roles
in growth and reproductive development. Development 144:1959. doi: 10.1242/
dev.146407

Harrington, S. A., Cobo, N., Karafiátová, M., DoleŽel, J., Borrill, P., and Uauy, C.
(2019a). Identification of a dominant chlorosis phenotype through a forward
screen of the Triticum turgidum cv. Kronos TILLING population. bioRxiv
622076.

Harrington, S. A., Overend, L. E., Cobo, N., Borrill, P., and Uauy, C. (2019b).
Conserved residues in the wheat (Triticum aestivum) Nam-A1 Nac domain are
required for protein binding and when mutated lead to delayed peduncle and
flag leaf senescence. bioRxiv 573881.

Hoagland, D. R., and Arnon, D. I. (1950). The Water-Culture Method for Growing
Plants Without Soil, Vol. 347. Berkeley, CA: College of Agriculture, University
of California, 32.

Huang, X., Feng, Q., Qian, Q., Zhao, Q., Wang, L., Wang, A., et al. (2009).
High-throughput genotyping by whole-genome resequencing. Genome Res. 19,
1068–1076. doi: 10.1101/gr.089516.108

International Wheat Genome Sequencing Consortium (2018). Shifting the limits in
wheat research and breeding using a fully annotated reference genome. Science
361:eaar7191. doi: 10.1126/science.aar7191

Jupe, F., Witek, K., Verweij, W., Sliwka, J., Pritchard, L., Etherington, G. J., et al.
(2013). Resistance gene enrichment sequencing (RenSeq) enables reannotation
of THE NB-LRR gene family from sequenced plant genomes and rapid mapping
of resistance loci in segregating populations. Plant J. 76, 530–544. doi: 10.1111/
tpj.12307

Kang, K., Kim, Y.-S., Park, S., and Back, K. (2009). Senescence-induced serotonin
biosynthesis and its role in delaying senescence in rice leaves. Plant Physiol. 150,
1380–1393. doi: 10.1104/pp.109.138552

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner
with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.
3317

Kimura, E., Bell, J., Trostle, C., Neely, C., and Drake, D. (2016). Potential Causes
of Yellowing During the Tillering Stage of Wheat in Texas. Texas A&M AgriLife
Extension. Available: https://agrilifecdn.tamu.edu/texaslocalproduce-2/files/
2018/07/Potential-Causes-of-Yellowing-During-the-Tillering-Stage-of-
Wheat-in-Texas.pdf (accessed June 06, 2019).

Krasileva, K. V., Vasquez-Gross, H. A., Howell, T., Bailey, P., Paraiso, F., Clissold,
L., et al. (2017). Uncovering hidden variation in polyploid wheat. Proc. Natl.
Acad. Sci. U.S.A. 114:E913. doi: 10.1073/pnas.1619268114
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