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Abstract

Key message Sequence comparison between spelt and common wheat reveals that the former has huge potential in
enriching the genetic variation of the latter.

Abstract Genetic variation is the foundation of crop improvement. By comparing genome sequences of a Triticum spelta
accession and one of its derived hexaploid lines with the sequences of the international reference genotype Chinese Spring,
we detected variants more than tenfold higher than those present among common wheat (7. aestivum L) genotypes. Fur-
thermore, different from the typical ‘V-shaped’ pattern of variant distribution often observed along wheat chromosomes,
the sequence variation detected in this study was more evenly distributed along the 3B chromosome. This was also the case
between T. spelta and the wild emmer genome. Genetic analysis showed that 7. spelta and common wheat formed discrete
groups. These results showed that, although it is believed that the spelt and common wheat are evolutionarily closely related
and belong to the same species, a significant sequence divergence exists between them. Thus, the values of 7. spelfa in
enriching the genetic variation of common wheat can be huge.

Introduction

Triticum spelta or spelt wheat is a husked hexaploid wheat
closely related to the bread or common wheat (7. aestivum
L). Available data indicated that the Asian spelt and the
European spelta had different origins. Rather than being
derived from the spreading of the Asian type, the European
Electronic supplementary material The online version of this spelt was likely originated from hybridization between a
article (https://doi.org/10.1007/500122-018-3064-z) contains tetraploid wheat and a free-threshing hexaploid wheat (Blat-
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detected in spelt and they could affect starch quality thus
could be used in modern wheat breeding (Guzman et al.
2012).

Spelt and common wheat are evolutionarily so closely
related that it is now widely accepted that they belong to
the same species. Compared with common wheat, spelt is
taller, has long and lax ears, a brittle rachis, and tight glumes
(Mac 1966; Campbell 1997). The obvious differences on
spike architecture are believed to be mainly controlled by
a small number of genes. These include the spelt factor (q)
on chromosome arm 5AL, the gene for ear compactness on
chromosome arm 2DL, and the sphaerococcum factor (s1)
which controls seed forms, on 3D (Morris and Sears 1967).
However, spelt can be easily separated from common wheat
using characteristics not associated with any of the above
loci. For example, spelt wheat from Europe and common
wheat form distinct groups based on high- and low-molec-
ular-weight glutenin subunit compositions (An et al. 2005).

When searching for novel sources of Fusarium crown
rot (CR) resistance, we found that one of the spelt acces-
sions was among the best. Linkage mapping detected that
the resistance of this accession (CSCR6) was controlled by
a major locus on the long arm of chromosome 3B (Ma et al.
2010). Near-isogenic lines for this locus were generated
(Ma et al. 2012) and transcriptomic analysis was conducted
against several pairs of the NILs (Ma et al. 2014). Working
toward the cloning of gene(s) underlying the 3BL locus, we
also sequenced flow-sorted 3B chromosome from a CSCR6-
derived hexaploid line CRNIL1A. An initial analysis of the
3B sequences targeting large fragments insertions and dele-
tions identified an extensive dispensable genome component
in wheat (Liu et al. 2016). In the study reported here, we
further compared the 3B sequences of CRNIL1A with those
of CS and detected huge numbers of SNPs, indels, and other
types of variation. We then sequenced the whole genome of
the T. spelta genotype CSCR6 and assessed its sequences
against those of CS. Results from these assessments con-
firmed the rich sequence variation between T. spelta and
common wheat, and thus the huge potential of exploiting
the former in wheat breeding.

Methods
lllumina sequencing of the T. spelta genotype CSCR6

CSCR6, a genotype of hexaploid wheat 7. spelta which was
the donor for the CR resistance locus on chromosome arm
3BL in CRNIL1A (Ma et al. 2012), was used for whole-
genome sequencing. The genomic DNA was extracted from
the fresh leaf tissue of CSCR6. The sequencing library
was constructed with an insert size of 400-500 base pairs
(bp) for paired-end reads, following the manufacturer’s
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protocol for I[llumina. Raw data of 100-bp paired-end reads
were generated by an Illumina HiSeq 2000 sequencer. All
reads obtained in this work were deposited in the European
Nucleotide Archive (ENA) with the accession number of
PRJEB23983.

SNP detection between chromosome 3B of CSCR6
and Chinese Spring

The 100-bp paired-end reads were mapped to the wheat
reference genome (IWGSC Survey sequence chromosomes
version2 ftp://ftpmips.helmholtz-muenchen.de/plants/
wheat/IWGSC/genome_assembly/genome_arm_assemblies
_CLEANED/) (IWGSC 2014) using the software Bowtie2
version 2.2.3 (http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml) (Langmead and Salzberg 2012). Read pairs
aligned on the chromosome 3B were picked up and then
mapped to the pseudomolecule of chromosome 3B (https
://urgi.versailles.inra.fr/download/wheat/3B/) (Choulet
et al. 2014) for precise alignment, using the software Smalt
aligner (http://www.sanger.ac.uk/science/tools/smalt-0) with
the parameters of a minimum Smith—Waterman (-m) value
of 35, a maximum insert size (-1) of 800, and a minimum
insert size (-j) of 50.

The single-nucleotide polymorphisms (SNPs) were then
called using SSAHA_Pileup (version 0.8; ftp://ftp.sanger.
ac.uk/pub/znl/ssaha_pileup/) with three thresholds to post-
filter unreliable SNPs: (1) SSAHA Pileup SNP score > = 20;
(2) the ratio of SNP_base/other_base > = 10:1 was used for
identifying the heterozygous SNPs following the removal
of the low-quality bases; and (3) the minimum distance for
adjacent SNPs > = 10 bp. To calculate the distribution of
SNPs between the 3B sequences of CSCR6 and CS, a sliding
window of 1 Mb along the chromosome sequence was used
to analyze the rates of SNPs.

SNP analysis between CSCR6 and the wild emmer
genome

To analyze the SNP distribution on other chromosomes, we
mapped the 100-bp paired-end reads to the wild emmer ref-
erence genome (Avni et al. 2017) https://www.dropbox.com/
sh/3dm05grokhlOnbv/AAC3wvlYmAher8fYOsrX3gX9a
7d1=0) using the software Bowtie2 version 2.2.6 (http://
bowtie-bio.sourceforge.net/bowtie2/index.shtml). Samtools
version 1.5 (Li et al. 2009) and picard version 2.10.10 (http://
broadinstitute.github.io/picard/) were adopted to generate
the index file and label the duplicates (REMOVE_DUPLI-
CATES = false). GATK version 4.0 (McKenna et al. 2010)
was then used to call variants. Homozygous SNPs were col-
lected to calculate the SNP rate along the pseudomolecules
of the wild emmer chromosomes, with a sliding window
size of 1 Mb.
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Genetic analysis between CSCR6 and common
wheat genotypes

Using the same methods as described above, the 100-bp
paired-end reads of CSCR6 were mapped to the wheat ref-
erence genome (IWGSC Survey sequence chromosomes).
Based on the wheat-exome capture (WEC) sequencing
data, variants of CSCR6 at the corresponding positions
were merged into the matrix of the 62 diverse hexaploid
wheat accessions (Jordan et al. 2015). Considering that
the sequence depth of CSCR6 was only 12X, many sites
may not be covered or read depths may not be sufficient
to determine the genotype of the site in variant calling. To
deal with this issue, k-nearest neighbor imputation was car-
ried out for rows which had more than 50% entries missing.
Missing data were imputed by R package impute [Biocon-
ductor version: Release (3.6)] (https://bioconductor.org/
packages/release/bioc/html/impute.html) with parameters:
k = 400, rowmax = 0.5, colmax = 0.9, maxp = 1500, rng.
seed = 362,436,069. With the variant matrix of the 62 com-
mon wheat accessions, R package stats (version 3.3) (https
//www.r-project.org/) was used to conduct the principal
component analysis (PCA) and hierarchical cluster (HCA)
analyses.

Mapping reads of flow-sorted chromosome 3B
from CRNIL1A to the 3B pseudomolecule of CS

The flow-sorted chromosome 3B sequences from the hexa-
ploid wheat line CRNIL1A were obtained from a previ-
ous study (Liu et al. 2016). This line was developed from
a backcross of Janz*2/CSCR6. Janz is a commercial bread
wheat variety (Ma et al. 2012). After trimming, high-quality
reads of CRNIL1A 3B were mapped to the CS 3B pseu-
domolecule (https://urgi.versailles.inra.fr/download/wheat
/3B/) (Choulet et al. 2014) using CLC Genomics Workbench
8.0 (CLC Bio, Cambridge, MA, USA). Reads were aligned
using the following settings: mismatch cost = 2, insertion
cost = 3, deletion cost = 3, length fraction = 0.9, and simi-
larity fraction = 0.9.

Variant analysis between CRNIL1A 3B and CS 3B
pseudomolecule

Sequence variant detection was performed using the Basic
Variant Detection function from the CLC Genomics Work-
bench 8.0, with settings specifying a ploidy level of 6. To mini-
mize the rate of false-positive, the following strict filters were
applied: ignored the broken pairs, minimum coverage = 4,
minimum count = 2, minimum frequency = 90%, neighbor-
hood radius = 5, minimum central quality = 20, and minimum
neighborhood quality = 15. A sliding window of 1 Mb along
the chromosome sequence was used to analyze the rates of

SNPs and other variants including MNVs (multinucleotide
variants), insertions, deletions, and replacements.

Validation of single-nucleotide polymorphisms

To evaluate the authenticity of the detected SNPs, 20
sequences were randomly selected from CS 3B pseudomol-
ecule for validation. One pair of primers was designed for
each of these sequences, which was specific to 3B chromo-
some. These sequences contain a total of 85 SNPs between
CSCR6 and CS 3B, and 116 between CRNIL1A and CS 3B
(Table S1).

Genomic DNA was isolated from 20-day-old seedlings of
CSCR6 and CRNIL1A using the method of hexadecyl-trime-
thyl-ammonium bromide (CTAB) (Murray and Thompson
1980). PCR amplification was performed in 10-pl reaction
mixtures containing 50 ng of genomic DNA, 200 uM of each
dNTP, 0.2 uM of each primer, and 0.5 units of Taq DNA poly-
merase. The cycling conditions for the reaction were 94 °C
for 5 min to pre-denature, which was followed by 35 cycles
of 94 °C for 1 min, 30 s at the appropriate annealing tempera-
ture (ranging from 55 to 60 °C depending on the primers, see
Table S1 for details), 72 °C for 1 min, and a final extension
at 72 °C for 10 min. PCR products were separated on 1.0%
agarose gels.

PCR products were purified using the QIAquick Extraction
Kit (QIAGEN). The recovered PCR fragments were inserted
into the pGEM-T easy vector (Promega) and transformed
into Escherichia coli. At least three independent clones for
each fragment were Sanger-sequenced in both directions.
Allele sequences from CSCR6 and CRNIL1A were aligned
and compared with CS the 3B sequences using the DNAman
software package, and each of the anticipated SNPs was visu-
ally examined.

SSR detection from the 3B sequences of CRNIL1A

SSR detection was carried out using the Tandem Repeat
Finder (TRF) software (Benson 1999) and Tandem Repeats
Analysis Program (TRAP) (Sobreira et al. 2006). A highly
stringent criterion was used to identify both perfect and imper-
fect SSRs with 1-5 nucleotide cores: (1) for mono-nucleotide
or di-nucleotide SSRs, the minimum length was 16 bp; for
tri-nucleotide SSRs, the minimum length was 18 bp; for tetra-
nucleotide or penta-nucleotide SSRs, the minimum length was
20 bp; (2) For imperfect SSRs, less than 10% mismatches or
gaps relative to a perfect SSR of the same length and motif
were included.
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Results

SNPs detected on chromosome 3B between the T.
spelta genotype CSCR6 and the common wheat
genotype CS

Six illumina Hiseq 2000 lanes of CSCR6 containing approx-
imately 217.2 Gb of 100-bp paired-end reads were obtained.
As the genome size of hexaploid common wheat was about
17 Gb IWGSC 2014), these data represented a sequencing
depth of 12.8-fold across the whole genome. After removing
low-quality reads, the remaining reads were first mapped to
the IWGSC’s whole-genome survey sequences of CS. This
allowed a total of 14.0-Gb sequences located on the 3B chro-
mosome with an average depth of 15.8-fold. The CSCR6
3B reads were then aligned to the pseudomolecule of CS
3B for precise position. Following SNP calling and sub-
sequent filtering, 1388,078 SNPs between CSCR6 and CS
along the chromosome 3B were detected. Interestingly, the
significantly lower density of variation commonly reported
at the centromere and pericentromeric region in wheat were
not found in this analysis. The density of SNPs in the cen-
tromeric and pericentromeric region was not any lower than
those in other regions along the chromosome (Fig. 1). Based
on the annotation features of 7264-known protein-coding
genes and their positions on this chromosome, only 10,183
or 0.7% of the SNPs were found in coding regions of 2938
genes, which indicated that most SNPs happened on untrans-
lated regions.

SNP analysis between CSCR6 and the wild emmer
genome

The number of SNPs detected between CSCR6 and the
wild emmer genome varied across different chromosomes.
The highest number was observed on chromosome 3B
(3,826,870), while lowest on 6B (2,049,741) (Table S2). The
SNP frequency also varied among the chromosomes with

Fig. 1 Distribution of SNPs on
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4B and 6B having the highest (5418.5) and lowest (2914.8)
density (2914.8) per 1-Mb interval, respectively (Table S2).
The distribution of SNPs within a chromosome was also not
even (Fig. 2). The density of SNPs in the centromeric and
pericentromeric region was also not significantly lower than
those in other regions in all but chromosome 2 (Fig. 2).

Genetic analysis between spelt (CSCR6)
and common wheat

After removing the rows which contain NA records, only
28,838 of 1,341,350 rows were kept for PCA (PC1: 11.22%
variance, PC2: 7.513% variance) and HCA analyses between
CSCR6 and the 62 common wheat accessions. The results
showed that CSCR6 and common wheat accessions were
clearly separated in a PCA along both first and second axes
(Fig. 3). The HCA results also showed that CSCR6 was not
closely related with the common wheat accessions (Fig.
S1). In addition, 1,151,351 complete rows were obtained
following the k-nearest neighbor imputation and used for
PCA (PC1: 10.60% variance, PC2: 5.71% variance) and
HCA analyses. Both analyses showed that CSCR6 and
the 62 common wheat accessions formed discrete groups
(Figs. S2, S3). These results all indicated that a significant
sequence divergence exists between the spelt and common
wheat genotypes.

Variants detected on chromosome 3B
between CRNIL1A and CS

As described before (Liu et al. 2016), about 65.0 million of
CRNIL1A 3B reads were successfully mapped to the 3B
pseudomolecule of CS and they covered a total of 692.7 Mb
of the CS 3B pseudomolecule. A total of 2,264,952 sequence
variants were detected on this chromosome between
CRNIL1A and CS. Of these, most were SNPs, followed by
MNVs, deletions, insertions, and replacements.

More transition types of change were detected compared
with those of transversions among the 2,125,304 SNPs

|
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Fig. 2 Distribution of SNPs
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Fig.3 Principal component analysis (PCA) between CSCR6 and 62
common wheat accessions. The analysis was carried out with the
SNP variants between CSCR6 and 62 common wheat accessions fol-
lowing the removal of the rows which contained NA records in the
variant matrix

detected. The numbers of C/T and G/A transitions were
similar, and the difference between G/T and A/C transver-
sions was also not significant. However, the total number
of transitions was about 2.27-fold of that the transversions
(Table 1). In addition, according to the positions of SNPs
between CRNIL1A and CS on chromosome 3B, we found
696,493 SNPs overlapping with those detected between CS
and CSCR6.

Table 1 Classification of nucleotide substitutions in SNPs on chro-
mosome 3B between CRNILI1A and CS

Substitutions No. Percentage
Transitions (Ts) 1,475,281 -

G/A 737,599 50

C/T 737,682 50
Transversions (Tv) 650,023 -

G/T 185,998 28.6

A/IC 186,376 28.7

C/G 164,668 253

T/A 112,981 17.4

The lengths for the 43,870 insertions detected varied from
1 to 22 bp and those for the 45,007 deletions varied from 1
to 27 bp. Mono-nucleotide variations accounted for majority
of the insertions (83.7%) and deletions (79.2%) (Fig. 4). In
fact, the numbers or proportions of the insertions or dele-
tions showed strong negative correlations with the length
of the variants. Those insertions and deletions with 5 bp or
longer accounted only for 2.7 and 4.6%, respectively, of the
totals detected. Similarly, those 2 bp variations accounted
for 95.5% of the 47,428 MNVs detected (Fig. 4), and most
of the replacements detected were between mono-nucleotide
and di-nucleotides (71.7%).

Based on the annotation features of 7264-known protein-
coding genes and their positions on this chromosome, in
total, only 14,693 (or 0.6% of total variants) of them were
located in the coding regions (Table S3), which also showed
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Fig.4 Distribution of insertions, deletions, and MNVs between the CRNIL1A 3B sequence and CS 3B pseudomolecule based on their lengths.
The x-axis represents the lengths (in base pairs) of variants and the y-axis indicates the number of variants

the sequence variation mainly occurred in the non-genic
regions.

Distribution of various types of variants detected
along chromosome 3B between CRNIL1A and CS

Based on the size of the CS chromosome 3B pseudomol-
ecule, the average densities of the variants detected per 1-Mb
window were 2744.5 for SNPs, 61.2 for MNVs, 56.7 for
insertions, 58.1 for deletions, and 4.3 for replacements.

The variants detected between the CRNIL1A 3B and CS
3B pseudomolecule were not evenly distributed along the
chromosome. There were some intervals with significant
variations in SNPs frequencies. We found that 16 inter-
vals (1 Mb each) with significantly higher SNPs frequen-
cies (> 6000 SNPs each interval), and 16 intervals with
prominently lower SNPs frequencies (< SNPs 200 SNPs
each interval). Similar to the SNP distribution between the
CSCR6 and CS, the densities of variants in centromere/peri-
centromeric region were also not significantly lower (Fig.
S4).

Validation of single-nucleotide polymorphisms

Two of the twenty primers designed for evaluating the
authenticity of the SNPs did not produce clean and spe-
cific PCR products (Table S1), and thus, SNPs in these two
sequences were ignored in further analysis. Sequences of the
other 18 PCR products were determined by direct sequenc-
ing. They contained 77 SNPs between CSCR6 and CS 3B,
and 106 between CRNILI1A and CS 3B. Among them, 69
(89.6%) were the same as those detected by sequence com-
parison between CSCR6 and CS 3B and 102 (96.2%) were
the same for the comparison between CRNIL1A and CS
3B, respectively (Table S1). The low false discovery rate
(10.4 and 3.8%, respectively) could be due to several reasons
including sequencing method, sequence coverage, mapping
method, or criterion used for SNPs detection.
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SSRs detected from the 3B sequences of CRNIL1A

In total, 21,542 potential SSRs were identified from
CRNILIA 3B sequence, which means, on average, that
there is one SSR for every 30.41 kb. The most abundant
type of repeat units was di-nucleotide (61.3%), followed
by tri-nucleotide (25.7%), penta-nucleotide (6.2%), tetra-
nucleotide (5.76%), and mono-nucleotide (1.0%) repeat
motifs (Table S4). The SSRs detected contained a total of
143 motif types of which mono-, di-, tri-, tetra-, and penta-
nucleotide repeats had 2, 4, 10, 33, and 94 types, respec-
tively (Table S4). In all repeat motifs, AG/TC (34.4%) was
the most frequent, followed by AT/TA, AC/TG, AAG/TTC,
AGG/TCC, AAAT/TTTA, AAAAG/TTTTC, and so on
(Fig. 5, Table S4).

Discussion

Genetic variation is the foundation of plant breeding. By
comparing 3B sequences from a single accession of T.
spelta-derived line with the international reference geno-
type of hexaploid wheat CS, 2,125,304 SNPs were detected.
Assuming that a similar level of variants could be detected
across the wheat genome, the total number of SNPs between
these two genotypes would be as high as 46.6 million based
on the proportion of chromosome 3B in the wheat genome
(Choulet et al. 2014). Compared with those reported among
hexaploid wheat cultivars (Montenegro et al. 2017), the
number of SNPs detected between spelt and common wheat
genotypes was much higher. The genetic analysis based on
sequence differences also found that 7. spelta and common
wheat accessions formed discrete groups. Clearly, although
it is believed that spelt and common wheat are evolution-
arily very closely related and belong to the same species,
significant sequence divergence exists between them. As
there are no known barriers in homologous recombination
between spelt and common wheat chromosomes, it should
be highly feasible to exploit the novel variants in the former
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Fig.5 Frequency distribution of
SSRs based on motif types

Frequency (%)
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to improve the genetic variation of the latter through the
traditional hybridization.

To confirm the huge amount of sequences detected
between the T. spelta-derived line CRNIL1A and CS, we
sequenced and assessed the whole genome of the T. spelta
accession CSCR6. Surprisingly, the number of SNPs
detected between the T. spelta accession and CS was lower
than that between its hexaploid derivative and CS. Two
possible factors might have contributed to the difference.
One of them is the quality and the other quantity of the
genome sequences used. The flow-sorted chromosome 3B
of the T. spelta-derived line CRNIL1A was sequenced on
[llumina MiSeq instrument and pair end reads with length
of 2 x 300 bp and sequences representing a depth of 41
times for this chromosome were obtained (Liu et al. 2016).
The whole genome of the 7. spelta accession CSCR6 was
sequenced on Illumina HiSeq 2000 sequencer and the
217.2-Gb raw sequences of 100-bp paired-end reads rep-
resented only a sequence depth of 12.8 times. It seems
that both sequence quality and depth affect the numbers
of variants detected. Furthermore, the recurrent parent of
CRNILI1A, ‘Janz’, is a commercial bread wheat variety; it
also has various sequence diversity with CS. Therefore, the
variants detected between CRNIL1A and CS could contain
both sequence variations between CSCR6 with CS and Janz
with CS. This could be another reason that the number of
SNPs detected between the T. spelta accession (CSCR6)
and CS was lower than that between its hexaploid deriva-
tive (CRNIL1A) and CS. On the other hand, we found that
696,493 SNPs between CRNIL1A and CS were overlapping
with those between CS and CSCR6. These SNPs could be
more useful for the cloning of CR resistance gene(s) under-
lying the 3BL locus.

In addition to the SNPs, this study also detected large
numbers of other types of variants including MNVs,
insertions, deletions, replacements, and SSRs from the
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flow-sorted chromosome 3B of the T. spelta derivative.
The numbers of such variants were much smaller than the
SNPs detected. However, due to the presence of the three
homoeologous groups, primers designed based on single
SNPs often fail to amplify a specific fragment for a given
subgenome. When two or more SNPs or indels were used
in designing primers; however, the success rates of the
derived markers to amplify locus-specific markers could
be dramatically increased (Ma et al. 2015). Thus, these
non-SNP variations could be very useful for designing
locus-specific markers.

Results from previous studies showed that genetic vari-
ants were not evenly distributed along chromosomes. Both
sequence variation and recombination frequency are lower
around the centromeric regions in comparison with those
at either ends of a chromosome. This ‘V’-shaped distri-
bution of variation and recombination frequency is more
pronounced in cereals (Akhunov et al. 2010; Choulet et al.
2014; Goettel et al. 2014; Avni et al. 2017). However, this
pattern was not observed in the distribution of the vari-
ants along the 3B chromosome detected between the T.
spelta genotype and CS. Rather, the variants detected in
this study are more evenly distributed along the chromo-
somes (Figs. 1, 2, S4). The possible reasons for this dif-
ference between the current study and those earlier ones
are not clear, but the results suggest that 7. spelta can be
particularly efficient in improving genetic variation near
the centromeric regions of common wheat chromosomes.
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