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SUMMARY

Breeding has increasingly altered the genetics of crop plants since the domestication of their wild progeni-
tors. It is postulated that the genetic diversity of elite wheat breeding pools is too narrow to cope with
future challenges. In contrast, plant genetic resources (PGRs) of wheat stored in genebanks are valuable
sources of unexploited genetic diversity. Therefore, to ensure breeding progress in the future, it is of prime
importance to identify the useful allelic diversity available in PGRs and to transfer it into elite breeding
pools. Here, a diverse collection consisting of modern winter wheat cultivars and genebank accessions was
investigated based on reduced-representation genomic sequencing and an iSelect single nucleotide poly-
morphism (SNP) chip array. Analyses of these datasets provided detailed insights into population structure,
levels of genetic diversity, sources of new allelic diversity, and genomic regions affected by breeding activi-
ties. We identified 57 regions representing genomic signatures of selection and 827 regions representing pri-
vate alleles associated exclusively with genebank accessions. The presence of known functional wheat
genes, quantitative trait loci, and large chromosomal modifications, i.e., introgressions from wheat wild rel-
atives, provided initial evidence for putative traits associated within these identified regions. These findings
were supported by the results of ontology enrichment analyses. The results reported here will stimulate fur-
ther research and promote breeding in the future by allowing for the targeted introduction of novel allelic
diversity into elite wheat breeding pools.

Keywords: genomic regions under selection, private alleles, plant genetic resources, genebank, population
genetics, coverage analysis, crop improvement, genotyping-by-sequencing (GBS), iSelect chip, Triticum.

INTRODUCTION

agriculture and cultivating diploid and tetraploid wild
Plant breeding is as old as the first domesticated crops wheat species (Faris, 2014; Peng et al., 2011; Zeibig
?Venske et al., 2019). quever, the nature °_f plant _bre?d' et al., 2021). Spontaneous hybridization between domesti-
ing has changed over time. Pre-domestication cultivation cated tetraploid wheat and a wild diploid donor of the D
and domestication of wild wheat occurred in the Fertile genome (Aegilops tauschii) resulted in hexaploid wheat
Crescent (Zohary et al., 2012). About 11 000 years ago, (Triticum aestivum, 2n = 6x = 48, BBAADD) (Levy & Feld-
early farmers began selecting plants suitable for man, 2022; Sharma et al., 2021). Selection pressure and
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genetic bottlenecks during crop improvement reduced
genetic diversity within domesticated crops compared with
their wild relatives (Peng et al., 2011; Smykal et al., 2018).
Humans have consciously or unconsciously selected
against alleles associated with unfavorable traits during
cultivation, and new alleles, allele combinations, or genes
have emerged in farmers’ fields through mutation,
hybridization, and recombination (Belderok, 2000; Peng
et al., 2011; Reif et al., 2005). Over time, natural and artifi-
cial selection have resulted in regional landraces consisting
of heterogeneous mixtures of different genotypes, which
were well adapted to their growing area and farmers’ pref-
erences (Belderok, 2000; Faris, 2014; Lupton, 2014). Since
the second half of the 19th century, new scientific findings
have paved the way for systematic plant breeding and
genetics (Belderok, 2000; Lupton, 2014). This has resulted
in more uniform and high-yielding traditional cultivars
essentially representing only one genotype (Faris, 2014).
Since then, breeding progress has accelerated (Venske
et al., 2019). In the 1950s and 1960s, the introduction of
semi-dwarfing genes (reduced height genes, Rht) from
Japanese wheat varieties into global elite breeding pools
and improvements in agricultural practices
(Belderok, 2000; Hedden, 2003; Vergauwen & De
Smet, 2017) led to a production increase of 250% over the
last 50 years (222 M tonnes in 1961, 776 M tonnes in 2019;
FAOSTAT, 2019). In the same period, the global wheat pro-
duction area increased by only 5% (204 M ha in 1961,
215 M hain 2019; FAOSTAT, 2019).

The human population is continually growing and is
estimated to reach 10 billion by 2050 (Hickey et al., 2019).
Consequently, the worldwide demand for food will steadily
increase (Tilman et al., 2011). However, trends in tempera-
ture and precipitation have changed in global wheat grow-
ing areas since 1980 (Lobell et al., 2011). It is understood
that the global climate change in combination with an
increasing number of extreme weather events negatively
impacts wheat vyield, in some regions such as Northern
and Western Europe, Australia, and Africa (Ray et al., 2019;
Trnka et al., 2015, Zhu & Troy, 2018).Today, it is assumed
that the uniformity and high-yielding characteristics of
today’s modern wheat cultivars increase the risk of genetic
vulnerability to abiotic and biotic stresses (Fu, 2015; Rah-
man et al., 2020).

Therefore, there is a strong need for new, well-
adapted genotypes with increased yield stability. System-
atic plant breeding is one of the most promising
approaches to meet these future challenges (Hickey
et al.,, 2019) and to respond to emerging opportunities,
e.g., utilization of genetic differences in yield response to
increased CO, concentration (Marcos-Barbero et al., 2021;
Uprety et al., 2009). Genetic diversity is the fundamental
prerequisite to select new well-adapted and high-yielding
genotypes (Voss-Fels et al., 2015). However, it is

questionable whether the genetic diversity of the current
elite breeding pool of wheat is broad enough to cope with
these challenges (Cavanagh et al, 2013; Venske
et al., 2019). By contrast, ex situ genebanks are assumed
to be rich reservoirs of unexploited plant genetic diversity
(Keilwagen et al., 2014). Worldwide, the largest collections
of Triticum and Aegilops accessions are held by the CIM-
MYT genebank (more than 140 000) or the Lieberman
Germplasm Bank (more than 7500), respectively (Sharma
et al.,, 2021). In Germany, the Leibniz Institute of Plant
Genetics and Crop Plant Research in Gatersleben holds a
collection of wheat (genera Triticum and Aegilops) plant
genetic resources (PGRs) consisting of approximately
30 000 accessions of wild and primitive wheats, traditional
cultivars/landraces, and advanced/improved cultivars
(Borner et al., 2010). These PGRs are assumed to be a valu-
able source of genes and alleles that are not yet available
in plant breeding pools, e.g., genes or alleles associated
with pathogen resistance or abiotic stress tolerance (Lopes
et al., 2015; Winfield et al., 2018). However, it is difficult to
identify this useful genetic diversity available in the PGRs
and transfer it into elite breeding pools (Mascher
et al., 2019; Mondal et al., 2016). This is mainly because of
the huge linkage drag that is expected in crosses between
elite breeding materials and PGRs (Rasheed et al., 2018;
Singh et al., 2018).

Much progress has been made in wheat genetics and
genomics in the last decade (Chung et al., 2017; Jia
et al., 2018). Advances in next-generation sequencing
(NGS) technologies have provided whole genome
sequencing data and genome-wide single nucleotide poly-
morphisms (SNPs) for genotyping (Chung et al., 2017; Kil-
ian & Graner, 2012). This has paved the way for the
production of wheat reference genomes (IWGSC, 2018;
Walkowiak et al., 2020) and high-density SNP marker sets
(generated from SNP chips, i.e., lllumina or Affymetrix
[Cavanagh et al., 2013; Qaseem et al., 2018; Soleimani
et al., 2020; Wang et al., 2014; Winfield et al., 2016], or
using NGS-based approaches, e.g., genotyping-by-
sequencing [GBS] and exome capture [Poland &
Rife, 2012; Winfield et al., 2012]). Such advances have
made it possible, for example, to investigate the genetic
diversity of diverse collections of bread wheat, to trace the
ancestry of modern wheat, and to identify genomic regions
associated with signatures of artificial selection (e.g. Cava-
nagh et al., 2013; GAO et al., 2017; Jordan et al., 2015;
Joukhadar et al., 2019; Liu et al., 2019; Pont et al., 2019).

To advance breeding in the future, it is important to
have detailed knowledge of genetic diversity, population
structure, sources of new allelic diversity, and genomic
regions affected by previous and current breeding activi-
ties. This will allow for the targeted introduction of new
allelic diversity into the elite wheat breeding pool
(Fu, 2015; Lopes et al., 2015).
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Here, we analyzed a diverse winter wheat collection
consisting of 81 modern cultivars (MC) and 209 genebank
accessions (GA) from the ex situ Genebank in Gatersleben,
Germany, with the following objectives: (i) to characterize
genetic diversity within the collection; (ii) to determine the
population structure and the level of genetic diversity; and
(i) to identify private alleles and genomic regions under
selection as a proxy for future sustainable breeding strate-
gies.

RESULTS AND DISCUSSION
Genotyping

The whole collection was genotyped using the GBS
approach and the bread wheat 15K+5K iSelect chip. These
analyses yielded a final combined marker dataset consist-
ing of 49 181 high-quality SNP markers, of which 37 914
and 11 140 SNPs were exclusively detected by GBS and
iSelect markers, respectively. Only 127 markers were iden-
tified by both approaches.

The minor allele frequency (MAF) ranged between
0.05 and 0.50 and the polymorphism information content
(PIC) ranged between 0.09 and 0.375 (Figure S1a,b). How-
ever, markers with a low MAF (0.05-0.10) were enriched
(27%) in the dataset, especially among the GBS markers. In
total, 32% of GBS markers and 9% of iSelect markers had a
low MAF value (Figure S2). Therefore, GBS markers were
considered to be less informative, because of the lower
proportion of highly informative markers (PIC > 0.30: 36%)
and lower average expected heterozygosity (He: 0.29) com-
pared with the iSelect markers (PIC > 0.30: 58%; H,: 0.37)
(Figure S2). Overall, observed heterozygosity (H,) and H,
ranged between 0.0 and 0.12 and between 0.09 and 0.50,
respectively (Figure S1c,d). The majority of markers (87%)
showed H, < 0.05, as expected for a self-pollinating spe-
cies.

The markers were unequally distributed across subge-
nomes and chromosomes (Figure 1). The number of mark-
ers per chromosome ranged from 247 (4D) to 4285 (2B)
(Table S2a). The D genome had fewer markers (7434),
poorer marker coverage (1.8 markers per Mbp), and a lar-
ger average marker interval (0.74 Mbp) compared with the
A genome (19 115 markers, 3.8 markers per Mbp, 0.26
Mbp) and the B genome (22 632 markers, 4.2 markers per
Mbp, 0.25 Mbp) (Figure S3). For all chromosomes, it was
demonstrated that combining both GBS and iSelect mark-
ers increased the number of markers per chromosome
(Table S2a; Figures S3 and S4) and decreased the average
marker interval per chromosome (Table S2a; Figures S3
and S4). Nevertheless, the centromeric chromosomal
regions remained insufficiently covered by markers (Fig-
ure 1).

Based on the annotations of the reference genome
(IWGSC, 2018), 43% of the SNP markers were located in
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genomic regions associated with a high-confidence (HC)
gene. Of those markers, 62% were located in the coding
sequence (CDS) of the gene (Figure Sb). Interestingly, 32%
of the GBS markers and 80% of the iSelect markers were
located within a region associated with an HC gene (Fig-
ure S5).

Currently, SNP markers are widely used to assess the
genetic diversity and population structure of diverse collec-
tions (e.g., Alipour et al., 2017; Maccaferri et al., 2019; Rufo
et al., 2019). It is known that SNP markers obtained by dif-
ferent marker platforms differ in their suitability to evaluate
genetic diversity in collections of GA, but did not have a
significant effect on population structure (Chu et al., 2020).
In this study, two genotyping approaches were used to
obtain a high-density and informative SNP marker set. It
could be shown that the overlap between the two marker
sets was low, so combining both sets improved the marker
coverage per chromosome. Furthermore, the combination
of both sets made it possible to exploit the advantages of
both genotyping approaches, i.e., the better suitability of
GBS markers to detect rare alleles, which is an advantage
when analyzing GA, and the frequent association of iSelect
markers with HC genes. Nevertheless, it is also known that
the use of array-based markers can be associated with an
increased risk of ascertainment bias (Albrechtsen
et al., 2010; Chu et al., 2020), due to the design of the
array. Therefore, the iSelect and GBS markers were also
separately analyzed. For the genotype panel under investi-
gation, it could be demonstrated that the ascertainment
bias is negligible and that population structure and genetic
diversity were not influenced by the single or the com-
bined use of iSelect and GBS markers (Text S1). Based on
these findings, the combined marker dataset was used for
all further analyses.

Population structure and genetic diversity

To reveal genotypic diversity and to determine population
structure, the combined marker dataset was linkage dise-
quilibrium (LD)-pruned, resulting in a reduced marker set
consisting of 6116 markers (Text S2).

In a principal coordinate analysis (PCoA), 4 and 2% of
variance was explained by the first and second principal
coordinates (PCos), respectively. On the PCoA scatterplot,
the MC group was separated from the GA group, with
some overlap of the two groups at their peripheries (Fig-
ure 2a). Genetic diversity in the GA group compared to the
MC group was assessed. Compared with the MC group,
the GA group showed a higher average number of alleles
per marker and higher H, (Table S3a).

Next, analysis of molecular variance (AMOVA) was
conducted to estimate the amount of genetic variance
explained by differences between and within the MC and
GA groups. Genetic differentiation between the MC group
and the GA group was moderate with a pairwise fixation
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Figure 1. Distribution of markers across the wheat genome. (a) Gray bars indicate the distribution of 49 181 single nucleotide polymorphism (SNP) markers
included in the combined marker dataset. Green bars indicate the distribution of 38 041 SNP markers identified by genotyping-by-sequencing (GBS) analysis.
Blue bars indicate the distribution of 11 267 SNP markers identified by iSelect chip. Both marker sets (GBS and iSelect) include the 127 markers, which were
identified by both approaches. (b) Gray bars indicate the distribution of 6116 SNP markers in the reduced marker set. Red vertical lines highlight centromeres.

index value (Fg) of 0.12. The genetic variation among
genotypes within groups was greater than the genetic vari-
ation between groups (Figure 3a).

Furthermore, a STRUCTURE analysis was conducted.
AK values revealed an optimal number of K = 2 subpopula-
tions (Figure S6). Based on membership coefficients, 157
and 133 genotypes were assigned to STRUCTURE groups |
and I, respectively. STRUCTURE group | comprised all MC

and 76 GA, which mainly originated from Germany or
Western Europe and, to a lesser extent, from South-
Eastern Europe, Asia, and America (Figure 2c). STRUC-
TURE group Il consisted of GA that mainly originated from
South-Eastern Europe and Asia (Figure 2c).

To compare the results of the STRUCTURE analysis
and PCoA, the STRUCTURE grouping was projected onto
the results of the PCoA. The first PCo clearly separated
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Figure 2. Population structure analysis of a panel of 290 winter wheat genotypes based on reduced set of 6,116 single nucleotide polymorphism (SNP) markers.
First two principal coordinates explain 4% and 2% of total variance. (a) Principal coordinate analysis (PCoA) scatterplot according to group of modern cultivars
(MC; n = 81, shown in purple) and group of genebank accessions (GA; n = 209, shown in dark green). (b) PCoA plot according to STRUCTURE grouping for the
uppermost level of population structure (K= 2). STRUCTURE group | is shown in purple; STRUCTURE group Il is shown in dark green. (c) Geographical origin

of genotypes assigned to STRUCTURE groups | (top right) and Il (bottom right).

Figure 3. Analysis of molecular variance (AMOVA) (a)
results showing the amount of molecular variance
explained by differences between and within (a)
group of modern cultivars and group of genebank
accessions; (b) STRUCTURE group | and STRUC-
TURE group Il (K= 2); and (c) STRUCTURE groups
1to 7 (K=17).
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STRUCTURE groups | and Il (Figure 2b), thus confirming
the STRUCTURE results. The average number of alleles per
marker did not differ between the two STRUCTURE groups.
However, He was higher for STRUCTURE group Il than for
STRUCTURE group | (Table S3b), suggesting differences in
terms of genetic diversity. Genetic differentiation between
the two STRUCTURE groups was moderate with a pairwise
Fst of 0.14. The genetic variation among genotypes within
groups (80%) was greater than genetic variation between
the two STRUCTURE groups (14%) (Figure 3b).

The STRUCTURE analysis revealed the upper level of
subpopulations. However, because there were diverse
genotypes in the collection, a more complex subpopulation
structure was expected. In this regard, there were two less
prominent AK peaks at K=5 and K = 8, suggesting a lower
level of subpopulations (Figure S6). Therefore, a model-free
discriminant analysis of principal components (DAPC) was
conducted to reveal the lower level of subpopulations.

© 2022 Julius Kuehn-Institute and The Authors.

The optimal number of subpopulations was deter-
mined using the K-means clustering algorithm. On the
basis of the lowest Bayesian information criterion (BIC)
value, the optimal number of subpopulations was K=7
(Figure S7). A DAPC was run to describe the subpopulation
groups (Figure S8), and the results of DAPC and STRUC-
TURE for K =7 were compared. The assignment of geno-
types to groups according to STRUCTURE or DAPC was
highly correlated, and most genotypes (82%) were
assigned to identical groups in the two analyses. The
exceptions were mainly genotypes identified as admixed
in the STRUCTURE analysis. The results of the STRUC-
TURE analysis are described in detail below.

In total, 254 of the genotypes showed a membership
coefficient of >0.5 to one of the STRUCTURE groups and
were assigned to STRUCTURE groups 1 to 7, whereas 36
genotypes were considered to be admixed. The MC were
grouped together in STRUCTURE group 5 except for one

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 112, 897-918

85L0017 SUOWILLIOD SAITERID 3|edtjdde 8y Ag pauaAoB e 3oL YO ‘38N J0 S9N Joj ARIQIT BUIIUO AB]IM O (SUOIPUCO-PLE-SUWLBIALICY" A5 1M AT 1pu 1 UO//SCIL) SUONIPUOD PU SWLB | 3U) 89S *[£202/T0/6T] U0 Afeiq 1T auliuo A311A J81Ue0 YoIeasay HAWS Y1INT WnUezsBunyosio- Aq ZG6GT [/ TTTT 0T/0pAL00 A | ARiq1BU1UO//STIY WOJ) POpEO|UMOQ ‘Y ‘2202 XETESIET



902 Heike Lehnert et al.

cultivar. The GA were mainly assigned to six STRUCTURE
groups (1-4, 6, and 7), which differed in the number of
genotypes included (14-65) and the origin of genotypes. In
accordance with the STRUCTURE grouping for K = 2, the
first PCo separated the Western European geographical
groups (STRUCTURE groups 4-6) from the South-Eastern
and Asian geographical groups (STRUCTURE groups 1-3
and 7) (Figure 4). The genotypes included in the Western
European geographical groups differed in their geographi-
cal origin and their breeding history.

STRUCTURE group 5 included two GA (TRI 11938, TRI
3808) and all the MC except for cv. Solehio (membership
coefficient for STRUCTURE group 5: 0.45), which was
assigned to the admixed group. Whereas most of the MC
in this study were bred for cultivation under German grow-
ing conditions (e.g., BSL, 2015), cv. Solehio is an early
flowering French cultivar (Arenas-Corraliza et al., 2019;
Schittenhelm et al., 2020) that is well adapted to Southern
European growing conditions. Furthermore, it is known
that the traditional cv. Hadmerslebener VIII (TRI 3808) is
included in the pedigree of more than half of the MC inves-
tigated in this study (at least 43 out of 81) (Martynov &
Dobrotvorskyi, 2012). In contrast, there are no hints that
also cv. Maris Mardler (TRl 11938) is prominently repre-
sented in the pedigrees of these MC. However, this acces-
sion shows a large proportion of the traditional cv.
Capelle-Desprez and cv. Wisconsin-245 in its pedigree
(Martynov & Dobrotvorskyi, 2012), which are also promi-
nently represented in pedigrees of these MC, as reported
previously (Fradgley et al., 2019).

STRUCTURE groups 4 and 6 mainly consisted of
genotypes from Germany (4: 54%, 6: 4%) and Western Eur-
ope (4: 24%, 6: 86%), respectively (Figure 4). As far as
known, most of these accessions are traditional cultivars
that were bred before the introduction of semi-dwarfing
genes (rht-B1b and rht-D1b) into the European breeding
pools in the 1950s and 1960s by line selection from lan-
draces or hybridization of favorable genotypes since the
end of the 19th century (Lupton, 2014; Martynov &
Dobrotvorskyi, 2012; Vergauwen & De Smet, 2017).

STRUCTURE group 4 mainly included traditional culti-
vars developed in Germany before 1950 and other tradi-
tional cultivars bred at the same time originating from
Europe, the USA, or Russia. Some of these traditional culti-
vars ranked among the most important cultivars at that
time and were widely grown, i.e., cv. Heinrichs von Hin-
denburg (TRI 994, Germany), cv. Grundmanns Wotan (TRI
4798, Germany), cv. Nordost Sandomir (TRI 243, Germany)
(Pronin et al., 2020), cv. Svalofs Grenadiere (TRI 5108,
Sweden) (Nilsson-Ehle, 1913), and cv. Mansholts Weiller
Dickkopf | (TRI 5042, Netherlands) (Zeven, 1990).

STRUCTURE group 6 included traditional cultivars
that mainly originated from France and could be traced
back to one common ancestor represented in all pedigrees,

i.e., the traditional cv. Noe (Martynov & Dobrotvorskyi,
2012). This traditional cultivar is described as a selection
from the Russian landrace Odessa (Martynov et al., 2006).
Because of its favorable characteristics, cv. Noe and its
descendants were frequently used in French winter wheat
breeding. Therefore cv. Noe is present in the pedigrees of
most traditional cultivars developed in France until 1950
(Belderok et al., 2000; Bonnin et al., 2014). The descen-
dants of cv. Noe included in STRUCTURE group 6, i.e., cv.
Vilmorin 27 (TRI 6726), cv. Hybride 40 (TRl 7343), cv.
Tadepi (TRI 6870), cv. Vague d’Epis (TRI 6874), and cv. Cap-
pelle Desprez (TRl 5164), were grown on large scale in
France at that time (Belderok et al., 2000). The cv. Cappelle
Desprez was the outstanding cultivar of its time and com-
bined disease resistance, adequate baking quality, and
high grain yield (Belderok et al., 2000). Therefore, cv. Cap-
pelle Desprez was frequently used in European breeding
programs (Agenbag et al., 2012). Consequently, it is fre-
quently included in pedigrees of today’s European MC
(Fradgley et al., 2019). Accordingly, 88% of the MC investi-
gated in this study had cv. Cappelle Desprez in their pedi-
grees. It is presumed that STRUCTURE groups 4 and 6
represent the breeding history of Germany and France, as
the traditional cultivars developed in these two countries
form the leitmotif of these STRUCTURE groups.

STRUCTURE groups 1-3 mainly included GA from
South-Eastern Europe (1: 81%, 2: 55%, 3: 36%) and Asia (1:
6%, 2: 23%, 3: 36%), whereas STRUCTURE group 7 con-
tained only GA from Asia (94%) or with unknown origin
(6%) (Figure 4).

Landraces from China, Tibet, India, Nepal, and Pak-
istan clustered together in one group (STRUCTURE group
7), distinct from the other landraces and traditional culti-
vars from Asia and South-Eastern Europe. The majority of
the landraces in STRUCTURE group 7 were collected dur-
ing two expeditions to the Himalayan region in the last
century (Knupffer et al., 2001; Witcombe, 1975). It is known
that landraces from the Himalayan region are distinct from
those originating from other Asian and European regions
because of their specific environmental adaptions (Guo
et al., 2020; Stodart et al., 2008). The remaining landraces
and traditional cultivars originating from Asia and South-
Eastern Europe were distributed in three groups according
to their breeding history. In detail, STRUCTURE groups 1
and 3 mainly included short-statured and early flowering
traditional cultivars from the Mediterranean region or Rus-
sia and Eastern Europe, respectively. In contrast, landraces
and traditional cultivars from America, Asia, and South-
Eastern Europe, which were mainly tall and early flower-
ing, clustered together in the diverse STRUCTURE group 2.
These findings highlight that differentiation among groups
is associated with the presence or absence of dwarfing
genes, particularly rht8 and the closely linked photoperiod
insensitivity (Ppd-D1) gene (Martynov & Dobrotvorskyi,
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Figure 4. Population structure analysis of a panel of 290 winter wheat genotypes based on the reduced set of 6116 SNP markers. (a) Principal coordinate (PCo)
plot according to the STRUCTURE grouping at K = 7. The first two principal coordinates explain 4 and 2% of total variance. STRUCTURE groups are highlighted
in color, as follows: orange: STRUCTURE group 1, blue: STRUCTURE group 2, yellow: STRUCTURE group 3, turquoise: STRUCTURE group 4, purple: STRUC-
TURE group 5, pink: STRUCTURE group 6, red: STRUCTURE group 7, gray: admixed group. (b) Geographical origin of genotypes assigned to STRUCTURE

groups 1to 7 and the admixed group.

2012). The rht8 gene was the first dwarfing gene which
was introduced to Europe (Borojevic & Borojevic, 2005).
Today, it is widely distributed among South-Eastern Euro-
pean and Russian cultivars (Worland et al., 1998). In 1913,
it was introduced into ltalian breeding pools by crosses
with the Japanese donor cv. Akakomugi (carrying rht8,
rht9, and Ppd-D1) (Pujol Andreu, 2011; Salvi et al., 2013;
Sanchez-Garcia & Bentley, 2019), which resulted in a num-
ber of new short-statured and early flowering cultivars
(e.g. cv. Villa Glori, cv. Ardito, cv. Mentana, and cv. Dami-
ano) (Borojevic & Borojevic, 2005). It is assumed that
STRUCTURE group 1 reflected these early breeding activi-
ties, as cv. Villa Glori (TRI 5400) and descendants of the
other early Italian cultivars were mainly included in this
group. Later, these early ltalian carriers of rht8 and the

© 2022 Julius Kuehn-Institute and The Authors.

descendants thereof were included in pedigrees of wheat
cultivars developed in Argentina, the former USSR, and
Eastern Europe, and were the founders of short-statured
and high-yielding cultivars (Borojevic & Borojevic, 2005).
Therefore, it is supposed that STRUCTURE group 3 reflects
the breeding activities in the former USSR, that is, the
introduction of the rht8 gene and the widespread use of
the semi-dwarf cv. Bezostaya 1 (Borojevic & Boroje-
vic, 2005). The cv. Bezostaya 1 was the main donor of the
rht8 gene in breeding programs in South-Eastern Europe
and South Russia (Divashuk et al., 2013) and is therefore
present in the pedigrees of many modern Russian cultivars
(Martynov et al., 2006). Accordingly, cv. Bezostaya 1 (TRI
6747) and its descendants were dominant in STRUCTURE
group 3.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 112, 897-918

95UB01 7 SUOLLLIOD AIIERID B |qedi(dde ay) Aq peusenof a1e ssjoie O ‘8sN JO Sa[nJ o} Akeiq18UUO AS]IA UO (SUONIPUCD-PUR-SLUISIW0D A3 1M ATe1q 1[oUlUO//SIY) SUONIPUOD Pue SWLe | 84} 985 *[£202/T0/6T] U0 A%iqiauluo A8 1M ieIusD YoIesssy HAWS yoline wnnuezsbunyasiod Aq Z66ST [dy/TTTT 0T/I0p/uoo 48| im Aleiq 1 puljuo//SAny Wolj pepeojumod ‘v ‘Z202 XETESIET



904 Heike Lehnert et al.

To conclude, the geographical origin was the main
factor causing population differentiation in this study, and
it divided the collection in two geographical groups
(STRUCTURE groups | and Il). A more complex subpopula-
tion structure further separated the two geographical
groups (STRUCTURE groups | and Il) into seven groups,
consisting of three subgroups (STRUCTURE groups 4-6),
four subgroups (STRUCTURE groups 1-3 and 7), and an
admixed group. The MC were assigned to a single group
(STRUCTURE group 5), while most of the GA were dis-
tributed among six groups (STRUCTURE groups 1-4, 6,
and 7). These findings provide further evidence that geo-
graphical origin, biological status, and breeding history are
the main drivers for population differentiation in diverse
collections (Cavanagh et al., 2013; Pont et al., 2019; Rufo
et al., 2019).

Genetic differentiation among the seven STRUCTURE
groups was moderate to high and ranged between 0.17
(STRUCTURE group 4 versus STRUCTURE group 5) and
0.51 (STRUCTURE group 6 versus structure group 7)
(Table 1). The degree of differentiation between the MC
group (STRUCTURE group 5) and the groups including GA
(STRUCTURE groups 1-4, 6, and 7) was also moderate to
high (Table 1). In detail, genetic differentiation was moder-
ate between the MC group and STRUCTURE group 4 (Fg:
0.17) and group 6 (F: 0.18), but high between the MC group
and STRUCTURE group 2 (Fg: 0.22), group 1 (Fg: 0.25),
group 3 (Fg: 0.31), and group 7 (Fg: 0.42) (Table 1). Accord-
ing to the AMOVA results, the genetic variation was greater
among genotypes within STRUCTURE groups (72%) than
among the STRUCTURE groups (22%) (Figure 3c).

As expected, there was a closer relationship between
the MC group and the two groups containing GA of Wes-
tern European origin (STRUCTURE groups 4 and 6) than
between the MC group and the groups containing GA of
South-Eastern and Asian origin (STRUCTURE groups 1-3
and 7). This is not surprising, because the local landraces
from Northern and Western Europe and the traditional cul-
tivars derived from them were used as founder lines for
the development of the current elite wheat breeding pools

(Balfourier et al., 2019). For instance, it is well known that
traditional German cultivars trace back to regional German
landraces and plant materials introduced from France, Eng-
land, Russia, Sweden, and the USA (Lupton, 2014). This
largely explains the composition of STRUCTURE group 4.

On the basis of our results and information in the liter-
ature, it is assumed that the genetic differentiation within
the Western European genebank groups (STRUCTURE
groups 4 and 6) and the South-Eastern and Asian gene-
bank groups (STRUCTURE groups 1-3 and 7) has been
caused by: (i) old selection patterns associated with the
adaptation of genotypes to the prevailing environmental
conditions in different growing regions (Balfourier
et al., 2019), (ii) the specific adaptation of landraces to the
Himalayan region (Guo et al., 2020), and (iii) breeding
activities associated with the introduction of the rht8 gene
(Kormoczi et al., 2019; Nielsen et al., 2014).

There is much debate about the genetic diversity of
elite breeding pools (Alipour et al., 2017; Cavanagh
et al., 2013; Liu etal, 2019; Pont et al., 2019; Rufo
et al., 2019). In general, it is assumed that the genetic
diversity of elite breeding pools has followed spatial and
temporal trends during the last century (Rauf et al., 2010).
Due to the intensive exchange of breeding material, pedi-
grees of modern elite cultivars are complex (Fradgley
et al., 2019). However, it should also be noted that only a
limited number of founder lines was used for the devel-
opment of today’s breeding pools (Lopes et al., 2015).
Although it is understood that strong and extensive
selection during breeding activities in the last century has
narrowed the genetic diversity of today’s breeding pools
(Rauf et al., 2010), systematic breeding activities have
introduced novel allelic diversity into elite breeding pools
(Balfourier et al., 2019; Mondal et al., 2016; Sharma
et al.,, 2021). In this study, genetic diversity was higher
for the worldwide group of GA compared to the MC
group released in Western Europe (mainly Germany) dur-
ing the last two decades. These findings initially indicate
that there is reduced genetic diversity in the elite breed-
ing pool, which is in accordance with findings of Alipour

Table 1 Pairwise genetic differentiation (Fs;; down left diagonal) and gene flow (Nm; upper right diagonal) for comparisons between
STRUCTURE groups 1-7 and the admixed group based on 49 181 SNP markers

STRUCTURE STRUCTURE STRUCTURE Admixed STRUCTURE STRUCTURE STRUCTURE STRUCTURE

F/Nm group 5 group 2 group 4 group group 6 group 7 group 1 group 3
STRUCTURE group5 - 1.8 2.37 3.42 2.32 0.68 1.53 1.14
STRUCTURE group 2 0.22 - 2.13 7.06 1.32 1.15 1.9 2.3
STRUCTURE group 4 0.17 0.19 - 4.33 1.43 0.62 1.63 1.08
Admixed group 0.13 0.07 0.10 - 2.40 1.37 3.77 2.35
STRUCTURE group 6 0.18 0.28 0.26 0.17 - 0.49 1.21 0.72
STRUCTURE group 7 0.42 0.30 0.45 0.27 0.51 - 0.85 0.55
STRUCTURE group 1 0.25 0.21 0.23 0.12 0.29 0.37 - 1.27
STRUCTURE group 3 0.31 0.18 0.32 0.18 0.41 0.47 0.28 -
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et al. (2017), Liu et al. (2019), and Pont et al. (2019). How-
ever, if we consider the population structure when evalu-
ating genetic diversity, the picture looks rather different.
The spatial and temporal trends in genetic diversity
become quite clear, confirming the results of previous
reports (Balfourier et al., 2019). Surprisingly, the genetic
diversity of some STRUCTURE groups containing GA
(groups 3, 4, 6, and 7) was lower than the genetic diver-
sity of STRUCTURE group 5 containing the MC (Table 2).
To exclude bias due to group size, 14 genotypes per
STRUCTURE group were randomly selected. However,
group size had no influence on the genetic diversity
within STRUCTURE groups (Table S4). STRUCTURE
groups 3, 4, 6, and 7 mainly included traditional cultivars
or landraces, and therefore only represent the allelic
diversity after or before the early breeding bottleneck.
Therefore, on the one hand, it is suggested that the lower
genetic diversity of STRUCTURE groups 3, 4, and 6 com-
pared with that of the MC group is a result of the genetic
bottlenecks associated with early breeding activities
(Cavanagh et al., 2013; Pont et al., 2019), i.e., the develop-
ment of the first traditional cultivars from landraces or
the introduction of superior breeding material into the
early breeding pools (Lupton, 2014). On the other hand, it
is considered that the lower genetic diversity in STRUC-
TURE group 7 compared to the MC group is likely
because the landraces in group 7 are from geographically
restricted Himalayan regions (Knupffer et al., 2001; Wit-
combe, 1975) and are adapted to the specific environ-
mental conditions in these regions (Guo et al., 2020). In
contrast, the genetic diversity of STRUCTURE groups 1
and 2 was comparable to, or higher than, that of STRUC-
TURE group 5 containing the MC (Table 2). It is assumed
that there are different reasons for this. STRUCTURE
groups 1 and 2 included landraces and traditional culti-
vars from particular geographical regions. Therefore,
these two groups reflect the allele diversity before and
after the early breeding bottleneck. Furthermore, the early
Italian breeding history reflected in STRUCTURE group 1,
i.e., crosses between ltalian and Asian material (Borojevic
& Borojevic, 2005; Salvi et al., 2013), is assumed to be
associated with an increase in genetic diversity. In this
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context, Voss-Fels et al. (2015) and Balfourier et al. (2019)
reported that PGRs from Asia are a valuable and largely
unexploited resource to improve genetic diversity in
terms of quantitative disease resistance in European
breeding pools.

To gain detailed knowledge about genetic diversity, it
is of vital importance to be aware of population structure
(Nielsen et al., 2014). Both population structure and
genetic diversity can accelerate progress in plant breeding
by an effective use of PGRs and the selection of promising
parents carrying novel and beneficial allelic diversity (Dem-
pewolf et al., 2017; Kilian et al., 2021; Nielsen et al., 2014).

Genomic regions under selection and private alleles

Both the loss of genetic diversity due to selection or
genetic bottlenecks and the introduction of novel genetic
variation caused genomic signatures (Joukhadar
et al., 2019). Thus, genomic signatures of selection
describe genomic regions that are, or have been, targets of
breeding efforts. In this study, five different approaches
were used to identify loci under selection. In total, 512,
506, 53, 867, and 2764 markers were detected as loci under
selection by using the non-hierarchical finite island model
(Arlequin), the hierarchical island model (Arlequin), the
Bayesian model (BayeScan), the FLK test, and the Pcadapt
approach, respectively (Figure 5). Of these, 563 markers
were identified by at least three approaches (Figure 5).
These loci were defined as putative candidates associated
with genomic signatures of selection. In total, 43% of the
563 markers were located in genomic regions associated
with an HC gene (Figure S9).

The 563 markers were assigned to 57 genomic regions
under selection on 10 wheat chromosomes (Figure 5;
Table S5). Nine of the detected genomic regions under
selection have been reported in the literature more than
twice; 36 genomic regions have been reported in one or
two previous studies; and 12 of the detected regions (on
chromosomes 2A, 2B, 4A, 4B, 6A, and 7B) did not overlap
with a previously described genomic region under selec-
tion and were assumed to be novel (Afzal et al., 2019;
Cheng et al., 2019; Gao et al., 2017; Jordan et al., 2015; Liu
et al.,, 2019; N'Diaye et al., 2018). The nine frequently

Table 2 Average number of alleles, expected heterozygosity (H.), and number of polymorphic loci determined for STRUCTURE groups 1 to
7 and admixed group based on 49 181 single nucleotide polymorphism (SNP) markers

STRUCTURE STRUCTURE STRUCTURE

STRUCTURE STRUCTURE STRUCTURE STRUCTURE

Group group 5 group 2 group 4 Admixed group 6 group 7 group 1 group 3
Number of individuals 82 65 37 22 18 16 14
Average number 1.90 1.96 1.80 1.98 1.74 1.67 1.74 1.68

of alleles
He 0.25 0.28 0.21 0.31 0.20 0.18 0.25 0.20
Number of 44 255 46 977 39 426 48 254 36 207 33024 36 315 33 506

polymorphic loci
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detected genomic regions under selection contained
known quantitative trait locus (QTL) regions (LOD >5;
Blake et al., 2019) associated with the flag leaf stay green
period, flag leaf senescence, grain hardiness, duration of
grain filling, number of seeds per head, grain yield, lodg-
ing, plant height, stem solidness, heading date, and sever-
ity of leaf rust, stem rust, and stripe rust (Tables S5 and
S6). In contrast, the majority of the remaining regions
under selection contained few previously reported QTLs
(Tables S5 and S6). This indicates that these regions are
associated with traits that are not frequently targeted, but
appear to have been actively or passively modified by
breeding activities in recent decades.

Approximately 32 or 47% of the identified genomic
regions under selection overlapped with frequently or
rarely occurring large chromosomal modifications, respec-
tively (Table Sb), i.e., introgressions from wheat wild rela-
tives identified by coverage analysis (Keilwagen
et al., 2019; Keilwagen et al., 2022). The connection
between genomic regions under selection and genomic
regions carrying introgressions has so far only been
described for the 2B/2G introgression from Triticum
timopheevii (Cavanagh et al., 2013; Gaire et al., 2020). To
the best of our knowledge, besides the 2B/2G introgres-
sion, only for the frequently occurring introgressions on
chromosome 2A and 2D information about the origin and
the underlying genes are available (Table S5).

Genomic signatures on the short and long arms of
chromosome 2B (Region_S_chr2B-1 to Region_S_chr2B-
11) detected in this study (Table S5) are assumed to be
associated with the 2B/2G introgressions from T.
timopheevii (Keilwagen et al., 2022; Martynov et al., 2018;
Walkowiak et al., 2020). The 2B/2G introgressions were
mainly introduced via cv. Wisconsin-245 and its descen-
dants into the Western European breeding pools in the
1950s, and to a lesser content from other sources (Mar-
tynov et al., 2018). Therefore, it could not be determined
whether these introgressions on chromosome 2B were
introduced by a single event and were subsequently bro-
ken over time by recombination, or whether they arose
from several events (Cheng et al., 2019). In any case, the
cv. Maris Fundin (TRI 11510) shows a nearly complete
substitution of chromosome 2B, completely enclosing the
regions that indicate introgressions on the short and
long arms. The cv. Maris Fundin was one of the early
donors of the 2B/2G introgression, which is associated
with the resistance gene complex Sr36/Pmé6 conferring
quantitative resistance to stripe rust and powdery mildew
(Martynov et al., 2018). In this study, the resistance gene
complex Sr36/Pmé6 was located within Region_S_chr2B-2
under selection on the short arm of chromosome 2B
(Table S5). Furthermore, some genomic regions under
selection located within the 2B/2G introgression could be
associated with QTLs related to resistance inter alia for

leaf rust, stripe rust, or stem rust (Table S6). In this con-
text, a recent study has shown that the number of culti-
vars carrying the 2B/2G introgression has steadily
increased since the 1950s and that nearly half of all elite
cultivars recently released in Western Europe have ances-
tors carrying 2B/2G introgressions in their pedigrees
(Martynov et al., 2018). Consistent with those findings,
the 2B/2G introgression was present in approximately
70% of the MC in this study.

The genomic signature detected on chromosome 2A
(approximately 9 Mb — 27 Mb) probably represents an
introgression from Aegilops markgrafii (Region_S_chr2A-1;
Table S5) or the 2NYS introgression from Aegilops ventri-
cosa (Region_S_chr2A-1 to Region_S_chr2A-4; Table S5)
(Keilwagen et al., 2022). It is known that the 2NVS intro-
gression is associated with higher grain yield and a resis-
tance gene complex that confers resistance to stripe rust,
leaf rust, stem rust, wheat blast, and root knot nematode
(Gao et al., 2021; Walkowiak et al., 2020). Initially, the
2NYS introgression was introduced into elite breeding
pools in the 1990s through the wheat cultivar VPM-1 with
an aim to increase disease resistance (Gao et al., Gao
et al., 2021). Today, 40-80% of US winter wheat and CIM-
MYT spring wheat cultivars carry the 2NVS introgression
(Gao et al., 2021), consistent with our findings. About 40%
of the MC and none of the GA investigated here carry the
2NYS introgression, which indicates the currency of this
introgression event (Keilwagen et al., 2019). Therefore, this
genomic region on chromosome 2A was also associated
with private alleles in the MC group. The genomic signa-
tures on chromosome 2D (Region_S_chr2D-3 to
Region_S_chr2D-5; Table S5) seem to be associated with
an introgression from either A. markgrafii or Aegilops
umbellulata (Keilwagen et al., 2022).

In conclusion, the genetic diversity of elite breeding
pools has been increased by the introduction of introgres-
sions from wheat wild relatives (Cheng et al., 2019), but
decreased by the enrichment or fixation of alleles (Cheng
et al., 2019; Fradgley et al., 2019). However, it is presumed
that these events are associated with an enrichment of
agriculturally important genes or alleles in the elite breed-
ing pools (Cheng et al., 2019). Nevertheless, for most
genomic regions under selection and genomic regions
associated with private alleles in the MC group, there was
no information about functional wheat genes or associated
QTLs in the literature. Therefore, for these regions, it is
impossible to identify the associated trait that was targeted
by breeding efforts without additional mapping popula-
tions and phenotyping. However, ontology enrichment
analyses can provide new insights into putative traits that
may have been actively or passively targeted by former
and current breeding activities. Therefore, Gene Ontology
(GO), Plant Ontology (PO), and Trait Ontology (TO) analy-
ses were conducted to gain insights into the functions of
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Figure 5. Chromosomal position of single nucleotide polymorphism (SNP) markers detected as loci under selection using (a) a non-hierarchical finite island
model (Arlequin), (b) a hierarchical island model (Arlequin), (c) a Bayesian model (BayeScan), (d) an extended Lewontin and Krakauer (FLK) test, or (e) the Pca-
dapt approach. Gray bars indicate 563 SNP markers identified as outlier loci by at least three approaches. These loci were defined as putative candidates associ-
ated with genomic signatures of positive selection between the group of modern cultivars (MC) and the group of genebank accessions (GA). (f) Venn diagram of
SNP markers detected as outlier loci using a non-hierarchical finite island model (Arlequin_nh), a hierarchical island model (Arlequin_h), a non-hierarchical
Bayesian model (BayeScan), the FLK test (FLK), the Pcadapt approach (pcadapt), or a Bayesian model (BayeScan).

genes located within genomic regions under selection
compared to the annotated genomic background.

For genomic regions associated with private alleles in
the MC group, four TO terms, 21 PO terms, and 634 GO
terms were significantly enriched (false discovery rate
[FDR] < 0.01) (Table S7). The enriched TO terms were
associated with stem elongation, plant growth, and plant

© 2022 Julius Kuehn-Institute and The Authors.

development (Table S7). In total, five genes were associ-
ated with these TO terms; these genes were located within
Region_C_chr2D-1 on chromosome 2D and were tandem
array copies. The 21 identified PO terms were associated
with the plant anatomical entity or the plant structure
development stage, respectively, and are assumed to be
involved in the anatomy or development of roots, ears,
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flowers, or the vascular system (Table S7). Of the signifi-
cantly enriched GO terms, 72% were in the biological pro-
cess category, and were mainly involved in metabolic
processes, hormonal regulation, or abiotic and biotic stress
responses (Figure 6b).

For genomic regions under selection, no TO terms, 11
PO terms, and 90 GO terms were significantly enriched
(FDR < 0.01) (Table S7). Of the significantly enriched GO
terms, 54% were in the biological process category (Fig-
ure 6a) and were involved in metabolic processes or abi-
otic and biotic stress responses. The significantly enriched
PO terms were all associated with the plant anatomical
entity and are assumed to take part in leaf, root, or ovule
anatomy (Table S7). In detail, enriched PO terms were
associated with the anatomy of the trichome/trichoblast
(P0O:0000262, P0:0000282), tracheary elements
(PO:0000290), ground meristem (P0O:0025594), ground tis-
sue (P0:0025059), cortex (PO:0005708), root epidermal cells
(PO:0025164),  stipule  (PO:0020041),  endothelium
(PO:0020024), the integument (P0:0020021), and the inner
integument (PO:0020022). The genes annotated with one
or more of these PO terms were located within 25 genomic
regions under selection on chromosomes 2A, 2B, 2D, 3A,
3B, 4B, 6A, and 7B. Ten of these genomic regions were in
parts of the genome frequently carrying introgressions of
known origin (Table S5).

Leaf- and root-associated traits have to be seen in the
context of water and nutrient uptake and transport, toler-
ance/resistance to stress, and photosynthesis. It is conceiv-
able that breeding activities have actively affected root and
leaf anatomy to improve plant performance. For example,
the density and length of trichomes can positively affect
the biotic and abiotic stress tolerance of wheat (Gupt
et al., 2021; Pshenichnikova et al., 2019; Saska et al., 2021)
and genotypic differences in these traits exist among di-,
tetra-, and hexaploid wheats (Pshenichnikova et al., 2017).
In the 1980s, Richards and Passioura (1989, 1981) reported
on breeding activities aimed to introduce the characteristic
of narrow xylem vessels from landraces into Australian elite
breeding materials to improve water-use efficiency under
drought conditions. However, it is also conceivable that
breeding activities can passively or accidently affect plant
anatomy as a side effect of improvements to other important
traits. (Lecain et al., 1989). Hoogendoorn et al. (1990) and
Miralles et al. (1998) demonstrated that the introduction of
semi-dwarfing genes led to changes in leaf anatomy (re-
duced leaf and cell size and increased total mesophyll sur-
face area/leaf area). Furthermore, it is likely that
introgressions have caused unintended changes in plant
anatomy. For example, genes associated with leaf pubes-
cence in T. timopheevii were transferred together with the
actual target genes to bread wheat, causing changes in tri-
chome density and length in two bread wheat populations
(Budashkina, 1988; Simonov et al., 2021).

On the basis of the ontology enrichment analyses and
the location of known genes, QTL regions, and introgres-
sions, it can be suspected that genomic regions under
selection are probably associated with plant anatomy,
yield-related traits, and tolerance to abiotic and biotic stres-
ses. This is consistent with the current assumption that
breeding activities in the last century have introduced and
combined novel and favorable alleles and genes in today’s
elite breeding cultivars, resulting in improved grain yield,
bread making quality, and abiotic and biotic stress toler-
ance (Lopes et al., 2015; Mondal et al., 2016; Voss-Fels
et al., 2019).

To cope with future challenges, it is essential to intro-
duce novel genetic diversity into the elite breeding pools
(Johansson et al., 2020). It is predicted that PGRs of wheat
carry several useful alleles associated with adaptive traits
that are missing from today’s elite breeding pools (Lopes
et al., 2015; Mascher et al., 2019).

Based on PIC values, 562 and 4721 private alleles were
identified in the MC group and the GA group, respectively.
In total, 44 of the identified private alleles associated with
the MC group also described genomic regions harboring
loci under selection. The SNP markers associated with pri-
vate alleles in the GA group were equally distributed
across the chromosomes, whereas those associated with
private alleles in the MC group were mainly located on
chromosomes 2A, 2B, and 2D (Figure 7). In total, 89 and
11% of private alleles were associated with GBS markers
or iSelect markers, respectively (Table 3). Interestingly, 12
and 0.4% of the private alleles within the MC and GA
groups, respectively, were associated with iSelect markers
(Table 3). It can be assumed that these iSelect markers
were actively used for marker-assisted selection in elite
breeding pools, because they are generally based on
known expressed sequence tags or genes. Furthermore,
these findings also indicate that GBS markers are better
suited to identify private alleles within the MC and GA
groups compared to iSelect markers. One explanation may
be the increased risk of ascertainment bias of the array-
based iSelect markers (Albrechtsen et al., 2010; Chu
et al., 2020), but not exclusively. Since, it was demon-
strated that the ascertainment bias is negligible for the
genotype panel under investigation.

The number of private alleles associated with GA
groups ranged between 111 and 4639, with the highest
numbers in STRUCTURE groups 2 (4473) and 7 (3530)
and the admixed group (4639) (Figure S10). Furthermore,
it was determined if some private alleles were specific to
the STRUCTURE groups that mainly included GA. Most
private alleles were found in two to seven STRUCTURE
groups and were not specific to a single group (Fig-
ure S10). However, three private alleles located on chro-
mosomes 3A and 5A were exclusively associated with
STRUCTURE group 7 and indicated polymorphisms in
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Figure 6. Gene Ontology (GO) enrichment analysis of genes located in (a) genomic regions under selection, (b) genomic regions associated with private alleles
in the group of modern cultivars (MC), or (c) genomic regions associated with private alleles in the group of genebank accessions (GA).
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the genes TraesCS3B02G357500 (TaEREF4) and TraesC-
S5A02G473800 (TaQ), respectively (IWGSC, 2018). Both
genes encode transcription factors, i.e., the AP2/ERF
domain-containing protein and Floral homeotic protein,
respectively (IWGSC, 2018; Liu et al., 2020; Zhao
et al., 2019). Recently, it has been shown that allelic
diversity in the TaEREF4 gene of Nepalese and Tibetan
wheat genotypes is associated with cold acclimation and
adaption to harsh environments at high altitudes (Guo
et al., 2020). The TaQ gene also affects rachis brittleness
of wheat (Liu et al., 2020).

According to the positions of the SNP markers on the
reference genome (IWGSC, 2018), 36% of private alleles in
the MC group and 37% of those in the GA group were
located in genomic regions associated with an HC gene
(Figure S9). In total, the private alleles associated with the
MC group or the GA group were assigned to 63 and 827
genomic regions, respectively (Table S8).

Comparisons of genomic regions associated with pri-
vate alleles in the GA group with known functional wheat
genes revealed that 33 of these regions were associated
with one or more known functional wheat genes. Most of
these genes were related to grain quality or resistance to
biotic stress (Table S8).

For instance, the genomic regions associated with pri-
vate alleles in the GA group contained genes encoding
polyphenol oxidase 1 (Ppo-A1, Region_chr2A-62), sucrose
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synthase Il (Sus-2B, Region_chr2B-23), waxy proteins (Wx-
A1, Region_chr7A-5; Wx-B1, Region_chr4A-91), genes
related to seed dormancy and pre-harvest sprouting resis-
tance (Sdr-B1, Region_chr2A-19; Sdr-B1, Region_chr2B-27;
Phs1/MFT, Region_chr3A-1; Vp-1A, Region_chr3A-31; VP-
1B, Region_chr3B-28; R-A1, Region_chr3A-38; R-B1,
Region_chr3B-34), and a gene encoding starch-branching
enzyme |l (Sbella, Region_chr2A-44) (Table S8). Interest-
ingly, some of the detected private alleles indicated poly-
morphisms within the intron of Phs1/MFT and the 3
untranslated region of Sbella.

The Phs1/MFT gene locus on chromosome 3A is associ-
ated with seed dormancy and pre-harvest sprouting resis-
tance (Liu et al., 2013; Nakamura et al., 2011). There are
several polymorphisms and insertions within the promoter
and coding regions of the Phs1/MFT gene locus (Jiang
et al., 2018; Lei et al., 2013; Liu et al., 2013; Liu et al., 2015;
Nakamura et al., 2011). For instance, two mutations within
the Phs1/MFT gene, which result in a mis-splicing site or a
premature stop codon, result in decreased seed dormancy
and pre-harvest sprouting resistance (Liu et al., 2013; Liu
et al., 2015). These two mutations are rare among the wild
progenitors of wheat and landraces from the Fertile Crescent,
but common in modern cultivars (Liu et al., 2015). In this
study, the mutation causing the mis-splicing site was only
present in traditional cultivars and landraces mainly originat-
ing from South-Eastern Europe and the former USSR

Figure 7. Distribution of markers associated with
private alleles (a) in the group of genebank acces-
sions (GA) and (b) the group of modern cultivars
(MC).
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Table 3 Number of private alleles identified in the group of mod-
ern cultivars (MC) and the group of genebank accessions (GA)

MC GA
GBS + iSelect - 7
iSelect 2 550
GBS 560 4164
total 562 4721

(STRUCTURE groups 2 and 3), suggesting that the unfavor-
able allele leading to mis-splicing is rare in, or absent from,
German wheat breeding pools. Wheat breeders may have
successfully selected against this unfavorable allele. This is an
example of how an unfavorable allele can be actively or pas-
sively reduced or eliminated from the MC group.

The Sbella gene on chromosome 2A encodes a
starch-branching enzyme involved in starch biosynthesis
(Tetlow & Emes, 2014). Starch with higher proportions of
amylose (i.e., resistant starch) is beneficial for human
health (Schonhofen et al., 2016). However, the amylose
and resistant starch contents are low in modern wheat cul-
tivars (Li et al., 2020; Schonhofen et al., 2016). Transgenic
and non-transgenic approaches clearly demonstrated that
an increase in high-amylose starch which is rich in resis-
tant starch can be achieved through simultaneous down-
regulation of Sbella and/or Sbellb isoforms located on
group 2 chromosomes (Li et al., 2020; Regina et al., 2006;
Regina et al, 2015, Schonhofen et al., 2016; Slade
et al., 2012). Wheat germplasm which carries several com-
binations of mutations in Sbella and/or Sbellb isoforms is
publicly available, but a cultivar carrying mutations in both
isoforms on all three homologs has not yet been reported
(Li et al., 2020; Schonhofen et al., 2016; Slade et al., 2012).
In addition, natural variation at the Sbella gene locus has
been detected in Russian landraces and cultivars (Kono-
valov et al., 2012). Both of the polymorphisms within the
Sbella locus reported here were detected in all Asian lan-
draces, some South-Eastern European landraces, and
some traditional cultivars mainly originated from Asia and
South-Eastern Europe (STRUCTURE groups 1, 2, and 7).
These findings suggest that both private alleles originated
from Asian or South-Eastern European landraces. Further-
more, it is likely that both alleles were transferred from
Asian landraces into the ltalian and South-Eastern Euro-
pean breeding pools during early breeding activities.

Region_G_chr6B-57, associated with private alleles on
chromosome 6B, is linked with the Cre8 gene locus, which
confers resistance to cereal cyst nematodes (Williams
et al., 2003). The Cre8 resistance allele was first detected in
the Australian cv. Festiguay (Paull et al., 1998) and is now
widely distributed in Australian breeding materials (Joukha-
dar et al., 2019). However, only limited information is avail-
able about the presence of the Cre8 resistance allele in
European and Asian wheat germplasm (Imren et al., 2021;
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Karelov et al., 2019). The private alleles on chromosome 6B
detected here might be associated with polymorphisms in
Cre8, but further research is necessary to explore this gen-
ome region in detail. These private alleles were mainly
found in landraces and traditional cultivars from South-
Eastern Europe and Asia (STRUCTURE group 1).

Finally, Region_G_chr3B-1, indicative of a private allele on
chromosome 3B, is linked with the Yr57 gene locus, which con-
fers stripe rust resistance in wheat (Randhawa et al., 2015).
The Yr57 resistance allele was first reported in a Pakistani
wheat landrace from the Watkins Collection, and was recently
transferred into Australian breeding material (Randhawa
et al., 2014; Randhawa et al., 2015; Randhawa et al., 2019).
Initial studies pointed out that the Yr57 resistance gene allele
appears to be absent from wheat cultivars from Australia,
India, and Northern Europe (Randhawa et al., 2015; Randhawa
et al., 2016). If the detected private allele is associated with a
polymorphism in Yr57, these results could be helpful to iden-
tify new sources of Yr57 resistance alleles. In this context, the
private allele is connected with landraces from Greece, Iran,
and Nepal, as well as with traditional cultivars from the USA,
former USSR, and Southern Europe.

The three genomic regions that include private alleles
in the GA group mentioned above are possibly associated
with novel allelic diversity that may useful for breeding in
the future.

Furthermore, results of the PO and GO term enrichment
analyses indicated a significant enrichment (FDR < 0.01) of
76 PO terms and 435 GO terms in genomic regions associ-
ated with private alleles in the group of GA. The PO terms
were associated with plant anatomical entity or plant struc-
ture development stage, and were assumed to be involved
in diverse processes (Table S7). In total, 68% of the GO terms
were in the biological process category (Figure 6c), which
includes many processes. In accordance with findings of the
PO and GO enrichment analyses, some known functional
genes and QTL regions (LOD > 5; Blake et al., 2019) associ-
ated with plant morphology, plant physiology, grain yield,
yield components, grain quality, lodging, and stress toler-
ance were located within genomic regions associated with
private alleles in the group of GA (Table S6).

It was pointed out that allelic diversity of many genes
related to various traits was reduced in the MC group com-
pared to the GA group. The reduction of allelic diversity in
MC is probably related to the depletion of unfavorable alle-
les associated with traits of interest and positively high-
lights the breeding success of the last decades, on the one
hand. On the other hand, it might be related to the deple-
tion of alleles that could be useful for further breeding suc-
cess, but were depleted due to linkage drag or by chance.

CONCLUSIONS

For progress in breeding, it is essential to understand more
precisely the targets of selection during wheat breeding
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activities in the last century. It is also vital to evaluate
whether the private alleles associated with the GA group
are linked with traits of future interest. In this regard, phe-
notyping this genotype collection for agronomically impor-
tant traits and conducting genome-wide association
studies may help to identify QTL regions associated with
traits of current or future interest.

A detailed understanding of genetic diversity and pop-
ulation structure, combined with knowledge of past and
current selection targets and novel allelic variation for
genes of interest in PGRs, will facilitate the introduction of
useful alleles into elite breeding pools, for example,
through targeted crosses or genome editing. This will pro-
mote improved performance of elite breeding material
under changing environmental conditions.

EXPERIMENTAL PROCEDURES
Plant materials

A collection of 290 hexaploid winter wheat (T. aestivum L.) geno-
types was investigated to determine its population structure,
genetic diversity, private alleles, and genomic regions under selec-
tion. These genotypes represent a diverse collection consisting of
81 MC of winter wheat released in Western Europe (mainly Ger-
many) during the last two decades and a global collection of 209
GA. The GA were classified as traditional landraces (45), a bree-
der’s line (1), traditional or advanced cultivars (146), and acces-
sions with unknown biological status (17) on the basis of the
passport data (Table S1) available in the Genebank Information
System (GBIS, German Federal ex situ Genebank in Gatersleben;
Oppermann et al., 2015). Seeds of the MC were kindly provided
by German breeding companies. Seeds of GA were supplied by
the German Federal ex situ Genebank at the Leibniz Institute of
Plant Genetics and Crop Plant research (IPK) in Gatersleben under
Standard Material Transfer Agreements.

For selecting the most diverse GA for flowering time, plant
height, and thousand-grain weight representing the whole diver-
sity stored in the German Federal ex situ Genebank, long-term
phenotypic data recorded during seed multiplication of the GA
were used to determine normalized rank products (Keilwagen
et al., 2014). In total, 172 GA were selected corresponding to eight
contrasting groups representing the most extreme combinations
of these three traits. Additionally, 37 GA were chosen on the basis
of one extreme trait characteristic (flowering time, plant height, or
thousand-grain weight) (Supplementary Table S1: rank products).

GA used in this study can represent only one genotype (e.g.,
traditional or advanced cultivars) or can consist of mixtures of dif-
ferent genotypes (e.g., landraces). To reduce heterogeneity and
heterozygosity and to ensure genetic purity of GA and MC, the
whole panel was grown under single-seed-descent (SSD) selection
in controlled greenhouse conditions. Consequently, seeds result-
ing from SSD selection represent only one genotype. SSD seeds
were propagated and genomic DNA was extracted from young
leaf tissue according to the protocol of Milner et al. (2018).

Genotyping

Genotyping of the 290 winter wheat genotypes was conducted by
GBS analysis. The extracted DNA was digested with restriction
enzymes (Pstl and Mspl; New England Biolabs, https://international.
neb.com/), and GBS library construction and sequencing were

implemented according to the protocol of Wendler et al. (2014). The
GBS raw reads (available at European Nucleotide Archive: https:/
www.ebi.ac.uk/ena/browser/view/PRJEB30008) were pre-processed
and mapped against the reference genome of Chinese spring wheat
(IWGSC, 2018) as described in Keilwagen et al. (2019). SNP calling
(SAMtools package including samtools and bcftools; Li, 2011; non-
default parameters: --output-tags DP,DPR) was implemented. Only
raw polymorphisms with a minimum quality of 40 were retained.
Genotype calls with less than two or four reads covering homozygous
or heterozygous position per sample were treated as missing. Finally,
GBS SNP data were filtered and monomorphic or multiallelic markers,
indels, and markers with at least 30% missing values were excluded.

Additionally, at the SGS Institute Fresenius — Trait Genetics
Section Gatersleben (Germany), all genotypes were genotyped
using the 15K+5K iSelect chip (lllumina Inc., www.illumina.com)
(including all markers from the 15K array [Soleimani et al., 2020]
and additionally 5000 markers from the 35K array [Allen
et al., 2017]) and filtered to remove monomorphic markers, those
with missing values (<30%), and duplicated markers, correspond-
ing to the post-processing of SNPs obtained by GBS analysis.

For imputation, the GBS and iSelect marker sets were com-
bined and analyzed together. Duplicates were identified and only
one entry was included in the combined marker set. Missing val-
ues in the combined marker set were imputed using the software
package Beagle v.4.1 (Browning & Browning, 2007). The imputed
marker set was filtered (heterozygosity < 12.5% and MAF > 5%),
resulting in the final marker dataset.

Determination of population structure

The software tool PLINK v.1.07 (LD prune: window size 50, step
size 5, r? threshold 0.2; Purcell et al., 2007) was used to select a
subset of LD-pruned markers, which included only markers in link-
age equilibrium. The pruned marker set was used to determine
the population structure.

The population structure was determined by PCoA imple-
mented in DARwin v.5.0 (Perrier & Jacquemoud-Collet, 2006),
Bayesian clustering analysis implemented in STRUCTURE v.2.3.4
(Pritchard et al., 2000), and DAPC using adegenet in the R package
(Jombart & Ahmed, 2011; Jombart, 2008; R Core Team, 2019)
(Text S3).

Genetic diversity, private alleles, and genomic regions
under selection

The combined dataset was used to determine genetic diversity and
to identify private alleles as well as loci/genomic regions under
selection. For this purpose, Arlequin v.3.5.2.2 (Excoffier & Lis-
cher, 2010) was used to: (i) calculate the average number of alleles
and the H, value per marker locus; (ii) estimate the number of poly-
morphic loci, the H value, and the F; value as a measurement of
the population differentiation for each subpopulation; and (iii) per-
form AMOVA to assess the molecular variance among subpopula-
tions. AMOVA was performed between the GA and MC groups as
well as between and among the STRUCTURE subpopulations.

The PIC values (Hildebrand et al., 1992) were separately calcu-
lated for each marker for the MC group and the GA group to identify
the private alleles associated with each of these groups. Loci under
selection representing genomic signatures of selection between
the GA group and the MC group were identified by population
differentiation-based statistics and a principal component analysis
(PCA)-based statistic. For this purpose, Fg-outlier detection tests
based on the FDIST algorithm (Beaumont & Nichols, 1996) were
conducted using the software packages Arlequin v.3.5.2.2 (Excoffier
& Lischer, 2010) and BayeScan v.2.1 (Foll & Gaggiotti, 2008). In
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total, three different approaches were implemented to identify loci
under selection, i.e., the non-hierarchical finite island model (Arle-
quin), the hierarchical island model (Arlequin settings: 20 000 simu-
lations, 100 demes, 10 groups), and the Bayesian model (BayeScan
settings: burn-ins 50 000, iterations 100 000, pilot runs 20). Further-
more, a fourth population differentiation-based statistic, i.e., the
extended Lewontin and Krakauer (FLK) test (Bonhomme
et al., 2010) implemented in hapFLK v1.4 (Fariello et al., 2013), and
a PCA-based approach implemented in the R package pcadapt (R
Core Team, 2019; Luu et al., 2017) were used to identify loci under
selection (Text S4). By default, FDR adjustment for multiple testing
(Benjamini & Hochberg, 1995) is implemented in BayeScan
(Foll, 2012; Foll & Gaggiotti, 2008). The Fg P-values, FLK P-values,
and pcadapt P-values were adjusted for multiple testing (FDR, Ben-
jamini & Hochberg, 1995) using the function p.adjust (setting:
method = ‘BH’) in the R package (R Core Team, 2019). All markers
with FDR-adjusted P-values of <0.1 were considered to be under
selection.

Markers that were identified as loci under selection by at least
three approaches were defined as putative candidates associated
with genomic signatures of selection. These markers and those
indicating private alleles in the MC group or the GA group were
assigned to genomic regions based on the chromosomal position
of markers and LD decay. The LD was estimated as described by
Lehnert et al. (2018) using the R-based software packages genetics
and LDheatmap (R Core Team, 2019; Shin et al., 2006; Warnes
et al.,, 2013). The LD decay was determined as the intersection
point of the smooth locally weighted polynomial regression curve
with the critical  value (= 0.2), which was 2 Mbp. Therefore,
markers within 2 Mbp of each other were assigned to the same
genomic region. The genomic regions plus the 1-Mbp flanking
regions on each side were defined as putative genomic regions
under selection or putative genomic regions associated with pri-
vate alleles. These genomic regions were matched against known
functional wheat genes, publicly available QTLs (LOD > 5) listed at
the Grain Genes Genome Browser database (Blake et al., 2019),
and known large chromosomal modifications identified by cover-
age analysis (Keilwagen et al., 2019; Keilwagen et al., 2022) to pro-
vide clues about the associated traits.

In previous studies, genomic regions under selection were
identified in diverse wheat collections using different statistical
approaches (Afzal et al., 2019; Cavanagh et al., 2013; Cheng
et al., 2019; Fradgley et al,, 2019; Gao et al., 2017; Gaire
et al., 2020; Jordan et al,, 2015; Liu etal, 2019; N'Diaye
et al., 2018; Pont et al., 2019). Generally, it is difficult to compare
results among studies that have used different marker systems,
genotype collections, and maps (genetic versus physical). There-
fore, to compare our results with those from other studies, we
attempted to remap all markers associated with genomic regions
under selection identified in the literature (unless it was already
done) to the reference genome of Chinese spring wheat
(IWGSC, 2018). However, not all previously published markers
associated with genomic regions under selection could be
anchored on the reference genome (IWGSC, 2018), either because
the markers could not be uniquely mapped or because no flanking
marker sequences were available. Therefore, only markers that
could be uniquely mapped to the reference genome (IWGSC, 2018)
were used for comparison.

Ontology enrichment analyses

In order to study the functional composition of the identified
genomic regions, we intersected their genomic coordinates with
the coordinates of the HC partition in the wheat IWNGSC V1.1 gen-
ome annotation (IWGSC, 2018). The resulting protein-coding HC
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gene loci were then mapped to wheat GO, TO, and PO annota-
tions (release v1.0; https://github.com/PGSB-HMGU/ontology_
annotations). Enrichment of specific ontology terms among the
given gene sets was tested using the ‘Parent-Child-Union’ algo-
rithm implemented in the Ontologizer software (Grossmann
et al., 2007) using all annotated wheat genes as reference and
applying multiple testing correction of P-values using the Ben-
jamini-Hochberg method.
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Figure S1. Distribution of (a) minor allele frequencies (MAFs), (b)
polymorphism information content (PIC) values, (c) observed
heterozygosity (H,) values, and (d) expected heterozygosity (H)
values for the combined marker set (49 181 markers).

Figure S2. Distribution of (a) minor allele frequencies (MAFs), (b)
polymorphism information criterion (PIC) values, and (c) expected
heterozygosity (He) values for 11 267 iSelect markers (left), 38 041
genotype-by-sequencing (GBS) markers (middle), the combined
marker set (49 181 markers), and the reduced marker set (6116
markers) (right).

Figure S3. Relationship between physical chromosome size and
(a) number of markers per chromosome, (b) average marker inter-
val per chromosome, and (c) marker coverage per chromosome
for the combined marker dataset (49 181 SNP markers).

Figure S4. Relationship between physical chromosome size and (a)
number of markers per chromosome and (b) average marker inter-
val per chromosome for 11 267 iSelect markers (left), 38 041 geno-
type-by-sequencing (GBS) markers (middle), and the reduced
marker set (6116 single nucleotide polymorphism markers) (right).
Figure S5. Number of single nucleotide polymorphism (SNP)
markers associated with a high-confidence (HC) gene or genomic
region (non-gene) not associated with an HC gene. Results are
shown for (a) the whole marker set (49 181 markers), (b) markers
identified by the genotyping-by-sequencing (GBS) approach
(38041), and (c) markers identified by 15K+5K iSelect chip (11267).
Small pie charts highlight the number of markers located within a
coding or non-coding region of an HC gene.

Figure S6. AK plot for the reduced marker dataset (6116 markers).

Figure S7. Bayesian information criterion (BIC) graph showing
results of the K-means clustering algorithm implemented in the
find.clust function in R. An optimal number of K = 7 subpopula-
tions is indicated based on the lowest BIC value.

Figure S8. Population structure analysis of a panel of 290 winter
wheat genotypes based on the reduced set of 6116 single nucleo-
tide polymorphism (SNP) markers. Results of discriminant analysis
of principal components (DAPC) are shown as scatterplot. Axes
represent the first and second principal components of the DAPC.
DAPC groups (1 to 7) are highlighted in color. All modern cultivars
grouped together in DAPC group 5.

Figure S9. Number of single nucleotide polymorphism (SNP)
markers associated with a high-confidence (HC) gene (gene) or a
genome region (non-gene) not associated with an HC gene.
Results are shown for (a) SNP markers associated with private
alleles in group of modern cultivars (MC; 562 markers), (b) SNP
markers associated with private alleles in a group of genebank
accessions (GA; 4721 markers), and (c) SNP markers associated
with genomic signatures of positive selection (563 markers). Small
pie charts show the number of markers located within a coding or
non-coding region of an HC gene.

Figure S10. Distribution of private alleles per STRUCTURE group.
(a) Number of private alleles associated with a group of genebank
accessions per STRUCTURE group. (b) Number of private alleles
associated with a group of genebank accessions specific (1) or
non-specific (2 to 8) to a STRUCTURE group.

Table S1. Plant materials. List of 290 winter wheat genotypes used
in this study and additional information.

Table S2a. Number of markers and average marker interval per
chromosome for the combined marker set (49 181 markers), GBS
markers, and iSelect markers.

Table S2b. Number of markers and average marker interval per
chromosome for the reduced marker set (6116 markers), GBS
markers, and iSelect markers.

Table S3a. Average number of alleles and expected heterozygos-
ity (He) for a group of modern cultivars (MC), a group of genebank
accessions (GA), and a randomly selected group of genebank
accessions (GA*) based on 49 181 SNP markers.

Table S3b. Average number of alleles and expected heterozygos-
ity (He) shown for all genotypes included in STRUCTURE group |
and STRUCTURE group Il based on 49 181 SNP markers.

Table S4. Average number of alleles, expected heterozygosity
(He), and number of polymorphic loci for 14 randomly selected
genotypes from STRUCTURE groups 1to 7 and an admixed group
based on 49 181 SNP markers.

Table S5. Genomic regions associated with putative candidate loci
under positive selection and functional wheat genes located
within these genome regions.

Table S6. Publicly available QTLs (LOD > 5) from the Grain Genes
Genome Browser database (Blake et al., 2019) located within
genomic regions under selection (S, blue) or regions associated
with private alleles in a group of modern cultivars (C, purple) or a
group of genebank accessions (G, green).

Table S7. Significantly enriched Trait Ontology (TO) and Plant
Ontology (PO) terms associated with genomic regions under
selection (S) or private alleles in a group of modern cultivars (MC)
or a group of genebank accessions (GA).

Table S8. Genomic regions associated with private alleles in
group of modern cultivars (MC) or group of genebank accessions
(GA) and functional wheat genes located within these genomic
regions.

Supplementary Text S1. Population structure and genetic diversity
analysis of a panel of 290 winter wheat genotypes based on iSe-
lect or GBS markers, respectively.

Supplementary Text S2. Detailed information about the 6116
markers selected by LD pruning.

Supplementary Text S3. Detailed information about population
structure analyses.

Supplementary Text S4. Detailed information about the identifica-
tion of loci representing genomic regions under selection using
population differentiation-based statistics and a principal compo-
nent analysis-based statistic.
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