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1. Introduction



1.1. Taxonomy, origin and evolution of wheat - a brief overview

The species of the genus Triticum are classified into three categories based on the level of

ploidy with 7 basic sets of chromosomes:

1. Diploid series: 2n=2x=14, genome Amor A (T. monococcum, T. urartu, T. speltoides, T.
tauschii);

2. Allotetraploid series: 2n = 4x = 28, AB (T. turgidum) or AG (T. timopheevii);

3. Allohexaploid series: 2n = 6x = 42, ABD (T. aestivum) or AGA™ (T. zhukovskyi)
(Bennici, 1986; Balint et al., 2000).

The genus Triticum L. belongs to the (Poaceae) Gramineae family and to the Triticeae tribe
and Triticinae subtribe. Aegilops, Secale, Agropyron and Haynaldia are other genera belonging to the
Triticinae subtribe (Gupta, 1972). Although, the Aegilops and Triticum genera are closely related, they
are treated as separate genera as suggested in the Linnaeus’s pioneer classification of plants
described in his book entitled Species plantarum (Linné et al,, 1753). The earliest classification of
Triticum was based on the morphological differences. In 1913 Schulz (Schulz, 1913) classified the
Triticum species in three main taxonomic groups called Einkorn, Emmer and Dinkel. Subsequently,
based on the result of the cytological study conducted by Sakamura (Sakamura, 1918) it was
discovered that the three groups differed also in chromosome number: Einkorn is diploid (2n),
Emmer is tetraploid (4n) and Dinkel is hexaploid (6n), all with 7 basic sets of chromosomes (Sax and
Sax, 1924; Kihara, 1937; McFadden and Sears, 1944). Soon after, Sakamura’s student Kihara in his
dissertation designated the genomic formulae for diploid, tetraploid and hexaploid wheats as AA,
AABB and AABBDD, respectively (Kihara, 1924, 1930). Since these discoveries, there were
continuous modifications in the classification of wheat species. In 1979 Dorofeev et al. published one
of the earliest nomenclature classifications of Triticum (Dorofeev et al, 1979). Later, Mac Key
(MacKey, 1966, 1988) and van Slageren (van Slageren, 1994) introduced a new classification system
with slight modifications. Today, these classifications are still followed by the scientific community

(for a comparative classification table see Kilian et al., 2010).

The origin of the polyploid Triticum species is mostly based on allopolyploidization; various
interspecific crosses occurred between the genus Triticum and Aegilops (Kerby and Kuspira, 1987).
Initially it was thought that the donor of the A genome was T. monococcum ssp. aegilopoides. Later
several studies confirmed that the A genome was contributed to both Triticum durum and Triticum
aestivum species by the wild wheat Triticum urartu (Belea, 1971; Chapman et al., 1976; Nishikawa,
1983; Sallares and Brown, 1999; Dvorak, 2001). In addition to these studies, it is known that T.

monococcum is more resistant to stem and leaf rust, while T. urartu like other wheat species is



susceptible to these diseases (Belea and Fejér, 1980). Subsequently, the formation of the tetraploid
species T. turgidum ssp. dicoccoides (AB) may have occurred due to the hybridisation between
Triticum urartu (A) and a species related to the Sitopsis section of the Aegilops genus (S) (van
Slageren, 1994; Balint et al., 2000; Dvorak, 2001). In 1999 Nancy Blake et al. concluded that none of
the species belonging to the Sitopsis section of Aegilops is a donor, but are actually the descendants
of the progenitor (Blake et al., 1999). However, soon later, RFLP analysis showed that out of the five
species belonging to the Sitopsis section of Aegilops, the cytoplasm of T. turgidum and T. aestivum

resulted to be closely related to Ae. speltoids (Wang et al., 2000).

Wild emmer wheat T. turgidum ssp. dicoccoides is believed to be the ancestor of the cultivated
turgidum forms as it is the most ancient species belonging to the turgidum group. The T. turgidum

species are easy to cross and are able to produce fertile progeny (Balint et al., 2000).

The hexaploid species T. aestivum (ABD) known as common or bread wheat evolved over the
last 10,000 - 8,500 years and may have occurred due to the second hybridization that involved
cultivated emmer T. turgidum ssp. dicoccon (AB genome), a descendant of T. turgidum ssp.
dicoccoides, and Ae. tauschii (D genome). T. aestivum ssp. spelta is believed to be the ancient form of
hexaploid wheat and was initially found in Europe (McFadden and Sears, 1944) and later the
cultivated forms were found in Asia (Kuckuck and Schiemann, 1957). T. aestivum ssp. spelta is a
hulled subspecies of hexaploid wheat. This ancient form may have given rise to the naked types of

wheat, including T. aestivum ssp. aestivum, mostly known today as a common wheat.

T. urartu is the donor of the A genome for all the polyploid wheat species, except for T.
zhukovskyi (AGA™). The last may be considered a spontaneous amphiploid of T. monococcum (Am)
and T. timopheevii (AG) (Belea and Fejér, 1980). The ancestors of the tetraploid T. timopheevii (AG)
may have been the A genome of T. urartu and S genome Ae. speltoides. Although Ae. speltoids is the
probable donor of B and G genomes of timopheevii and turgidum groups, the G genome results to be
almost identical to the S genome of Ae. speltoids, while the B genome probably was subjected to
evolutionary divergence, and shows only slight similarity with the S genome of Ae. speltoids (Dvorak
and Zhang, 1990; Mori etal., 1997; Wang et al., 2000). Thus, tetraploid species might have undergone
two different evolutionary pathways suggesting that the turgidum group is relatively ancient

compared to the later developed timopheevii group (Dvorak and Zhang, 1990).



Wild Diploid Wheat Ae. speltoides (like?), SS

T. urartu, AA
300-500K yr BP
Brittle rachis Wild Emmer Wheat Wild
T. dicoccoides, AABB Ae. tauschii, DD
Hulled 10K yr BP

non-brittle rachis Domestication

Cultivated Emmer Wheat

T. dicoccum, AABB
Cultivated Spelt 9K yr BP

T. spelta, AABBDD

Free-threshing grains 8,5K yr BP

Tetraploid Wheat Hexaploid Wheat
T. durum, AABB T. aestivum, AABBDD

Figure 1. Overview of wheat origin and evolution. Blue arrows indicate hybridization events, red
arrows indicate domestication events and green arrows indicate selection events (adapted from

Salamini et al., 2002; Kilian et al., 2010; Peng et al., 2011).

It is believed that the diploid progenitors of wheat diverged from a common ancestor about
2.5-4.5 million years ago (Huang et al., 2002). The current model of wheat evolution suggests that
the tetraploid Triticum (AB) formed about 0.5 million years ago (Salse et al., 2008). Subsequently,
around 10,000 years ago, tetraploid wheat hybridized with diploid goat grass (D genome, Aegilops
tauschii) to form the hexaploid bread wheat (Nesbitt and Samuel, 1996).

It is essential for scientific community and crop breeders to reach a pronounced knowledge
on the origin of wheat and its taxonomy in order to understand better the morphological and genetic

diversity (Goncharov, 2011), and foresee the success of new accessions and cultivars.

1.2. Economic importance and use of durum wheat

Triticum aestivum and Triticum durum are the most important among the cultivated wheats.
Durum wheat (Triticum durum Desf.) is a minor naked crop belonging to the genus Triticum. It covers
only 8-10% of the land dedicated to wheat cultivation and harvesting. The remaining land is
dedicated to the hexaploid bread wheat cultivation. Both are economically important crops that are

mainly cultivated for the market production and human consumption purposes.



Unique quality characteristics of durum wheat render it different from other existing classes
of wheat. The major preeminent use of durum wheat grain is the production of semolina that is used
in pasta products. However, in some countries, particularly in Morocco, traditional breads are also
made using durum wheat flour. Moreover, in North Africa, the most frequently consumed types of
food like couscous and bulgur are produced using durum wheat. In Latin the word “durum” stands
for “hard” due to the hardest kernel among all types of wheat. Durum wheat possesses such features
like high protein content and good gluten strength. These unique features make it an ideal choice for
producing pasta products. The kernels of durum wheat have an amber color and usually larger than
those of any other wheat classes. In addition, another superior characteristic of durum wheat is its
yellow endosperm; this gives pasta its saturated golden color. Strong gluten characteristics of durum
wheat allow it to form non-sticky dough ideal for pasta production purposes. Semolina that possesses
strong gluten properties also allows producing pasta products with exceptional cooking
characteristics. Generally there are two known sub-classes of durum wheat, which are conventional
varieties with moderate gluten strength and extra-strong varieties with extra-strong gluten

properties (Clarke et al., 2005).

Durum wheat is native mainly in the Mediterranean regions, Near East and Southwest Asia
(Maccaferri et al., 2014). Durum wheat is a cereal crop best suited to a relatively dry climate, with
warm to hot days and cool nights during the growing seasons, which is typical of the Mediterranean
region. Seed germination takes place at temperatures as low as 2°C, but normally the optimal
temperature is 15°C (Bozzini, 1988). Majority of durum wheat cultivars produced in the world grow
in spring; however, some varieties of durum wheat lines grow in winter (Donmez et al., 2000;
Schilling et al., 2003). The worldwide planted and harvested area occupied by durum wheat in 2016-
17 equaled approximately to 16,1 million hectares, with an average production being about 39,9
million metric tons (International Grain Council, 2017). In 2017 according to International Grains
Council European Union (25% particularly, Italy, Spain and Greece), Canada (15%), Turkey (10%),
Mexico and USA (6% each), Kazakhstan, Algeria and Morocco (each 5%) were the largest durum
wheat producers in the world. Leading durum wheat exporters were Canada, Mexico, EU, USA,
Kazakhstan, Australia and Turkey (International Grain Council, 2017). In 2017-18, a reduction in
grain production is predicted from 39.9 to 39.4 million tons for durum wheat. Moreover, there is a
20% and 17% reduction in the durum wheat planted area in Canada and USA, respectively, the two
major wheat producing and exporting countries (International Grain Council, 2017). The population
is expected to grow by nearly 9 billion individuals by 2050 and there is a need to meet the predicted

cereal production thresholds in order to feed the demands of the increasing population.



1.3. Domestication of wheat

Nearly 12,000-10,000 years ago the first foundation of civilization appeared when mankind
began to cultivate wheat and other staple crops. They began to shift from hunting to sedentary
lifestyle leading to the formation of the agriculture-based society. It is important to understand the
difference between the terms cultivation and domestication. Cultivation involves planting, growing
and harvesting of either wild or domestic forms of wheat. Whereas, domestication aims to tame wild

forms of wheat by means of genetic selection, i.e. modifying particular traits (Salamini et al., 2002).

Early farmers domesticated wheat from naturally occurring hybrids and, in course of time,
turned them into high yielding prosperous crops that are easy to harvest. There are three common
morphological differences, so called “domestication syndrome” traits (Hammer, 1984), which

emerged during the transition from wild to tamed forms, all favorable to harvesting:

* Seed size - the domesticated forms of wheat have larger seeds compared to small seeds of
wild forms;

* Brittle rachis - due to a tough rachis in domesticated forms the seeds are held together in a
harvestable ear, whereas, the spikelet of the wild ears fall apart at maturity through
fragmentation of the rachis by shattering or disarticulation (Salamini et al., 2002; Peng et al.,
2011);

* Free-threshing - domesticated forms of wheat have thinner glumes that allow an easier
release of the naked kernel, while in wild forms the glumes are tough tightly attached to the
seed, and requires drying prior to release. (Salamini et al., 2002). Figure 2 illustrates wheat
spikes showing brittle rachis and non-brittle rachis, non-free threshing and free-threshing

grains from wild to domesticated forms.



a. Wild Emmer Wheat b. Domesticated Emmer ¢. Durum wheat d. Common wheat
[T dicoccoides, AABB) (T. dicoccum, AABB) |T. durum, AABB) (T. aestivum, AABBDD)

Figure 2. Transition from wild emmer wheat to modern wheat species. Wheat spikes showing brittle
rachis, Br (a) and non-brittle rachis (b, ¢, d), hulled (a, b) and naked, free-threshing (c, d) grains from
tetraploid wild emmer, domesticated emmer, durum wheat and hexaploid common wheat. Material

provided by Simona Corneti.

According to evolutionary history of wheat only wild einkorn and wild emmer wheats were
subjected to domestication (Peng et al., 2011). The diploid einkorn wheat T. monococcum was one of
the pioneering crops domesticated from its wild progenitor T. boeticum (AA). The domestication of
the einkorn wheat occurred in the Fertile Crescent near the Karacadag mountain region in Turkey
(Braidwood et al., 1969; Nesbitt and Samuel, 1996; Salamini et al., 2002; Kilian, 2007; Kilian et al,,
2010; Pengetal., 2011). This was identified using AFLP (Amplified Fragment Length Polymorphism)
technology (Heun et al, 1997). The Fertile Crescent region (indicated by red line in Figure 3)
possessed all the favorable elements for human diet such as abundant number of animals and
different kinds of plants growing. Moreover, a core area (indicated by blue line in Figure 3) where
the growth of several crops and legumes were intersected was found near the Karacadag area in

south-western Turkey (Lev-Yadun et al., 2000).



Figure 3. The Fertile Crescent (red line) and “core area” (blue line) near the Karacadag (KK) mountain

region in southwest Turkey (Kilian et al., 2010).

Although in Neolithic agriculture T. monococcum was one of the most important species,
nowadays it is rarely cultivated and is more considered for a relict plant specific for high-value
market-niches (Salamini et al., 2002). Its cultivation spread to Balkans, Cyprus, Greece, Hungary and
Bulgaria before it started to drop during the Bronze Age (Salamini et al., 2002). T. urartu is the second
wild diploid Triticum species that occurs partially in the Fertile Crescent but has never been
domesticated, though it has a great contribution in wheat evolution as an A genome donor. The two
wild species have crossing barrier and are morphologically distinguishable (Peng et al., 2011; Zohary

etal, 2012).

Domestication of tetraploid emmer wheat (AABB) is a further important step in the evolution
of modern polyploid wheat varieties. The tetraploid emmer wheat was domesticated from its wild
progenitor T. diccocoides. The latter has brittle rachis; the spikelets shatter and fall apart at the
maturity. Whereas, the domesticated tetraploid wheat species have non-brittle rachis, and the
spikelets do not fall apart, making the harvesting process less difficult compared to its wild
progenitors. Domesticated emmer wheat, T. dicoccum has hulled seeds. Its remains are present at
Abu Hureyra from 10,400 years BP (Salamini et al., 2002). It is still cultivated in some countries like
Ethiopia, Russia, Central Italy and Spain. The suggested geographical distribution of domesticated
emmer includes the western parts of the Fertile Crescent, southeastern Turkey and eastern Iran and
Iraq (Salamini et al., 2002; Zohary et al., 2012). Recently, Ozkan et al. (2010) suggested a double

independent cultivation of wild emmer wheat in the southern Levant and in the northern Levant
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(Ozkan et al, 2010). However, today among the tetraploid wheat species, T. durum with free-

threshing seeds is the widely cultivated one.

Tetraploid T. durum and hexaploid T. vulgare are free-threshing naked wheats representing
the final domestication step of the Triticum species. Hexaploid wheats (AABBDD) were generated as
aresult of hybridization between the domesticated tetraploid wheat (AABB) and a diploid Ae. tauschii
(McFadden and Sears, 1944). However, the distribution area of T. diccocoides does not overlap with
the distribution area of Ae. tauschii. Therefore, T. turgidum dicoccum was suspected to be involved in
this hybridization that probably occurred 9,000 years ago at the southern Caspian basin, where Ae.

tauschii, the D-genome donor grows (Salamini et al., 2002).

Killian et al. suggested a five step strategy approach to understand better the domestication

of cereals (Kilian et al., 2010).

1. The use of an extensive and complete collection of germplasm, which covers the different
distributions areas of the species, and the use of wild progenitor accessions collected from
their natural habitats.

2. The comparison of a great number of wild and domesticated accessions and cultivars.

3. The recognition of the wild ancestor in the wild gene pool by genetic similarity comparison
with its domesticated descendants.

4. The comparison of wild and domesticated crops by means of various molecular techniques.

5. The cloning of genes associated with domestication.

1.4. Wheat genome sequencing - state of the art

Unlike many other staple crops, wheat species have extensively huge and complicated
genome. Therefore, sequencing of the wheat genome was one of the main challenges for scientific
community. A rapid increase in the sequence output of next generation sequencing revolutionized
the research community. Wheat species tend to have large genome (5-17 Gb) and a high level of
repetitive content. For example, >90% of wheat genome is made by repetitive elements (Gill et al,,
2004). In addition, the most recently cultivated wheat species are allopolyploids formed through
inter-specific hybridization. Durum wheat is an allotetraploid grain; it contains two different
genomes (AABB) and 28 chromosomes, which contain the full diploid complement of chromosomes
from each of its progenitor species. This means that each chromosome pair in the A genome has a

homoeologous chromosome pair in the B genome and they are closely related to each other.
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The diploid progenitor of polyploid wheat varieties diverged from a common ancestor 2.5-
4.5 million years ago (Huang et al., 2002). This relatively recent divergence might explain the high
similarity among coding regions of wheat homoeologs (Choulet et al., 2010). The dynamic nature of
wheat species should be taken into consideration as well. High level of repetitive elements in the
intergenic regions causes increased rate of methylation, insertions and deletions. Subsequently,
these regions in wheat tend to diversify even faster than rapidly evolving gene families (Cantu et al.,
2010) and may affect the neighboring genes causing alteration in regulation, gene deletions and
transpositions. Gene deletions are associated with a potential negative effect buffered by polyploidy.
Gene transposition leads to higher generation of pseudogenes. Further, high divergence of
alternative splicing causes even further diversification in the structure and hence structure of
homoelogous genes (Paux et al., 2008; Akhunova et al., 2010; Brenchley et al., 2012). Due to a
collection of all these elements, wheat is represented as one of the most challenging genomes to

analyze.

The development of Next Generation Sequencing (NGS) technologies have revolutionized the
understanding of crop genomes, thus expanding the opportunities for crop genetics and breeding
(Edwards et al., 2013). Sequencing of wheat genome is not the central issue anymore. The main
challenge has shifted towards the accurate assembly and detailed annotation of genome (Uauy,
2017). In the last 10-15 years, wheat genome sequencing has made a great progress. As the result of
international collaboration of several research units, it was possible to create draft sequences of

diploid, tetraploid and hexaploid wheats of unprecedented accuracy.

In 2005, The International Wheat Genome Sequencing Consortium (IWGSC) has launched a
project aimed to establish a reference genome for wheat species, in particular T. aestivum cv. Chinese
Spring. 21 chromosomes or chromosome arms of bread wheat cv. Chinese Spring were separated by
flow cytometric sorting, in order to construct a high quality wheat genome assembly for each of these
chromosomes using Bacterial Artificial Chromosome (BAC) libraries and physical maps (Shi and Ling,
2018). Chromosome sorting, DNA isolation and construction of BAC libraries were carried out by the
Prof. ]. Dolezel’s group at the Institute of Experimental Botany in the Czech Republic, while the
physical map construction and BAC sequencing were assigned to various groups of various

institutions worldwide (Feuillet et al., 2011; Eversole et al., 2014; Shi and Ling, 2018).

In 2008 scientists from INRA (Institut National de la Recherche Agronomique, France)
successfully sorted chromosome 3B and generated a physical map using BAC clones (Paux et al,
2008). A minimal tilling approach was used to select and sequence the BAC clones. The
pseudomolecule of 3B had the length of 774 Mb (Paux et al., 2008). Nowadays, all 21 chromosomes

of cv. Chinese Spring have been sorted and their physical maps are constructed. The physical maps
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and the sequences of most of them can be consulted on [IWGSC website

(http://www.wheatgenome.org/Projects /IWGSC-Bread-Wheat-Projects). In 2012, using the Whole

Genome Shotgun Sequencing with 454 pyrosequencing, [llumina and SOLiD methods, T. aestivum cv.
Chinese Spring, T. monococcum accession 4342-96 and Ae. tauschii ssp strangulata accession AL8/78
were sequenced. The Chinese Spring assembly was 5.42 Gb in length with 96,000 predicted genes.
According to authors, they observed a reduced number of gene families present in bread wheat in
comparison to their diploid progenitors (Brenchley et al., 2012). Two years later, the first
chromosome based draft sequence of bread wheat cv. Chinese Spring was published; 10.2 Gb of
genome was sequenced using flow cytometry and Illumina sequencing technology. The work
highlighted the high conservation of gene copies present in chromosomes, dynamic nature of
common wheat with frequent gene losses and insertion duplication events (International Wheat
Genome Sequencing Consortium, 2014). An improved genome of Chinese Spring was published in
2017 by Earlham Institute (UK), often known to wheat community as TGAC annotation (Clavijo etal,,
2017). In this annotation, 104,091 High Confidence (HC) genes were identified by combining mate-
pair [llumina RNA-seq and PacBio (Pacific Biosciences) full-length cDNA sequences. Several genome
rearrangements were identified and confirmed. This improved assembly represented >78% of the
whole genome, much higher compared to 49% assembled by IWGSC in 2014 (Clavijo et al.,, 2017; Shi
and Ling, 2018). Zimin et al. (Zimin et al.,, 2017) reported a more complete genome assembly of the
hexaploid wheat. A combination of Illumina reads and long PacBio reads were used to produce the
assembly. The authors used MaSuRCA (Zimin et al., 2013) and FALCON (Chin et al., 2016) algorithms
in order to merge the sequences. Apart from Chinese Spring, four additional varieties of bread wheat
Robigus, Paragon, Claire, Cadenza and one durum wheat variety Kronos have been released

(http://www.earlham.ac.uk/grassroots-genomics) (Uauy, 2017).

A major breakthrough was made in sequencing of crops with the advent of a new software
package called DenovoMAGIC2 (NRGene, NesZiona, Israel) (Avni et al.,, 2017; Mascher et al., 2017;
International Wheat Genome Sequencing Consortium et al., 2018, Maccaferri et al., under revision).
[t aims to perform the scaffold assembly from short Illumina sequencing reads. The method relies on
a novel 3D chromosome-conformation capture coupled with high-throughput sequencing (Hi-C)
data. The software reached a success in crop sequencing at an unprecedented level. Recently, IWGSC
announced the completion of a high quality sequence of hexaploid wheat cv. Chinese Spring

(International Wheat Genome Sequencing Consortium, 2018) and released the genomic data as well

as annotation for public access (http://www.wheatgenome.org/News/Latest-news/RefSeq-v1.0-
URGI). In addition to Chinese Spring several other crops were sequenced utilizing DenovoMAGIC2
package. The approach was already adopted to generate high-quality reference genome sequences

of the barley cultivar Morex (Beier et al., 2017; Mascher et al., 2017), wild emmer wheat T. turgidum
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ssp. dicoccoides accession Zavitan (Avni et al., 2017) and Ae. tauschii ssp. strangulata accession
AL8/78 (Luo etal.,, 2017; Zhao et al,, 2017). Additionally, it was used to assembly the tetraploid T.
durum cultivar Svevo (Maccaferri et al., unpublished). Table 1 shows a detailed summary progress

of wheat genome sequencing from 2008 to 2018.

It is worth mentioning one of the pioneering reference transcriptome sequences of durum
wheat. The assembly of tetraploid wheat cultivar Kronos was constructed de novo in 2013 (Krasileva
et al, 2013) and since then was widely used by the scientists. Since wheat gene coding regions
correspond only to 1-2% of the total genome, a de novo transcriptome assembly demonstrated that
the expressed region of a genome could be effective and sufficient for some research purposes, while
escaping the technical problems associated to the assembly of highly repetitive intergenic regions.

Nevertheless, knowledge of the whole genome sequence is highly desirable.

Table 1. Progress in wheat genome sequencing.

AL8/78

and GS FLX+ platforms,
[llumina, SOLiD

Genome Sequencing Reference
Strategy/Method

T. aestivum cv. BAC-by-BAC (Paux et al., 2008)

Chinese Spring

3B chromosome

T. aestivum cv. Chinese Spring, T. Roche 454 (Brenchley et al.,, 2012)

monococcum accession 4342-96, Ae. pyrosequencing

tauschii ssp strangulata accession on the GS FLX Titanium

T. aestivum cv. Chinese Spring

Flow sorted
chromosome arms using
[llumina HiSeq 2000 or
Genome Analyser lix.

(Eversole et al., 2014;
International Wheat
Genome Sequencing
Consortium (IWGSC),
2014)

T. aestivum cv. Chinese Spring 3B
chromosome

BAC, Roche 454
pyrosequencing on the
GS FLX Titanium

(Chouletetal,, 2014)

T. aestivum Synthetic W7984 and Opata | Illumina HiSeq 2000 (Chapman etal., 2015)

M85, 90 doubled haploid (DH) lines

derived from W7984/0pata F1 hybrids;

the ‘SynOpDH’

T. aestivum cv. Chinese Spring [llumina HiSeq 2500 (Clavijo etal., 2017)

T. aestivum cv. Chinese Spring [llumina + Pacific (Zimin et al,, 2017a)
Biosciences

Ae.tauschii ssp. strangulata accession
AL8/78

-WGS Pacific
Biosciences mega-reads
+ optical BioNano
-Illumina and PacBio
sequences

(Luo etal., 2017)
(Zimin et al., 2017Db)
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Wild Emmer Wheat T. turgidum ssp.
dicoccoides, accession Zavitan

[llumina HiSeq2500

(Avni et al, 2017)

T. urartu (Tu) accession G1812
(P1428198)

BAC-by-BAC sequencing,
single molecule real-
time whole-genome
shotgun sequencing,
linked reads and optical

mapping

(Ling et al., 2018)

T. aestivum cv. Chinese Spring

Physical maps for all
chromosomes, BAC
libraries, BioNano
optical maps, RH maps,
GBS maps

(International Wheat
Genome Sequencing
Consortium (IWGSC) et
al,, 2018)

T. durum ssp. durum cv. Svevo

[llumina HiSeq2500

(Maccaferri et al,
unpublished)

1.5. Durum wheat variety Svevo

"...aunique grain in the world" - this is how in 2005 the durum wheat variety Svevo has been

described in one of the advertisements for a well-known italian brand of pasta Barilla. The variety

Svevo is the result of collaboration between Bologna Seed Production Company and Barilla. It was

selected for excellent qualitative properties such as protein accumulation and the high index of

yellow semolina. Svevo has a good production potential determined by the three components of

production: the fertility of the spike, weigth of 1000 seeds and number of ears per square meter. The

grain is distinguished by it’s exceptional quality features, excellent semolina color index and the

extraordinary aptitude to industrial processing (Societa Produttori Sementi Spa, 2012). Moreover,

Svevo is being widely used in breeding programs. Table 2 below summarizes the main characteristics

of durum wheat variety Svevo.
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Table 2. Characteristics of T. durum variety Svevo.
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Variety characteristics

Pedigree Line CIMMYT /Zenit
Release date 1996

Plant characteristics

Seasonal type spring

Heading time very early

Height medium high

Awns color brown

Potential yield medium high

Grain quality

Test weight good

Yellow index (“b” Minolta)

high (24-26)

Protein content very high
Gluten quality (scale 1-10) good (5)
Resistance to:

Powdery mildew good
Leaf rust medium
Septoria medium
Cold medium




2. Objectives

Durum wheat cultivar Svevo has been a quality and productivity durum variety in Italy for
more than a decade. Genome assembly, gene prediction and annotation of durum wheat is a valuable
resource for researchers and breeders. Therefore, the International Durum Wheat Genome
Sequencing Consortium assembled a high-quality draft genome sequence of the durum wheat
cultivar Svevo. The assembly resulted in a set of 14 pseudomolecules of 9.96 Gb size. The availability
of wild emmer and durum wheat genomes allow us to understand better the evolution and
domestication of tetraploid wheat. We used a Global Tetraploid wheat germplasm Collection (GTC),
composed of 1,854 accessions of up to ten different species and subspecies from a wide range of
areas. These accessions represent the four principal germplasm groups that are involved in the
history of tetraploid domestication and selection processes: Wild Emmer Wheat - WEW,
Domesticated Emmer Wheat - DEW, Durum Wheat Landraces - DWL and Durum Wheat Cultivars -

DWC. The work herein described had the following objectives:

- Predict the gene models of the durum wheat cultivar Svevo assembly

- Assess the evidence and the pattern of gene expression in high-confidence genes

- Predict and compare the NB-LRR-encoding loci in durum wheat and wild emmer
wheat

- Identify the population structure of the Global Tetraploid wheat Collection

- Detect the selection signatures and diversity reduction in tetraploid wheat

germplasm from wild emmer to modern durum wheat
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3. Background

With the effort of The International Durum Wheat Genome Sequencing Consortium the
genome of durum wheat cultivar Svevo (release 1996 CIMMYT line/Zenit) was sequenced and de
novo assembled using the protocols described for wild emmer wheat (Avni et al., 2017) and the major
findings are illustrated in Figure 4. The consortium involved diverse research groups, such as CREA
(Consiglio per la ricerca in agricoltura e I'analisi dell’economia agraria, Italy), CNR (Consiglio
Nazionale delle Ricerche, Italy), University of Bologna (Italy), IPK Gatersleben (Germany), University
of Saskatchewan (Canada), Helmholtz Center Munich (Germany), University of Tel-Aviv (Israel),
Montana State University (USA), AgriBio Centre for AgriBioscience (Australia), USDA U.S
Department of Agriculture (USA). The scaffold assembling was performed using DenovoMAGIC2
(NRGene, NesZiona, Israel) using a novel 3D chromosome-conformation capture coupled with high-
throughput sequencing (Hi-C) data. A Svevo x Zavitan genetic map was used to order and orient the

scaffolds (Avni et al., 2014). The assembly resulted in a set of 14 pseudomolecules of 9.96 Gb size.

In this study, the gene models of Wild Emmer Wheat (WEW) accession Zavitan were
annotated as well using the same pipeline and annotation data sources, with the purpose to compare
the divergence between the wild and domesticated wheat genomes. As a result, WEW had 67,182
High Confidence (HC) genes and 271,179 Low Confidence (LC) genes.

In addition to this comparison, a Global Tetraploid Collection (GTC) of wheat consisting of
1,856 accessions that represent the four major domestication, breeding related and diverse
geographic region germplasm groups (Wild Emmer Wheat-WEW, Domesticated Emmer Wheat-
DEW, Durum Wheat Landraces-DWL, Durum Wheat Cultivars-DWC) were genotyped using the wheat
iSelect 90K SNP Infinium assay (Wang et al., 2014). A set of 17,340 informative SNPs and 5,774 SNPs
with r2=0.5 were used for genetic diversity, population structure analysis and for selection signature

identification.

Therefore, the material presented in this thesis makes part of a joint project produced and

coordinated by several international units, which aimed to decipher the genome of durum wheat.
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Figure 4. Structural, functional, and conserved synteny landscape of the durum wheat genome.
Tracks from outside to inside: (A) Chromosome number and size (100 Mbp tick size); (B) Density of
WEW high confidence gene models (HC; 0 to 25 genes per Mb); (C) Links connecting homologous
genes between WEW and DW; (D) Density of DW high confidence gene models (HC; 0 to 22 genes
per Mb); (E) Locations of published QTLs (QTL peak positions reported); (F) K-mer frequencies
(2,400-4,700 per Mb); (G) LTR-retrotransposons density (0-95 per Mb); (H) DNA transposons
frequency (0-35 per Mb) ; (I) Mean expression of HC genes ([log(FPKM+1)], mean expression value
at all conditions, ranges from 1.6 to 8.2); FPKM, Fragments per kilobase-Million. Chromosomal cross-
links in center connect DW homoeologous genes between subgenomes; blue links, connections

between homoeologous chromosomes; green links, large translocated regions.
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4. Chapter 1. Gene content and pattern of gene expression in
durum wheat
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4.1. Materials and Methods

4.1.1. Annotation of protein-coding genes

Annotation pipeline data sources

The gene annotation pipeline combined evidences from protein reference sequences and
gene expression data to predict transcript sequences on the genome assembly. A wide range of RNA-
seq libraries, full-length transcript sequences as well as protein sequences and several publicly
available datasets of wheat were included in the pipeline. Subsequently, Open Reading Frames
(ORFs) were predicted based of the transcript structures. Finally, a confidence classification of the
predicted genes was performed in order to distinguish sets of high confidence genes (described

below).

Plant material and RNA extraction: RNA-seq of nine pools from cultivar Svevo

Fifty-seven different tissue and treatment combinations (abiotic and biotic stresses,
nutrients, hormones, heavy metals and various organs) of cultivar Svevo were collected and stored at
-80°C. RNAs for most of the tissues were extracted using Direct-zol TM RNA miniprep kit (Zymo
Research), according to manufacturer’s protocol. A modification was made for the samples of grain
and anthers and ovaries, where a pre-process of Trizol treatment was applied to reduce the amount
of carbohydrates in the sample. RNA integrity was assessed using capillary electrophoresis on a
Fragment Analyzer™ system (Advanced Analytical Technologies, Inc.) and analysed using the
PROSize™ data analysis software. Samples with RIN number below six were discarded and agarose
gel electrophoresis was used to confirm RNA size and integrity. Sequencing (two lanes, paired-end, 2
x 126 cycles) was done at the Crown Institute for Genomics at the Weizmann institute, Rehovot, using
an [llumina HiSeq2500 instrument, according to manufacturer’s instructions. The RNA-seq samples

from these different tissues and treatments were then gathered in nine mega-pools.

RNA-seq samples from cultivar Svevo

RNA-seq samples of cv. Svevo were extracted from four different combinations of tissues: (i)
coleoptile and leaves at the seedling stage, (ii) apex of seminal roots at the seedling stage, (iii) ovaries
and anthers at the beginning of anthesis (Zadoks 60) and (iv) developing grains at the growth stage
770 (ZADOKS et al., 1974). Total RNA was isolated from 100 mg using Total Spectrum Plant RNA
(Sigma-Aldrich) according to the manufacturer’s instructions. RNA was quality checked using the
RNA 6000 Nano kit on a 2100 Bioanalyzer (Agilent) and quantified on Nanodrop spectrophotometer

(Thermo Scientific). The library preparation and Illumina sequencing is as follows: for each tissue
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derived from Svevo, two cDNA libraries (eight in total) were constructed from 4 pg total RNA using
the [llumina TruSeq RNA Sample preparation kit, according to the manufacturer’s protocol. After PCR
enrichment, cDNA fragments were separated on a 2% low agarose 1X TAE gel; two size fractions, one
with an average fragment size of 280 bp and another with a fragment size ranging from 380 to 480
bp were extracted and then purified using the Gel- Extraction kit (Qiagen). The two libraries from
each tissue were pooled together and quantified with Bioanalyzer using High Sensitivity kit (Agilent).
The libraries were loaded as a pool on a Cluster Generation machine in a single [llumina flow cell lane
following the standard Illumina protocol. A paired-end sequencing protocol was conducted with the

[llumina GAIIx generating 150 bp reads in pairs.

Thirteen durum wheat varieties

Thirteen durum wheat varieties representing the worldwide durum wheat elite germplasm
(Triticum durum) including cv. Svevo (Triticum turgidum subsp. durum Desf.) were grown in growth
chamber under the optimal conditions for wheat, long days 16/8 hours day/night photoperiod
regime at 20/16 °C day/night temperature regime. The 13 varieties (described in Table 4) that span
the breeding era from 1940 to 2005 and include the diverse germplasm, were chosen to produce
RNA-seq from leaf, root and grain tissues. The libraries were prepared as previously described for
Svevo, with gel size selection of 500-600 bp fragments. The purified libraries were used to produce
two pools, 6-plex and 7-plex, and after quantification on the Bioanalyzer were loaded on two lanes of

a HiSeq2000 sequencer run. Sequence reads were produced with the standard Illumina pipeline.

RNA-seq for grains at six levels of development cv. Svevo and Senatore Cappelli

Caryopses from two durum wheat cultivars Svevo and Senatore Cappelli were collected at six
different developmental stages (3, 5, 11, 16, 21 and 30 days after anthesis) and used for RNA
extraction. Libraries were prepared with the Illumina TruSeq Stranded Total RNA with Ribo-Zero
Plant sample prep kit (Illumina Inc., San Diego, CA) following manufacture’s protocol. The prepared
indexed libraries were evaluated with the High sensitivity D1000 screen Tape (Agilent Tape Station
2200), then quantified with ABI9700 qPCR instrument using the KAPA Library Quantification Kit
(Kapa Biosystems, Woburn, MA, USA) and sequenced on the Hiseq2000 with a 100 cycles of paired-
end sequencing module using the 164 Truseq SBS kit v3.

The list of the datasets used for gene prediction is summarised in Table 3.
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RNA-seq from public literature

In addition, we used several publicly available RNA-seq data sets.

*  Wild Emmer Wheat (Triticum diccocoides), 20 RNA-seq samples from different tissues and
developmental stages (Avni et al., 2017);

* Bread wheat cv. Chinese Spring (Triticum aestivum), 30 RNA-seq samples from five tissues
(grain, leaf, root, spike, stem) and three developmental stages (Pingault et al., 2015);

*  Durum wheat cv. Kronos (Triticum turgidum), RNA-seq samples from young roots, young
shoots, spike (Krasileva et al., 2013);

* RNA-seq extracted from glumes of two wild emmer wheats, two landraces and two durum
wheat cultivars (Zou et al., 2015);

* Bread wheat cv. Chinese Spring, [llumina RNA-seq reads from leaves, roots, seedling, seed,

stem and spike (Clavijo etal., 2017).

Full-length transcript sequences

Moreover, several full-length cDNA sequences were used in the annotation pipeline. We used
Pacific Biosciences (PacBio) full-length cDNA sequences of bread wheat cv. Chinese Spring from five
different bread wheat tissues such as leaves, roots, seedling, seed, stem and spike (Clavijo et al,,
2017). Also full-length coding sequences (CDSs) of the Triticeae crops from the Triticeae full length
cDNA sequences TriFLDB database were included in the gene annotation pipeline (Mochida et al,,

2009).

Gene annotation pipeline

We used the gene annotation pipeline developed by the Plant Genome and Systems Biology
(PGSB) group at the Helmholtz Center Munich, Germany (Avni et al., 2017; Mascher et al,, 2017;
International Wheat Genome Sequencing Consortium et al., 2018). Figure 5 illustrates the details of

the pipeline.
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Figure 5. Gene structure prediction pipeline developed by PGSB group in Germany.

Alignment of reference protein sequences

The spliced alignment tool Genomethreader version 1.6.6 (Gremme et al., 2005) was used to

align protein sequences from the following related grass species to the Svevo genome assembly:

*  Brachypodium distachyon (The International Brachypodium Initiative, 2010)
» Setaria italica (Bennetzen et al,, 2012)

*  Oryza sativa L. (Ouyang et al.,, 2007)

*  Sorghum bicolor (Paterson et al., 2009)

*  Arabidopsis thaliana (Krishnakumar et al., 2015)

* All annotated protein sequences from the Triticeae tribe.

The Triticeae protein sequences were downloaded from UniProt database released on
10/05/2016 (The UniProt Consortium, 2015). Then, from these sequences, we filtered the ones that
have been marked as complete protein sequences. Subsequently, we clustered these sequences by
100% identity. This set included validated protein sequences from SwissProt as well as predicted
protein sequences from species that included Triticum aestivum, Aegilops tauschii and Hordeum

vulgare.
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Genomethreader is a software used to predict the gene structure based on similarities
between the protein sequences via spliced alignments. We applied the Genomethreader on each
pseudomolecule sequence separately in order to reduce the memory requirement per application.
The parameters used were as follows: -startcodon -stopcodon -species rice -gcmincoverage 70 -

prseedlength 7 -prhdist 4 —gff3out. Where,
-startcodon, require than an ORF must begin with a start codon
-stopcodon, require that the final ORF must end with a stop codon
-species, specify species to select splice site model
-gcmincoverage, the minimum coverage of global chains
-prseedlength, the length m of the exact seeds used for protein matching
-prhdist, the maximum Hamming distance h a protein match is allowed to have
- gff3out, show output in GFF3 format.

Overall, alignment of protein sequences on the durum wheat assembly predicted 266,429

potential gene loci.

Transcriptomic evidences

We used HISAT2 version 2.0.4 (Pertea et al,, 2016) to align all sets of RNA-seq libraries to the
Svevo genome assembly (parameter: --dta). HISAT2 (hierarchical indexing for spliced alignment of
transcripts) is a freely available software that aligns reads to a genome and detects the transcript
splice sites. Moreover, in comparison to other existing RNA-seq alignment methods, HISAT2 shows
accurate results, has a faster and better performance compared to other alignment tools and uses
less memory (Pertea et al., 2016).

Then, the mapped reads were assembled into transcript sequences separately using StringTie
(Pertea etal., 2016). StringTie aims to assemble the alignments into transcripts, by creating isoforms
and estimating the abundance of these isoforms. We configured the StringTie with the following
parameters: -m 150 -t -f 0.3, which means that we set a minimum length of 150 bp for the transcript
sequences and a minimum fraction of 0.3 for predicted isoform abundance of the transcript over the

most abundant transcript.
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Alignment of full-length transcript sequences

The full length cDNA sequences from public databases as well as publicly available bread
wheat [soSeq sequences from six different tissues (leaf, root, seedling, seed, spike and stem) (Clavijo
et al, 2017) were aligned to the reference genome using GMAP version 06/30/2016 (Wu and
Watanabe, 2005; Wu et al,, 2016). GMAP aims to map and align the large number of cDNA sequences
to a genome with minimal memory requirements. The program does not use probabilistic splice site
models and neglects the sequencing errors and various polymorphism sites (Wu and Watanabe,
2005). We applied GMAP using the following parameter - K 50000, in order to align all sequences to

the assembly with the restricted maximum intron size of 50,000 bp.

Combination of evidences and prediction of open reading frames

All transcript predictions from the above described evidences were combined using
Cuffcompare from Cufflinks software suite (Trapnell et al., 2010, 2012). We used StringTie with the
merge parameter (--merge -m 150) in order to combine the overlapping transcript sequences and
hence, remove the redundant transcripts and fragments. Then, from the resulting GTF output files
(genome-based transcript structure files), we extracted the transcript sequences using
cufflinks_gtf to_cdns_fasta.pl  script from the TransdeCoder package version 3.0.0

(https://github.com /TransDecoder/TransDecoder). TransdeCoder is used to predict and find the

coding regions within the transcripts (Haas et al, 2013). We then used TransDecoder.LongOrfs
(parameter: -p 0) to extract the longest open reading frames for each transcript sequences and to
translate them into predicted protein sequences. We then compared these potential protein
sequences to the reference protein database using BLASTP (version NCBI blast 2.3.0+, parameter: -
max_target_seqs 1, -evalue 1e-05) and checked for the abundance of the known protein domains
using Hmmscan version 3.1b2 (http://hmmer.org/, Durbin, 1998). The resulting two tables of output
were used as queries into TransDecoder.Predict in order to select a single best open reading frame
for each transcript structure. The final gene predictions were combined with the protein structure
predictions from Genomethreader to compensate for potentially differentiating open reading frame

predictions by the two tools.

Confidence classification

We applied a confidence classification to all predicted protein/transcript sequences in order
to differentiate the sequences into (i) canonical proteins, (ii) non-coding transcripts, (iii) incomplete
genes and (iv) transposable elements. Therefore, we aligned all potential protein sequences using
BLAST against two reference protein databases. The first database consisted of all validated

Magnoliophyta protein sequences from Uniprot (UniMag) and the second database contained all
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annotated Poaceae protein sequences from Uniprot (UniPoa) (downloaded on 03/08/2016). Non-
complete protein sequences were filtered from the second database. Furthermore, in order to detect
and filter out the transposons, we aligned all potential protein sequences using BLAST against the
translated TREP database (release 16, http://botserv2.uzh.ch/kelldata/trep-db/index.html, Sabot et
al.,, 2005).

Based on the E-value distribution of best hits, those with an E-value below 10-10 were
considered as significant hits. In order to avoid the fragmented alignments, which might be present
due to fragmented protein annotations or local alignments of domains, we applied the thresholds for
the significant alignments based on query and subject coverages. For the comparison with the protein
databases, only alignments with query and subject coverage of at least 90% were considered as
representative hits, and for the comparison with the TREP database, the alignments with a query
coverage of at least 75% were considered as representative hits. Based on the representative BLAST
hits and the completeness of protein sequences (with annotated start and stop codons), all potential

transcript sequences were then classified into two confidence classes and five subclasses:

* High confidence (HC) transcripts: Coding sequence with annotated start and stop codon and
representative hit to reference protein sequence (query coverage >90% and subject coverage
>90% and E-value <10-10);

* HCI: hit to validated protein sequence (Magnoliophyta);

* HC2: hit to predicted protein sequence (Poaceae);

* Low confidence (LC) transcripts: Coding sequences that were annotated as incomplete or
that showed only insufficient homology to reference proteins or were possible candidates for
transposons;

* LC1:incomplete coding sequence, but significant match to reference protein sequence;

* LC2: complete coding sequence, but no significant match to reference protein;

* REP: match to transposon elements database.

The loci that contained at least one high confidence transcript was considered as a high
confidence gene. All low confidence transcripts that were overlapping with the high confidence
transcripts were removed in order to prevent merging of neighboring loci by low confidence

transcripts.

Validation of the genome assembly and annotation

In order to evaluate the completeness of the genome assembly and to determine the quality

of the annotation, we performed a double validation step procedure. Firstly, we used the BUSCO tool
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(Benchmarking Universal Single-Copy Orthologs, version 2, Embyophyta odb9) to determine the
abundance of strongly conserved genes in all annotated gene sets and HC gene sets (Simao et al.,
2015). In addition, the predicted gene models were verified using 216 experimentally validated
complete gene sequences kindly provided by Jorge Dubcovsky (University of California, Davis, CA).
We used these sequences as queries in a BLASTX (version ncbi-blast-2.2.26+) search against the

whole set of proteins (LC and HC).

Furthermore, to validate the predicted protein sequences, we downloaded all available
Triticeae protein sequences from the Uniprot database (downloaded on 27/04/2017), filtered for
sequences that were marked as complete and clustered sequences by 100% sequence identity. This

procedure has identified a set of 204,773 unique reference protein sequences.

4.1.2. Pattern of gene expression

We were interested to investigate the expression pattern of the predicted and validated high
confidence genes. For these purposes, we mapped RNA-seq libraries to the Svevo genome assembly.

We used different RNA-seq libraries for different gene expression analyses purposes:

» Sixteen RNA-seq libraries of cv. Svevo only (9 library pools, grain, leaf, root, anther_ovaries,
seed_milk and grain at 6 developmental stages) were used to investigate the number of HC
genes expressed;

* 57 RNA-seq libraries (13 varieties and 3 tissues, grain at 6 developmental stages for two
varieties Svevo and Senatore Cappelli, and additional tissues for Svevo; leafa, roota,
anther_ovaries a-b, seed_milk a-b) were mapped to Svevo assembly, in order to study the
expression of genes in specific tissues, and the mean expression (or expression density)
variation along the chromosomes;

* RNA-seq libraries for 13 durum wheat varieties were used in order to study the expression
profiles of durum wheat elite varieties and understand the variation between both the
varieties and tissues.

We used HISAT2 version 2.0.4 (Pertea et al, 2016) to map the RNA-seq libraries to the
assembly. The resulting output files in SAM format were sorted and converted to BAM files using
samtools (Li et al., 2009; Li, 2011). Then, the BAM files were filtered for reads that aligned
concordantly exactly 1 times based on the mapping quality > 40. The replicates, where applicable,
were merged prior to read count. Subsequently, the transcript abundance was estimated by running

the StringTie with -eB options (Pertea et al.,, 2016) and read count matrix was generated using a
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provided python script prepDe.py (http://ccb.jhu.edu/software/stringtie/dl/prepDE.py). The gene

expression was quantified by FPKM (fragments per kilobase of exon per million fragments mapped).
The genes that were not expressed at all were consequently removed. Finally, the expression matrix
was log normalized in R (R Core Team, 2013) using a Bioconductor package DESeqZ2 (Love et al.,

2014) and quantified as log(FPKM+1).

The normalized expression matrix was further used for clustering and variance analysis. We

performed various clustering analyses:

* hierarchical cluster analysis based on dissimilarities using R function hclust
(method = “complete”) (Murtagh, 1985; R Core Team, 2013);

* heatmap clustering based on sample to sample distances using pheatmap function (Kolde,
2018);

* two-dimensional and three-dimensional Principal Component Analysis (PCA) using prcomp

function in R stats package (R Core Team, 2013).

We investigated the number of genes expressed in each subgenome (A and B) and the
difference in number of genes expressed in different libraries. Additionally, we investigated the mean
expression level per gene (mean expression value across all 57 samples) along each chromosome,
mean expression density of genes (number of libraries in which gene was expressed; from 1 to 57),

and number of genes that are expressed using a library of 57 samples.

We attempted to analyze the major variation pattern within the tissues and varieties. Based
on the last we performed hierarchical clustering analysis on the strongest PC scores to identify genes
that are highly or lowly expressed in particular tissues for different varieties. In order to do this, we
used sparse PCA analysis (Zou et al., 2006) using the SPC function of R package PMA (Witten et al,,
2009). Sparse PCA zeroes out irrelevant features from PC loadings. The advantage is that we can find
important features that contribute to major variation patterns. Additionally, using the R stats
function var (R Core Team, 2013) we performed a variance expression analysis between the varieties
for each tissue projected on the Svevo assembly, which allowed us to identify the chromosome

regions that drove the major expression variation patterns.

4.1.3. NB-LRR gene family organization in durum and wild emmer wheat

NB-LRRs are plant disease resistance genes containing nucleotide-binding leucine-rich

repeat domains. They form one of the biggest gene families in plants and have an important role in
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plant resistance mechanisms and plant innate immune systems (Jupe et al., 2012; Marone et al., 2013;

Bouktila et al., 2015; Lee and Yeom, 2015).

In this study, we used an NLR-annotator version 0.7 pipeline kindly provided by B.

Steuernagel (John Innes Centre, UK) (https://github.com/steuernb/NLR-Annotator) to annotate the

loci associated with NLRs both in durum wheat (DW) cv. Svevo and wild emmer wheat (WEW)

accession Zavitan. NLR-annotator predicts the NLR loci by searching for amino acid motifs associated

with the NLRs within six open reading frames. NLR-loci is defined by the first and last motifs

associated to NLR and does not predict the NLR genes. In order to identify the loci potentially

encoding NLR genes the pseudomolecules were,

First fragmented in 20 kb segments overlapping by 5 kb;

Next, the NLR-associated amino acid motifs were searched within all six frame

translated amino acid sequences using the NLR-parser (Steuernagel et al., 2015);

Finally, the NLR-annotator generates information on predicted NLR loci, aligned

motifs, domains, whether these loci are potentially complete, partial or pseudogenes.

Further, the NLRs were compared to their corresponding RNA-seq based gene models using

Cuffcompare (Trapnell et al.,, 2010, 2012) in order to identify possible novel loci not present in the

transcriptome-based annotations.

Table 3. RNA-seq libraries used in the gene prediction pipeline.

File in public
Origin repository Tissue Reads Reference
57 different treatments at
T. durum cv. seedling and 2.8 billion
This study ﬁ%‘éit&lams organized In vy This study
Svevo reads
RNA samples
T. durum cv. Grain at 6 developmental 1.7 billion
This study stages This study
Svevo reads
T. durum cv.
Grain at 6 developmental 1.4 billion
Senatore This study stages This study
reads
Cappelli
The [llumina and PacBio
T. aestivum |reads are available at
cv. study Leaf; Root; Seedling; Seed;
accession PRJEB15048 |Stem; (Pingault et
Chinese at 3 billion reads al, 2015)
Spring EMBL-EBI European Spike
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Nucleotide Archive

Bioproject
PRJNA191054

for T. turgidum. Raw
data

is available at the Short
Read Archive (accession
numbers: SRR769749,

SRR769750, Young roots; young shoots;

T. durum cv. |SRR863375, spike; 0.5 billion (Krasileva et

al,, 2013)

Kronos SRR863376, SRR863394(grain reads
SRR863377,SRR863384,
SRR863385,
SRR863386,
SRR863387,
SRR863389,
SRR863390,
SRR863391)

T. aestivum

cv. RNA-Seq data have been
deposited under (Clavijo et

Chinese accession Grain; leaf; root; spike; stem |2 billion reads al, 2017)

Spring number ERP004714

T. durum cv. 117 million
This study grain; root; leaf

Altar84 reads

T. durum cv. 190 million
This study grain; root; leaf

Capeiti8 reads

T. durum cv. 156 million
This study grain; root; leaf

Claudio reads

T. durum cv. 174 million
This study grain; root; leaf

Creso reads

T. durum cv. 195 million
This study grain; root; leaf

Edmore reads

T. durum. Cv. 160 million
This study grain; root; leaf

Kofa reads

T. durum cv. 250 million
This study grain; root; leaf

Meridiano reads

T. durum cv. 211 million
This study grain; root; leaf

Neodur reads

T. durum cv. 178 million
This study grain; root; leaf

Saragolla reads

T. durum

cv. This study grain; root; leaf 161 million
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Strongfield reads
T. durum
cv. 200 million
This study grain; root; leaf
Valnova reads
T. durum
cv. 133 million
This study grain; root; leaf
Yavaros79 reads
T. durum
cv. grain; root; leaf; 181 million
This study
Svevo seed_anthesis; seed_milk reads
T.
turgidum
WEW: GeneBank Leaf; root; flag leaf;
dicoccoides developing 0.5 billion (Avni et al.,
LSYQ00000000 spikes; glumes; flowers; 2017)
Zavitan BioProject grain; reads
PRJNA310175
accession
NCBI Short Read
Archive
(SRA,
http://www.ncbi.nlm.ni
h.gov/sra/)
Two wild under the accession
emmer, numbers:
two
SRR2084071, 0.15 billion (Zou etal,,
landraces, SRR2084163, Glumes 2015)
SRR2084091, reads
two durum [SRR2084165,
SRR2084092,
cultivars
SRR2084160.
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Table 4. Thirteen durum wheat accessions description.

Accession | Year | Germplasm Pedigree Genotype feature Breeder
s . s e [stituto Sperimentale per la
Capeiti 8 1940 | Italian Cappelli/Eiti Founder Cerealicoltura
Creso 1974 | Italian/CIMMYT | CpB 144//Yt54-N10-B/ Cp2 63 Tc Founder and parent of ISEA
mapping population
Valnova 1975 Itahar_l/ North Giorgio-324//Senatore Cappelli/Yuma Founder IStltut(.) Sperimentale per la
America Cerealicoltura
Edmore 1978 | North Am. D6530//Leeds / Calvin Founder Western Plant Breeders
Yavaros 79 | 1979 | CIMMYT-'70 Jori /Anhinga //Flamingo Founder CIMMYT
Altar 84 1984 | CIMMYT-'80 RUFF"S"/FG"S"//MEX175/3/SHWA"S" Founder CIMMYT
Neodur 1987 Frenc_h/North 184-7/Valdur//Edmore Parent (?f mapping Florisem
America population
Kofa 1996 |Desert Durum | dicoccum alpha pop-85 S-1 Parent O.f mapping Westbred
population
Svevo 1996 | Italian/CIMMYT | Cimmyt line/zenit sib Parent (?f mapping Produttori Sementi S.p.A.
population
Meridiano | 1998 |Italian Simeto/WB881//Duilio/F21 Parent of mapping Produttori Sementi S.p.A.
population
Saragolla 2002 |Italian/CIMMYT |Iride/0114 Elite genotype Produttori Sementi S.p.A.
Claudio 2004 |Italian/CIMMYT | Sel.Cimmyt35/Durango//ISEA1938xGrazia Ei;i?;giglappmg Societa Italiana Sementi, SIS
Strongfield | 2004 | North America |AC Avonlea’/DT665 Elite genotype Agriculture and Agri-Food

Canada
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4.2. Results

4.2.1. Gene annotation and genome analysis

To distinguish genes from transposable elements, fuctional genes from pseudogenes and
meaningful coding sequences from random ones, we applied a confidence classification for all
predicted transcript protein sequences using BLASTP search against three databases: (i) TREP, (ii)
Annotated Poaceae proteins and (iii) Validated Magnoliophyta proteins. Based on the E-value
distribution for the best hits to each predicted protein, we set an E-value threshold to 10-10 (Figure

6).

TREP UniMag UniPoa

1.004

0.504

density

0.254

-600 -400 -200 0 -600 -400 -200 0 -600 -400 -200 0
log E-value
Figure 6. E-value distribution for BLAST result of predicted proteins against the three reference

proteins databases. Red line indicates E-value=10-19.

The best reference alignment was then selected for each query sequence and database based
on alignment significance with maximal overlap between query and subject sequence for the two
protein databases or as an alignment with maximal query coverage for TREP database. Multiple
alignments for a protein with same coverage or query coverage were possible. To further filter
reference alignments, we chose coverage thresholds for best alignments between predicted proteins
and reference proteins. For the TREP database, most significant best alignments covered completely
the predicted proteins while only parts of the reference proteins were covered. We chose a query
coverage threshold of 75% to filter the best alignments further. For the UniMag database, a high
amount the best alignments had a high query coverage as well as a high subject coverage. There was
also a high amount of low subject coverage alignments, which indicates a significant number of
fragmented protein sequences in the prediction set. Based on coverage distribution, we set the
threshold for UniMag database to 90%. For the UniPoa database, most of the best alignments had a
high query coverage as well as a high subject coverage. Based on coverage distribution, we set

threshold to 90% as well (Figure 7).
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Figure 7. Coverage of significant best alignment to a) TREP b) Poaceae c) Magnoliophyta databases.

Using the gene annotation pipeline described above we predicted a total number of 369,963
genes: 66,559 high confidence (HC) and 303,404 low confidence (LC) genes.

The table 5 summarizes the results of the gene annotation.



Table 5. Annotation statistics of durum wheat cv. Svevo high confidence (HC) and low confidence

(LC) genes.

Feature HC HCA HCB HCUn LC
Number of genes 66,559 31,718 32,275 2,566 303,404
Mean loci size (bp) 6,681 6,246 7,268 4,662 1,089
Median loci size (bp) 2,091 2,174 2,092 1,304 428
Number of single transcript genes 31,283 14,307 15,359 1,617 282,546
Number of multi transcript genes 35,276 17,411 16,916 949 20,858
Number of transcripts 196,153 96,213 94,259 5681 341,975
Mean transcripts per gene 2.95 3.03 2.92 2.21 1.13
Mean CDS size (bp) 1,241 520
Median CDS size (bp) 1,056 414
Mean exons per transcript 4.6 1.2
Median exons per transcript 3 1
Number of single exon transcripts 17,250 273,063
Number of multi exon transcripts 49,309 30,341

The number of predicted HC transcripts was slightly higher on subgenome B compared to

subgenome A, except for chromosomes 4 and 7 as expected due to ancient translocation between 7B

and 4A. We found 2,566 HC genes on chromosome unknown (chrUn). There were 196,153

transcripts with an average of 2-3 transcripts per gene. Out of 66,559 genes 31,283 had only one

transcript, the rest 35,276 had multiple number of transcripts. The mean length of coding sequences

was 1,241 bp. Most identified coding sequences (64.6 %) translated to complete protein sequences

with start and stop codon, and their mean length was 273.8 amino acids (Figure 8 and 9).
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Figure 8. Number of predicted a) HC loci and b) HC transcripts per chromosome.
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Figure 9. a) Size of predicted loci. b) Size of predicted transcript d) Number of transcripts per gene

d) Number of exons per transcript.

Validation of the genome assembly and annotation

The 98.1% (n = 1,413) of BUSCO genes were found in the predicted gene set. This high value

indicates that the assembly represents an almost complete fraction of the gene space. Furthermore,

96.1% of the BUSCO genes were fully represented by the HC gene sets (Figure 10).
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Figure 10. BUSCO validation results.
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In addition to the BUSCO analysis, the predicted proteins were validated using 216
experimentally determined genes. The 97.7% (n = 211) of these genes were represented by at least
one annotated gene with at least 75% protein coverage and E-value < 10-95. Most of them were
represented in the HC gene sets (95.4%). Then, the set of 204,773 unique reference protein
sequences was searched in BLAST against the HC gene set and 194,131 proteins had a significant hit
to predicted genes (E-value < 10-05). From these genes, an annotated gene with at least 75% query
coverage represented 92.3%. These results indicate that high confidence gene sets represent a large
amount of already known protein sequences. Missing Triticeae genes that are not represented by the
annotations may also include transposons and species-specific genes, especially genes that belong to

Aegilops tauschii or wheat D subgenome.

4.2.2. Gene expression pattern

We investigated the gene expression pattern of HC gene sets. 2,566 genes on chrUn were
excluded for this analysis. Therefore, the analysis revealed that out of 63,993 HC genes 61,269
(95.8%) genes were expressed at least in one of the 57 samples and 2,724 (4.3%) of genes were not
expressed atall. The 21,878 genes (34.2%) were expressed in all 57 samples. We found that the mean
expression level per gene (mean expression value of all 57 samples) across all the 57 samples along
each chromosome, and mean expression density of genes (number of libraries in which gene was
expressed; from 0 to 57) was higher in the centromere distal regions of the chromosomes rather than
centromere proximal regions (Figure 11). While the mean expression and expression breadth were
higher in the centromere proximal regions, the average number of genes expressed were higher in
the distal regions and lower in the centromere regions (Figure 12). This is in correlation with the

number of genes present in the centromere and telomere regions (Figure 4).

We analyzed the expression pattern of these genes along the chromosomes at 20 Mb window.
While the number of the expressed genes is higher in the distal regions of the chromosome arms, the
number of libraries under which these genes are expressed is lower in the distal regions and higher
in the pericentromeric region, suggesting that there are more condition specific genes rather than

housekeeping genes.
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Figure 11. Expression pattern of high confidence genes. Average number of genes expressed at 20

Mb window size - blue line; Expression breadth density (the number of libraries in which the genes

Expression patterns of HC genes along chromosomes
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Expression patterns of HC genes along chromosomes
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Figure 12. Expression pattern of high confidence genes. Expression breadth density, the number of
libraries in which the genes were expressed at 20 Mb window, from 0 to 57 - red line; Expression

value across all 57 samples as mean [log(FPKM+1)] over 20 Mb window size - blue line.

There was no significant difference between the number of genes expressed in A and B sub-

genomes. In total, there are 31,718 and 32,275 total high confidence gene models in the A and B sub-
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genomes, respectively, out of the total 63,993 HC genes on 7 homeologous pairs of chromosomes. On
average, there is a 1.7% increased number of expressed genes in subgenome B compared to
subgenome A. There are 30,873 HC gene models expressed in the B subgenome and 30,396 HC genes
expressed in the A subgenome. Considering the cultivars and the tissue/organ libraries overall, the
percentage of genes mapped to the Svevo reference genome varied from 48.0% (Altar84, Capeiti 8,
Claudio, Saragolla leaves) to a maximum of 61.0% (Meridiano, Strongfield roots and grains) (Figure

13).
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Figure 13. a) Number of genes expressed in A and B subgenomes. 30,396 and 30,873 total
expressed HC gene models in A and B subgenomes, respectively. b) Ratio of genes expressed in

subgenome A and B over the total number of genes in each subgenome, under all conditions.

Comparison of 13 varieties

We investigated the expression variation of the thirteen worldwide elite durum wheat
varieties with the grain, leaf and root tissues. The RNA-seq libraries had no replicates. Out of the

63,993 high confidence gene models, overall,
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* 55,428 (86.6%) of genes expressed in all tissues and all varieties;
* 48,007 (75.0%) of genes were expressed in grain;
* 45,142 (70.5%) were expressed in leaf;

* 47,702 (74.5%) of genes were expressed in roots.

There was a stronger variation between tissues than between the varieties. According to the

PCA analysis, clustering dendrogram and the heatmap (Figure 14) there are three clear gene

expression clustering lead by organs/tissues (leaf, grain and root) for the 13 varieties (leaves, grains

and roots accounting for 33.0% variance at two-dimensional clustering). However, at the three-

dimensional clustering we observed only 2.0% variance within the tissues.
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Figure 14. A. Two-dimensional and three-dimentional PCA. B. Hierarchical clustering of normalized

gene expression. C. Heatmap clustering of normalized gene expression.

We attempted to analyze the major variation pattern within the tissues and varieties. In order

to do this, we used sparse PCA analysis (Zou et al., 2006). Sparse PCA does feature selection and
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retains the features that drive the major pattern in the data. Using sparse PCA, we retained 510 genes
and plotted their expressions as heatmap (Figure 16, 17). The major variance was explained in PC1
and PC2 (Figure 15A); hence, we used sparse PCA based on the strongest PC1-PC2 scores. We used

a k-means estimation and set optimal number of clusters to 4 (Figure 15B).
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Figure 15. A. Percent of variance explained in principal component analysis. B. K-means clustering
aimed to estimate the optimum number of clusters (set to 4).

According to the results of our analyses, by clustering the gene expression profiles and the
cultivar’s expression profiles several gene expression patterns related to the ancestry relationship
among cultivars were evidenced (Figure 17). For example, for grain tissue American and old cultivars
formed one cluster, while CIMMYT and Italian germplasm formed a second cluster (Figure 17).
Moreover, we calculated the variance along varieties for the three tissues (Figure 18). This analysis

allows us to identify the chromosome regions that drive the major expression variation pattern.
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Figure 16. Heatmap of 510 genes that drive the major variation pattern retained after sparse PCA.

The heatmap is based on PC1 and PC2 scores.
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Figure 17. Heatmap of genes expressed in grain tissue that drive the major variation pattern
retained after sparse PCA. The heatmap is based on PC1 scores.
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Figure 18. Variance expression analysis of the thirteen varieties for A. grain, B. leaf and C. root

tissues. Red line indicated the mean variance at 2 Mb window.
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Figure 18. Continued.
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4.2.3. NB-LRR gene family organization in durum and wild emmer wheat

Using NLR-annotator version 0.7 (https://github.com/steuernb/NLR-Annotator), we
predicted 2,442 and 2,420 NB-LRR loci for durum wheat cv. Svevo e wild emmer wheat accession
Zavitan, respectively. Compared to RNA-seq gene models, this tool allowed an annotation of an

additional 390 loci (16.5%) in Svevo genome and 417 loci (17.2%) in Zavitan (Table 6).

Table 6. NLR-annotator statistic results for durum wheat cv. Svevo and wild emmer wheat accession

Zavitan.
Features Durum wheat Wil emmer wheat,
cv. Svevo (%) acc. Zavitan (%)
Missed exons 99.1 99.1
Novel exons 26.5 28.2
Missed introns 99.0 99.0
Novel introns 61.5 58.8
Missed loci 99.4 99.4
Novel loci 16.5 17.6
Total union super-loci across all input datasets 1950 1920

In durum wheat, out of annotated 2,442 NLR-encoding loci 1,487 were complete genes, 814
were pseudogenes/partial genes and 141 were complete genes on chrUn. In wild emmer wheat, out
of predicted 2,420 NB-LRR loci 1,462 were complete genes, 857 were pseudogenes/partial genes and

101 were complete genes located on chrUn (Table 7).

Table 7. The number of total, complete and pseudogene NLR-loci for durum wheat and wild emmer

wheat.
Features Durum wheat Wild emmer wheat
cv. Svevo acc. Zavitan
Total 2,442 2,420
Complete NLRs 1,826(1671 without 1,743(1627 without chrUn)
(incl. pseudogenes) chrUn)
pseudogenes 333 (198 complete) 336 (180 complete)
Partial NLRs 616 677
Complete NLRs 1,487 1,462
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https://github.com/steuernb/NLR-Annotator

We observed the NLR loci clustering principally at the distal regions of the chromosome arms
and overlapping with confidence intervals of disease resistance QTLs known from literature (Figure
19A). The set of complete 1,487 durum wheat NB-LRR-encoding loci were aligned using BLASTP
(version blast-2.2.26, E-value 10-109) versus the set of 1,467 complete wild emmer wheat NB-LRR loci.
The generated output was filtered for identity, query and subject coverage of >70%. As a result, we
identified 172 loci specific for Svevo and 136 loci specific for Zavitan. The distribution of these NLR
genes on the chromosomes showed that the most dissimilar regions between the durum wheat and

emmer wheat were localized on subgenome B (Figure 19B).
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sequences for the three
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The complete set of NLR genes both for durum and wild emmer wheat were aligned all versus
all using clustal-omega-1.2.4 (Sievers et al., 2011). A heatmap of similarity matrix based on alignment
distance was generated using the R package seqinr and pheatmap (Kolde, 2018). Based on this
multiple-alignment analysis (the heatmap similarity matrix is reported in Figure 20) we identified
three main NB-LRR loci clusters. These main clusters were differentiated at the level of domain
composition (Marchler-Bauer et al.,, 2017), position of domains inside the putative genes as well as
the amino acidic difference at the domain level (Figure 20 and 21). While in clusters 1 and 3 the ratio

of durum and wild emmer wheat NB-LRRs was similar, cluster 2 was more enriched in durum wheat

(8%) NLRs loci compared to wild wheat.

Figure 21. Multiple Sequence Alignment of NLR loci. We report the domain alignment of ten most

chr4A 166 _wew 3
chr58_102 wew 3
chr2B 25 wew 3
chrd4A 47 td 3

chr4A 229 td 3
chr4A 205 wew 3
chr4A 208 wew 3
chr4A 32 wew 3
chr7A_ 175 wew 3
chr7A_192 td 3
chr6A 44 wew 2
chr6B_92 td 2

chréB_86 wew 2
chr6B_65 td 2

chréB_119 wew 2
chréB_73 td_2

chr6B_103 wew 2
chréB_61 _td_ 2

chr6B_115 wew 2
chr6A 47 wew 2
chrd4A 118 wew 1
chr4A_158 td 1
chrlB 40 wew 1
chrlB 5 td 1

chrlB 189 td 1
chrlB 13 wew 1
chr3B_114 wew 1
chr3A 52 wew 1
chr3A 55 wew 1
chr3A 51 td 1

chr4A 166 wew 3
chr5B_102 wew 3
chr2B_25 wew 3
chrd4A 47 td 3
chr4A 229 td 3
chr4A 205 wew 3
chr4A 208 wew 3
chr4A 32 wew 3
chr7A_175 wew 3
chr7A_192 td 3
chr6A 44 wew 2
chréB_92 td_2
chré6B_86 wew 2
chré6B_65 td 2
chr6B_119 wew 2
chréB_73 td 2
chr6B_103 wew 2
chré6B 61 td 2
chr6B_115 wew 2
chr6A 47 wew 2
chrd4A 118 wew 1
chr4A 158 td 1
chrlB 40 wew 1
chrlB 5 td 1
chrlB 189 td 1
chrlB 13 wew 1
chr3B_114 wew 1
chr3A 52 wew 1
chr3A 55 wew 1
chr3A 51 td 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ EAFYLAEDLLDDHEYN- - - - - - - -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ DAVSEAEDFLDEFSWY - - - - - - - -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ RLAYDMEDLVDQFLYV - - - - - - - -
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA KVAYVMEDMVDEYLYL - - - - - - - -
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA KVAHDMEDKVDEYLYL - - - - - - - -
»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»» KVAHVMEDMVDEYLYL - - - - - - - -
.................................... KVAHVMEDMVDAYMYL - - - - - - - -
.................................... KVAHVMEDMVDEYLYL - - - - - - - -
.................................... KVAHVMEDMVDEYLYL - - - - - - - -
.................................... KVAHVMEDMVDEYLYL - - - - - - - -
PVIGKLTVLLGNEYKRFKTVRKEIKSLTNELAAMEAELSYDMEDAIDDFMQS- - - - - - - -
PVLGKLALLLGNEYRRFKAVRKAIKSL THELAAMDAELSYDMEDAIDDFMQS - - - - - - - -
PVLGKLALLLGNEYRRFKAVRKAIKSLTHELAAMDAELSYDMEDAIDDFMQS- - - - - - - -
PVLGKLALLLGNEYRTFKAVRKEIKSLTHELAAMDAELSYDIEDAIDDFMQS- - - - - - - -
PVLGKLALLLGNEYRTFKAVRKEIKSLTHELAAMDAELSYDIEDAIDDFMQS - - - - - - - -
PVLGKLAVLLGNEFKRFKGVRKEIKSLTHELAAMEAELSYDMEDAIDDFMLC - - - - - - - -
PVLGKLAVLLGNEFKRFKGVRKEIKSLTHELAAMEAELSYDMEDAIDDFMLC - - - - - - - -
SVLEKLGTLLVNEYNLHKGVRGEIKSLTDELTAMHAELSYDIEDSIDDFMQD- - - - - - - -
SVLEKLGTLLVNEYNLHKGVRGEIKSLTDELTAMHAELSYDIEDSIDDFMQD- - - - - - - -
PVLEKLATLLGDEYKRLKGVHGEIKFLTDELAAMHAELSYDMEDSIDDFMQG- - - - - - - -
SLLLKLGGLLTDEYKLQAGVKEDVQYLKRELTSMYADLSYRMEDTIDKFLVRVKDIKARV
SLLLKLGGLLTDEYKLQAGVKEDVQYLKRELTSMYADLSYRMEDTIDKFLVRVKDIKARV
SLLPKLGELLMEEYNLHKRVKKDVEFLRKELESMHAELSYNMEDVVDKFLVRVKEIKEQL
PLIKKLGSLLVDEYNLEKRVKKGVKSLITELKMMHAELSYHMEDAVDAFIVRVDIEEAQR
PLIKKLGGLLAGEYNLEKRVRKRVESLITELEMMHADLSYHMEDAVDGFLVRVDIEEAQR
PLIKKLRGLLANEYNLEKRVRKGVKSLITELEMMHAELSYRMEDAVDGFLVRVDIEEAQW
PLLPKLGSLLAAEFTLEKRVRKGIDTLNRELKLMHADLAYHMEDIIDTFMVRVALKQAVA
PLLPKLRELLHSELTMEKQVRKGIESLVTELKLMHAELSYQMEDIVDAFMVRVALEEVVL
PLLPKLGDLLMGELTMEKQVRKGIVSLVTELKLMHAELSYQMEDIVDSFMVRVALEEVVL
PLLPKLGELLMGEL TMEKQVRKGIVSLVTELKLMHAELSYQMEDIVDGFMVRVALEEVVL

------------------------------------------ LAIVGVGGMGKSTLAQLV
------------------------------------------ KPVVGIGGVGKTTLAQHF
------------------------------------------ VAVWGMGGIGKSTLVSNV
------------------------------------------ VSLLGMGGLGKTALAANV
------------------------------------------ VALLGMGGLGKTALAANV
------------------------------------------ VALLGMGGLGKTALAANV
------------------------------------------ VALLGMGGLGKTALAANV
------------------------------------------ VALLGMGGLGKTSLAANV
------------------------------------------ VALLGMGGLGKTSLAANV
------------------------------------------ VALLGMGGLGKTSLAANV
------------------------------------------ ISIVGSGGIGKTTLANQV
------------------------------------------ ISIVGSGGMGKTTLANQV
------------------------------------------ ISIVGSGGMGKTTLANQV
------------------------------------------ ISIVGSGGMGKTTLANQV
------------------------------------------ ISIVGSGGMGKTTLANQV
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VSIVGTGGMGKTTLANQV
------------------------------------------ VSIVGTGGMGKTTLANQV
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ESIVGSGGVGKTTLANQV
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ESIVGSGGVGKTTLANQV
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ASIVGAGSMGKTTLANQV
QEAADRRDRYKVNDVVASPAGSVTVDPRLLALYKDRKELVGIDSIAGFGGLGKTTLAKAV
QEAADRRDRYKVNDVVASPAGSATVDPRLLALYKDRKELVGIDSIAGFGGLGKTTLAKAV
QEVAARRDRNKLDGVVSNPTKAVAIDPRLRALYAEATELVGIYSIVGFGGLGKTTLARAV
LAKELGDLCQRYMIEAQANSSGDAIDPRLKAVYKDVTELVGIDSIVGFGGLGKTTLAKAV
LSKELGELRQKYMSDADTKGNGDAIDPRLKAVYKDVTELVGIDSIVGFGGLGKTTLAKAV
LSQELGDLRQKYMSDADTKGNGDAIDPRLKAVYKDVTELVGIDSIVGFGGLGKTTLAKAV
QAEQLAEQRQRYEVEMPDTGHGISIDPRIKAMYTDATELVGIESIVGFGGLGKTTLAKTV
QAKQLAKLRQRYEQEMRDTSANTSVDPRMMALYTDVTELVGIESIVGFGGLGKTTLAKAA
QAKQLAELRQRYDQEMRDTSVGASVDPRMMALYTDVTELVGIESIVGFGGLGKTTLAKSA
QAKQLAELRQRYEQEMRDTSIGASVDPRMMVLYTDVTELVGIESIVGFGGLGKTTLAKSA

representative NB-LRR loci sequences for each of the three NLR clusters.

54



chrd4A 166 wew
chr58 102 wew
chr2B 25 wew 3
chrdA 47 td 3
chr4A 229 td 3
chrd4A 205 wew 3
chrd4A 208 wew 3
chrdA 32 wew 3
chr7A 175 wew 3
chr7A 192 td 3
chr6A 44 wew 2
chréB 92 td 2

chr6B 86 wew 2
chréB 65 td 2

chr68 119 wew 2
chr68 73 td 2

chréB 163 wew 2
chr6B 61 td 2

chr68 115 wew 2
chr6A 47 wew 2
chrdA 118 wew 1
chr4A 158 td 1
chrlB 40 wew 1
chrlB S td 1

chrlB 189 td 1
chrlB 13 wew 1
chr3B 114 wew 1
chr3A 52 e
chr3A 55 wew 1
chr3A 51 td 1
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chr6B 86 wew 2
chr6B 65 td 2
chr68 119 wew 2
chr6B 73 td 2
chr68 163 wew 2
chr6B 61 td 2
chré8 115 _wew 2
chr6A 47 wew 2
chrdA 118 wew 1
chrdA 158 td 1
chrlB 40 wew 1
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Figure 21. Continued.

YNDKYFOVTIWISISRKLDVRRHTREIIESASQFLLVLDDVWFEPDREFONLESLWFMNC
CSHOYFTLIVWICVSDDFOLLRLTKEVIQSCTGLLIVLODMWDDALKKEGSLVL - - - -VT
FRNENFECHAWVSVSQSYKLDDILRRMLKEIYSYLIILDDVWTAEDFRMGSRII- - - -IT
YKKEKFQCHAWVSISQTYSREVILRNITKELFKYLIILDDVWDPEAFHRGSRVM - - - - IT
YKERKFQCHAWVSISQTYSREDVLRNIIKELMKYLIVLYDVWTPESFDKGSRLI - - - -IT
YKKEKFECHAWVSISQTYSREDVLRNIIKELFKYFIILDDVWOPETFDKGSRVM- - - -LT
YKKVKFQCHAWISVSQTYSREDVLKNISKELFKYLIILDDVWTPETFDKGSRII - - - -MT
YRKEKFQCHAWVSISQTYSREDVLRNIIKELFRYLITLDDVWTPEAFDKGSRLI - - - -IT
YRKEKFQCHAWVSISQONYSREDVLRNIIKELFRYLIILDDVWTPEAFDKGSRLI - - - - IT
YRKEKFQCHAWVSISQONYSREDVLRNIIKELFRYLIILDODVWTPEAFDKGSRLI - - - - IT
YQELQFKRHAFISVSRNPDIMNILRAILSKVSGYFVVVDDIWDVKTWNSGSIII- - - -IT
YQEIQFECQAFLSVSRSPNMMNILRTILSEVSGYFVVVDDIWOVDTWDSSSRII- - - -TT
YQEIQFECQAFLSVSRSPNMMNILRTILSEVSGYFVVVDDIWDVDTWDSSSRII- - - -TT
YQEIQFECQAFLSVSRSPNMMNVLRTILSEVSGYFVVVDDIWDVDTWDSSSRII.- - - -TT
YQEIQFECQAFLSVSRSPNMMNVLRTILSEVSGYFVVVDDIWDVDTWDSSSRII- - - -TT
YEDLIFEYRAFVSVSRNPOMMNILRIIHSRVSGYFVVIDDIWDVETWDCHSIIM. - . .TT
YEDLIFEYRAFVSVSRNPDMMNILRIIHSRVSGYFVVIDDIWOVETWOCHSIIM- - --TT
YQDLRFECRAFLSVSRNPNMMNIMRTIHSQVSGYFVVIDDIWOVDAWNYGGVII- - - -TT
YODLRFECRAFLSVSRNPNMMNIMRTIHSQVSGYFVVIDDIWDVDAWNYGGVII- - - -TT
YQELQFECHNFLSVSRNPDMMCILRTILSEVTGYLIVVDDIWKEESWDYGSKII- - --TT
YDKIQFDYGAFVPVGRNPSRVKLLNDVLFGINKYFIVIDDIWDOKETWGCGSKII .- - - -
YDKIQFDYGAFVPVGRNPSRVKLLNDVLFGINKYFIVIDDIWDKETWGCGSKII - - - -
YDKIDFDCHAFVPVGRNPDIKKVFRDILIELGNYIIIIDDIWDESLWKLGSRLI - - - -
YDKIEFDSVAFVSVSRNPOMTNIFKKLLYELDKYLIVIDDICDEEAWELGSRVM. - - -
YDKIQFDSVAFVSVSRNPDMTKIFKKILYELDKYLIVIDDIWDEKAWELGSRVM.- - -
YDKIQFDSVAFVSVSRTPOMTKIFKKILYELOKYLIVIDDIWDEEAWGLGSRVM.- - - -
YOKIKFOCRAFVSVSONPDIKKILKDILFGLOKYLIIIDDIWDEESWEPGSRLI - - - -
YDKIQFDCGAFVSVSQNPEMKKVLKDILYGLDKYLIVIDDIWNEKAWETGSRLI - - -
YDQIQFDCDAFISVSQONPDKKKVFKNILYELOKYLIIIDDIWDKEVWKPGSRLI - - - -
YDQIQFDCDAFISVSONPDKKKVFKNILYELOKYLITIDDIWDKEVWKPGSRLI - - - -

33333339333

SPLOSLPFGNCSCLVLSNLPN- - - -« ... LKTLP---cccccnccncnncnnnncnnan
TRCPIVAE---GVRTL-----vvvmmnaan KGSPLAAKTLGRVLSMDLQAILPALRLSY
TRSEEVAS - - - IACOLEEEDAWRLFCRKAFCOGLPLALVAIGSILSLOONTLVLLEELMI
TREVRVAT - - - LASPLPEDKAWYLFCKKAFCKGLPLAIVSIGSLLRVREKTIRNILYLSF
TREARVAA - - -HASOLLADKAWDLFCNKAFCKGLPLVIVLVGSLLRVREKTIRNVLYLSF
TREACVAA - - -LASLLPEEKAWDLFCKKAFCKGLPLAIVSVGSLLRVRDKTIRNVLHLSF
TREGHVAA - - - LAFPLPEDKAWDLFCKKAFCKGLPLVIVLVGSLLCVREKTIRNVLHLSF
TREGDVAA - - - LASRLPEELAWGLFCKKAYCKGLPLVIVSVGSLLRVREKTIRNVLRLSF
TREGDVAA - - - LASRLPEELAWDLFCKKAYCKGLPLVIVSVGSLLRVREKTIRNVLHLSF
TREGDVAA - - - LASRLPEELAWDLFCKKAYCKGLPLVIVSVGSLLRVREKTIRNVLHLSF
TRINDVAD- - - SCRSLDMVHSROLFNRRLFCVGLPLAIISISGMLATTERTMIKILSLSY
TRMKNVAR - - - SCCSLOMVQSROLFHRRLFCOGLPLAITAISGLLANTEKTMMKILSLSY
TRMKNVAR - - - SCCSLDMVQSRQLFHRRLFCDGLPLATITAISGLLANTEKTMMKILSLSY
TRMKNVAR - - -SCCSLDMVQSRQLFHRRLFCDGLPLAITAISGLLANTEKTMMKILSLSY
TRMKNVAR - - - SCCSLDMVQSRQLFHRRLFCDGLPLAITAISGLLANTEKTMMKILSLSY
TRINNVAK- - -ACRSLNAVHSKELFHRRLFCDGLPLAITAISGLLANREKTMMKILSLSY
TRINNVAK - - -ACRSLNAVHSKELFHRRLFCDGLPLAITAISGLLANREKTMMKILSLSY
TRMGDVAC - - - LCRSLNMVHSRQLFHRRLFCOGLPLAITAISSLLANIERTMIKILSLSY
TRMGDVAC - - - LCRSLNMVHSRQLFHRRLFCDOGLPLAITAISSLLANIERTMIKILSLSY
TRISNVAH- - - SCHSLNMVHSROLFYGRLFCOGLPLAITAISGLLANTEQTMIKILSLSY
TRILEVAT - - -ATGELSPELSAELFNTRLFCGGIPLATTTMASLLVGKPVEMRKILLFSY
TRILEVAT- - -ATGELSPELSAELFNTRLFCGGIPLAITTMASLLVGKPVEMRKILLFSY
TRILNVSE- - -SCCSLSTDDSKRLFYKRIFCGGVPLAIITIASALAGGOKVMRRILSFSY
TRIGSISK- - -ACCSLTDDDSKRLFYKRIFCGGVPLAIITIASILATNRQDMQRILSFSY
TRIGSISK- - -VCCSLPDDESERLFYKRIFCGGVPLAIITIASILASNGQDMQRILSFSY
TRIGSISE- - -ACCSLTDDHSKRLFYKRIFCGGVPLAIITIASILASNGODMQRILSFSY
TRNVSVAK - - -ACCTLCDDVSRRLFCKRVFCGGIPLAIITIASLLANNHQMMKKILLFSY
TRNVSVSE- - -ACCSLSNDVSRTLFCKRIFCGGVPLAIITIASLLANKGHIMKKILLFSY
TRIVSVSE- - -ACCSLSDDVSRTLFYKRVFCGGIPLAIISIASLLANNHOMMKKILLFSY
TRIVSVSE- - -ACCSLSDDVSRTLFYKRVFCGGIPLAIISIASLLANNHQMMKKILLFSY
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chr4A 166 wew 3
chr58_102 wew 3
chr2B 25 wew 3
chrd4A 47 td 3
chrd4A 229 td 3
chrd4A 205 wew 3
chrd4A 208 wew 3
chrd4A 32 wew 3
chr7A 175 wew 3
chr7A_192 td 3
chr6A 44 wew 2
chré6B 92 td 2
chr6B 86 wew 2
chr6B 65 td_2
chr6B_119 wew 2
chr6B 73 td 2
chr6B 103 wew 2
chr6B 61 td 2
chr6B 115 wew 2
chr6A 47 wew 2
chrd4A 118 wew 1
chrd4A 158 td 1
chrlB 40 wew 1
chrlB 5 td 1
chrlB 189 td 1
chrlB 13 wew 1
chr3B_114 wew 1
chr3A 52 wew 1
chr3A 55 wew 1
chr3A 51 td 1

chrd4A 47 td 3
chrd4A 229 td_
chrd4A 205 wew 3
chr4A 208 wew 3
chrd4A 32 wew 3
chr7A_175 wew 3
chr7A 192 td 3
chr6A 44 wew 2
chr6B 92 td 2
chr6B_86 wew 2
chr6B 65 td 2
chr6B_119 wew 2
chréB 73 td 2
chr6B_103 wew 2
chréB_61 td_2
chr6B_115 wew 2
chr6A 47 wew 2
chrd4A 118 wew 1
chr4A 158 td 1
chrlB 40 wew 1
chrlB 5 td_ 1
chrlB 189 td
chrlB 13 wew_
chr3B 114 wew 1
chr3A 52 wew 1
chr3A 55 wew 1
chr3A 51 td 1

Figure 21. Continued.
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IYLPTHLKSCFLYCSLFPEDYLFKRKRLIRLWIAELEEVAEGYLKELIDRNMIQLVFRMH
IYLPTHLKSCFLYCSLFPEDYLFKRKRLVRLWIAELEEVAEGYLKELIDRNMIQLVFRMH
IYLPTHLKSCFLYCSLFPEDYLFKRKRLVRLWIAELEEVAEGYLKELIDRNMIQLVFRMH
FOLPPRLKTCLLYVSIFPEDSIIEKKALIWRWIAESYQLGERCFNELINRCLIQVTCRVH
IDLPHHLKTCLLYLSMYLEDSTIAKEGLIRRWIAETYELGERCFNELLNRGLIQPGCRVH
IDLPHHLKTCLLYLSMYLEDSTIAKEGLIRRWIAETYELGERCFNELLNRGLIQPGCRVH
IDLPHHLKTCLLYLSMYLEDSTIAKEGLIRRWIAETYELGERCFNELLNRGLIQPGCRVH
IDLPHHLKTCLLYLSMYLEDSTIAKEGLIRRWIAETYELGERCFNELLNRGLIQPGCRVH
YDLPPHLKSCLLYMSLFPEDSTIEKKGLIRRWIAEALELGESYFNELVNRSLIQPVCRVH
YDLPPHLKSCLLYMSLFPEDSTIEKKGLIRRWIAEALELGESYFNELVNRSLIQPVCRVH
FDLPPHLKTCLLYLSIFPEDSIIEKKGLIRRWIAEAFELGERYFNELINRSLIQPVCRVH
FOLPPHLKTCLLYLSIFPEDSITIEKKGLIRRWIAEAFELGERYFNELINRSLIQPVCRVH
FOLPIHLKTCLLYLSIFPEDSVIEKKGLIRRWIGETYELGEKYFNELINRSLIQPVCRVH
YDLPCHLRTCLLYLSIYPEDHMIEKDSLIWKWVAELSETGERYFNELINKSMIQPVCRVH
YDLPCHLRTCLLYLSIYPEDHMIEKDSLIWKWVAELSETGERYFNELINKSMIQPVCRVH
YDLPYHLRTCLLYLSIYPEDREIARDRLIWKWVAELFLLGLNYFNQLINRSMIQPLCRVH
YDLPSHLKTCLLYLSIFPEDSEIRRDRLIWMWIAELFELGESYFNELANRNLIQPICRVH
YOLPSHLKTCLLYLSIFPEDOFEIRRDRLIWMWIAELFELGESYFNELANRNLIQPVCRVH
YDLPSHLKTCLLYLSIFPEDFEIRRDRLIWMWIAELFELGESYFNELANRNLIQPVCRVH
YOLPSYLKPCLLYLSIYPEDHLIMRCQLILKWISELYELGDSYFNELVNRSMIQPICRVH
YDLPSYLKPCLLYLSIFPEDREIRRARLIWRWISELYELGDSYFNELVNRSMIQPICRVH
YDLPPYLKPCLLYLSIFPEDHEIMRDRLIWRWISELYELGNSYFNELVNRSMIQPICRVH
YDLPSYLKPCLLYLSIFPEDHEIMRDRLIWRWISELYELGNSYFNELVNRSMIQPICRVH

DLLRELAVDLCKKNCFGSRYLTVLELSGLPVEKIPDAILFNLRHLGLRDSKVKMLPKSVL

DILHKLAVDLCONCFGV - -« cvvvvvmnnnnnnnnann LFNLRHLGLRNSKVKKLPKSVL
DLLRELAVDLCQKNCFG- - - - v vvvvmnnnnnnnnn LFNLCHLGLRGSKVKMLPKTIL
DILRELAVDLCOKNCFG- -~ ---cvvvmmamnannns LFNLRHLGLRDTKVKVTPKSVL
DILRELAVHLCQKDCFG- -« -« cvvcncnnnnnnnnnn LFNLRHLGLRNSKVKMLPMSVL
DILRELAVHLCQKDCFG- - - -« ccmcmmaamaaaaas LFNLRHLGLRISKVKMLPMSVL
DILRELAVHLCOKDCFG-------ccvommannanann LFNLRHLGLRNSKVKMLPMSVL
DIILDFIISKAIEENFVLHCLEMLDI-----vvvvvnnannnannn. RGTKVHELPATI -

DTLLOFIISKSIEENFVFRHLRVLDLMDCSEL - - EDHHLFQLRYLNVEGTKISKLPEQIL
DTLLDFIISKSIEENFVFRHLRVLDLMDCSEL - - EDHHLFQLRYLNVEGTKISKLPEQIL
DTLLDFIISKSIEENFVFRHLRVLNLMDCSEL - - EDHHLFQLRYLNVEGTKISKLPEQIL
DTLLDFIISKSIEENFVFRHLRVLNLMDCSEL - - EDHHLFQLRYLNVEGTKISKLPEQIL

DTILDFIVSKSIEENYVL ----cvcvvvcnnnnnnnanan LOLRYLNIAKCDM- -VSELPL
DTILDFIVSKSIEENYVL-----cvcvocmmmnaann LOLRYLNIAKCDM- -VSELPL
DTILDFIVSKSIEENFV------cvcvoooaanaann LFOLRYLNISVTHVSKLPEQIL
DTILDFIVSKSIEENFV- - -« -cccnonanaan. LFQLRYLNISVTHVSKLPEQIL
DTILDFIIFKSIEENFVFKHLRVLVLRDCSQM- - ENHHLFQLRYLDLRETDISELPEQIL
DMVLDMINLIAKEENFVLKFLEILDLG-CDTL -« vvvvvvvnnnnnnnnnn EELPQSV-
DMVLDMINLIAKEENFVLKFLEILDLG-CDOTL------cvvvvvnaannn EELPQSV-

DMVLDLICNLSHEAKFVFEVLRVLDLSDCSPG- -KSSSLIHLRYLGLERTGISELPVEIL
DMVLDLLCFLSSEENFVFQVLRVLDLEGCNLG- - KNLHLLHLRYLGLRRTFVSELPVEI -
DMVLDLLCSLSSEQNFAFQVLRVLDLEGCOLG- - RNGHLLHLRYLGLRSTFVRELPVEV -
DMVLDLLCSLSSEQNFAFQVLRVLDLEGCDLG- - RNGHLLHLRYLGLRSTFVRELPVEV -
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chrd4A 166
chr5B_102 wew
chr2B 25 wew 3
chrd4A 47 td_
chrd4A 229 td 3
chrd4A 205 wew 3
chr4A 208 wew 3
chrdA 32 wew 3
chr7A 175 wew 3
chr7A7192 td 3
chr6A 44 wew 2
chréB 92 td 2
chréB 86 wew 2
chréB 65 td 2
chr6B 119 wew 2
chr6B 73 td 2
chréB_103 wew 2
chréB 61 td 2
chr6B_115 wew 2
chr6A_47 wew 2
chrd4A 118 wew 1
chr4A 158 td 1
chrlB 40 wew 1
chrlB 5 td 1
chrlB 189 td 1
1

chrd4A 166 wew 3
chr5B_102 wew 3
chr2B_25 wew 3
chrd4A 47 td 3
chrd4A 229 td 3
chr4A 205 wew 3
chr4A 208 wew 3
chr4A 32 wew 3
chr7A_175 wew 3
chr7A_192 td 3
chr6A_44 wew 2
chr6B_92 td 2
chré6B 86 wew 2
chréB 65 td 2
chréB_119 wew 2
chréB 73 td 2
chréB_103 wew 2
chr6B 61 td 2
chréB 115 wew 2
chr6A 47 wew 2
chr4A 118 wew 1
chr4A 158 td_1
chrlB 40 wew 1

Figure 21. Continued.
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5. Chapter 2. Diversity reduction and selection signature in tetraploid
wheat germplasm
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5.1. Materials and Methods

5.1.1. Global Tetraploid wheat Collection

The Global Tetraploid wheat Collection (GTC) was composed of up to ten different species

and subspecies (Table 8):

*  Persian wheat (Triticum turgidum L. subsp. carthlicum (Nevski) A. & D. Love);

*  Wild emmer wheat (Triticum turgidum L. subsp. diccocoides (Korn. ex Asch. & Graebner));

*  Durum wheat landraces and cultivars (Triticum turgidum L. subsp. durum (Desf.) Husn.);

*  Emmer wheat (Triticum turgidum L. subsp. dicoccum (Schrank ex Schiibler) Thell. and
Triticum ispahanicum Heslot);

* Polish wheat (Triticum turgidum L. subsp. polonicum (L.) Thell.);

Khorasan wheat (Triticum turgidum L. subsp. turanicum (Jakubz.) A. & D. Love);

* Miracle wheat (Triticum turgidum L. subsp. turgidum);

* Karamyschev’s wheat (Triticum karamyschevii);

* Ethiopian wheat (Triticum aethiopicum Jakubz.).

Table 8. Composition and number of different species and subspecies of 1,856 tetraploid wheat

accessions (AABB genome) that composed the Global Tetraploid wheat Collection.
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Wheat species or subspecies Common name Genome No.
Triticum karamyschevii Karamyschev's wheat AABB 2
Triticum aethiopicum Jakubz. Ethiopian wheat AABB 16
Triticum turgidum L. subsp. carthlicum

3 Persian wheat AABB 20
(Nevski) A. & D. Love
Triticum turgidum L. subsp. dicoccoides.

Wild emmer wheat AABB 115

(Korn. ex Asch. & Graebner)

Triticum  turgidum L. subsp. dicoccum|Domesticated = emmer

(Schrank ex Schiibler) Thell. wheat; Emmer

AABB 364

Triticum turgidum L. subsp. durum (Desf.) | Durum wheat or pasta
AABB 806
Husn. (landraces) wheat




Triticum turgidum L. subsp. durum (Desf.)
Durum wheat or pasta
Husn. (registered cultivars or breeding AABB 427
wheat
lines)

Domesticated emmer
Triticum ispahanicum Heslot AABB 2
wheat; Emmer

Triticum turgidum L. subsp. polonicum (L.)

Thell.

Polish wheat AABB 22

Triticum turgidum L. subsp. turanicum

; Khorasan wheat AABB 74
(Jakubz.) A. & D. Love

Rivet, Cone, English
Triticum turgidum L. subsp. turgidum AABB 8
wheat or Miracle wheat

Four main germplasm groups

The GTC collection consisted of 1,856 accessions. These accessions represent the four

principal germplasm groups that are involved in the history of tetraploid domestication and selection

processes:
. Wild Emmer Wheat, WEW,
° Domesticated Emmer Wheat, DEW;
° Durum Wheat Landraces, DWL;
) Durum Wheat Cultivars, DWC.

The GTC contained germplasm accessions from a wide range of areas including Fertile
Crescent, Northern Africa, Europe, India, Ethiopia, Transcaucasia, Central Asia, North and South

America (Table 9).

Table 9. Tetraploid diversity panel by country of origin, based on passport data. Accessions were
categorized by subspecies and geographical aggregates in accordance with the United Nations M-

49 list, except for the Fertile Crescent (Turkey, Southern Levant).

Tetraploid wheat subspecies/Geographical Accessions
area no.

Wild Emmer Wheat (T. turgidum subsp. dicoccoides)
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Fertile_Crescent_Southern_Levant (Lebanon, Syria,
Jordan, Israel)

67

Fertile_Crescent_North-East (Turkey, Karacadag)

36

Domesticated Emmer Wheat (T. turgidum subsp. dicocccum,

T. ispahanicum)

Fertile Crescent (Turkey) 17
Fertile Crescent (Southern Levant, Lebanon-Syria-
Jordan-Israel-Palestine) 25
Fertile_Crescent (general, not detailed) 11
Eastern Africa (Ethiopia-Kenia) 46
Southern Asia (Iran-Afghanistan) 39
Southern Asia (India) 18
Western Asia-Transcaucasia (Armenia-Georgia-
Daghestan-Azerbaijan) 31
Western Asia (Oman-Yemen-Kuwait-Saudi Arabia) 12
Northern Africa (Morocco-Tunisia) 8
Southern Europe (Greece-Albania-Serbia-Bosnia-
Montenegro-Italy-Spain-Portugal) 66
Western Europe (Austria-Switzerland-Germany) 14
Eastern Europe (RussianFederation-Belarus-
Poland-Ukraine) 22
Eastern Europe (Romania-Slovenia-Hungary-Czech
Republic-Bulgaria) 21
Northern Europe (UK) 15
Central Asia (Kazakhstan-Uzbekistan) 2
Unknown origin 7
Durum wheat landrace
Fertile Crescent (Turkey) 93
Fertile Crescent (Southern Levant, Lebanon-Syria-
Jordan-Israel-Palestine-Iraq) 83
Fertile Crescent (Cyprus) 17
Fertile_Crescent (general, not detailed)
Northern Africa (Egypt-Lybia-Tunisia-Algeria-
Morocco) 137
Eastern Africa (Ethiopia-durum landraces) 172
Eastern Africa (Ethiopia-T. aethiopicum) 14
Eastern Europe (Romania-Bulgaria) 7
Eastern Europe (Russian Federation-Ukraine) 53
Central Asia (Kazhakstan-Uzbekistan) 7
Southern Europe (Greece-Albania-Croatia-
Macedonia-Malta-Serbia-Italy-Spain-Portugal) 157
Western Asia-Transcaucasia (Armenia-Georgia-
Azerbaijan) 20




Southern Asia (Iran-India) 29

Eastern Asia (China) 3
North America (USA-Canada) 10
Unknown origin 17
Durum wheat cultivars

CIMMYT 48
ICARDA 83
Southern Europe (Italy-Spain) 140
Northern Africa (Morocco-Algeria) 17
Northern America (Canada-North Dakota) 46
Northern America (Desert Durum, California-

Arizona) 10
Western Europe (Austria-France) 45
South America (Argentina) 5
Ethiopia 24
Australia-New Zealand 6
Unknown 1

T. turgidum subsp. turgidum

T. turgidum subsp. turanicum 74

T. turgidum subsp.polonicum 22

Overall, 2,558 tetraploid wheat accessions were used to produce the genotyping based on the
[llumina iSelect 90K SNP genotyping platform. The panel contained additional 490 accessions from
the main wheat domestication and cultivation areas like Fertile Crescent, The Mediterranean basin,
Western Asia and Eastern Africa. The germplasm accessions were provided by AgriBio (Australia),
CREA (Consiglio per la ricerca in agricolture e I'analisi dell’economia agraria, Italy), University of
Bologna (Italy), University of Saskatchewan (Canada), USDA-ARS (United States Department of
Agriculture - Agricultural Research Service), Dr. Benjamin Kilian (Global Crop Diversity Trust,
Germany) and Dr. Hakan Ozkan (Cukurova University, Turkey) and by the U.S. National Plant

Germplasm System.

Further, these accessions were filtered based on the passport information (i.e. accession
name or international code) and genetic similarity = 0.95, leaving only 1 representative accession
from the group. Therefore, the final tetraploid wheat germplasm collection (GTC) contained 1,856

accessions.

The tetraploid germplasm collection resulted in total of 23,862 SNPs. Using the following
three criteria 17,340 informative SNPs were selected for the further analyses: i) SNPs that had a

matching genetic and physical positions were retained, ii) SNPs of null allele frequency < 0.25 were
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retained to minimize the ascertainment bias effects, iii) singleton or double singleton SNPs were
removed. Thus, 17,340 SNPs represented the first set of SNPs used to detect the signatures of
selection from wild emmer wheat to domesticated wheat. Whereas, the second set of 5,774 SNPs,
which were LD-pruned (r2> 0.5) and filtered for minor allele frequency (MAF 0.02), was used to study

the population genetic structure.

5.1.2. Population genetic structure of GTC

The population genetic structure of 1,856 accessions with 5,774 non-redundant SNPs was

studied using several methods:

* Neighbor Joining (N]) phylogenetic trees;
* Model and non-model based clustering analyses such as DAPC and ADMIXTURE;

* Hierarchical population structure at multiple levels using Fst and Nei’s genetic distances.

Neighbor Joining (N]) phylogenetic trees

We constructed the phylogenetic neighbor joining tree for 1,856 accessions in R using
package ape aimed to study the evolution and phylogenetic relationships (Paradis et al., 2004). We
calculated the genetic distances using the dist.gene function. We performed the 1,000 bootstrapping
while calculating the genetic distances using the boot.phylo function of the ape package. All the results

were then saved in nexus format using write.nexus function for further inspection.

Cluster analysis with ADMIXTURE and DAPC

ADMIXTURE is a model-based algorithm used to estimate the ancestry relationship of
individuals. ADMIXTURE uses the same likelihood model used in structure, but is much faster
compared to it (Alexander et al., 2009). We explored the clustering using ADMIXTURE for a number
of K groups ranging from 2-20. The ADMIXTURE analysis was run based on 100 replications at
different random seeds and with 10 cross-validations for a number of populations K ranging from 2-
20. For each K the replicate with the highest log-likelihood was considered. When performing the
ADMIXTURE analysis, cross validation (CV) values showed a continuous decrease with K, indicating
the presence of a complex population structure, as expected. The ADMIXTURE results were retained
for detailed investigation of the relationship among and within the subspecies and populations in the

tetraploid wheat germplasm.
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After obtaining the global population structure representations, ADMIXTURE analysis was
carried out on the four principal germplasm groups separately based on the results on the number

of K groups (K = 2-20).

Anon-model based approach like Discriminant Analysis of Principal Components (DAPC) was
used to characterize the population structure (Patterson et al., 2006; Jombart et al., 2010; Jombart
and Collins, 2015). In order to perform the DAPC analysis, we need to identify the optimum number
of clusters (k) useful to describe the data first. To do this we used the find.clusters function from the
R package adegenet (Jombart et al., 2010; Jombart and Collins, 2015). We used the K-means method
and run the procedure sequentially at increasing values of k from 2 to 20 and computed the BIC
(Bayesian Information Criterion) statistics to measure the goodness of fit at each k with the following
parameters: n.pca = 1500 (number of retained PC’s), stat = “BIC”, n.iter = 1000 (number of iterations).
The optimal cluster number was evaluated from the BIC plot. Further, the dapc function was
implemented to describe the genetic diversity between the clusters by retaining the 50 principal
components and 7 discriminant functions (n.pca = 50, n.da = 7). In order to choose the number of
retained PCs and discrimination functions we used the cross-validation procedure and the maximum
of the a-score (a.score, the difference between the proportion of successful reassignment of the
analysis: observed discrimination, and the values obtained using random groups: random
discrimination). Also, the dapc function provided the membership probabilities of each individuals
to belong to the different clusters. Additionally, the Ward clustering method was used as a valuable
alternative to K-means clustering method to explore the grouping of accessions based on the same
number of principal components and discriminant functions analysis. While K-means clustering is

based on using a random centroid as a start, Ward’s is based on the hierarchical clustering.

Hierarchical population structure at multiple levels

We performed a detailed investigation on the genetic relationship among and within the
groups of subspecies and populations. We used the population structure identified in ADMIXTURE

for this analysis.

. Two main WEW populations:
> North Eastern Fertile Crescent (WEW-NE)

> Southern Levant (WEW-SL)

. Six main DEW populations subdivided into Northern and Southern:
> Northern FC

. Turkey-to-Transcaucasia/Iran (DEW-T-TRC-IRN)
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- Turkey-to-Balkans (DEW-T-BLK)

°  Southern FC

. Southern Europe (DEW-Sth-EU)
. Southern Levant-to-Europel (DEW-SL-EU1)
- Southern Levant-to-Europe2 (DEW-SL-EU2)

° Indian, Omani and Ethiopian (DEW-ETH)

o Six main DWL populations:

> Northern FC
. Turkey-to-Fertile Crescent (DWL-T-FC)
. Turkey-to-Transcaucasia (DWL-T-TRC)

> Southern Levant FC
. Southern Levant-to-North Africa (DWL-SL-NA)
. Greece-to-Balkans (DWL-GRC-BLK)

> Ethiopian Landraces (DWL-ETH)

> Triticum turanicum (DWL-TRN)

o Five main DWC branched from North African Landraces
> [CARDA dryland (DWC-DRY)
° [talian germplasm (DWC-ITLY)
> CIMMYT germplasm released in the ‘70’s (DWC-CIM70)
> CIMMYT germplasm released in the ‘80’s (DWC-CIM80)

> Germplasm adapted to Mediterranean environment (DWC-AMR)

In order to minimize the confounding effect of recent admixture, accessions with substantial
admixture were removed and only accessions with Q > 0.5 for WEW and DEW and Q > 0.4 for

DWL/DWC were retained (Luo etal., 2007).

We tested the hierarchical level of differentiation between the populations using the R

package hierFstat (Goudet and Jombart, 2015) at three levels:

- level 1, among four main germplasm groups WEW, DEW, DWL and DWC;
- level 2, among domestication origins within subspecies/groups, including North East

Fertile Crescent (NE), Southern Levant (SL), Ethiopia (ETH) ;

66



- level 3, among 19 populations within origins and subspecies: WEW-NE, WEW-SL,
DEW-T-TRC-IRN, DEW-T-BLK, DEW-Sth-EU, DEW-SL-EU1, DEW-SL-EU2, DEW-ETH,
DWL-SL-NA, DWL-GRC-BLK, DWL-T-TRC, DWL-T-FC, DWL-TRN, DWL-ETH, DWC-
DRY, DWC-ITLY, DWC-CIM70, DWC-CIM80, DWC-AMR.

Using the above-described structures of population, we computed pairwise Fst values and
Nei’s genetics distances among populations and used the boot.ppFst function to calculate the 1,000
bootstrap upper and lower limits. We also calculated the expected heterozygosity within

populations.

5.1.3. Diversity reduction and selection signals associated to main domestication
and improvement factors

We used the three main cross-population transitions in order to study the genetic diversity
reduction and detect the selection signals associated with wild emmer domestication and durum

wheat evolution and breeding:

- WEW-DEW
- DEW-DWL
- DWL-DWC

We calculated the genetic Diversity Reduction Indexes (DRI) for the three transitions.
Additionally, we assessed for the presence of selection signatures and their co-occurrence with the
diversity reduction using four indexes: i) divergence index, Fst (Weir and Cockerham, 1984) ii)
divergence on site frequency spectrum measured through cross-population composite likelihood
score, XP-CLR (Chen et al., 2010) iii) haplotype-based metrics such as cross-population extended
homozygosity, XP-EHH (Sabeti et al., 2007) iv) and the haplotype-based FLK test, hapFLK

(https://github.com /bcm-uga/SSMPG2017 /tree /master/Presentations /hapflk, Bonhomme et al,
2010; Fariello et al., 2013).

We used 17,340 SNPs for this analysis. We applied smoothing methods to reduce the erratic
signals present for each SNP. For DI, Fst, DRI, hapFLK we used a rolling mean of 25-SNP window with
single SNP step. Smoothing using the rolling mean had two advantages: the constant number of
markers in the rolling window and managing the irregular marker density per Mb, particularly in the

pericentromeric regions.

Highly admixed accessions, Ethiopian origin accessions and those that grouped with
Ethiopian accessions were not included in this analysis. As a result, for the three cross-populations

we end up with 104 accessions for WEW, 248 for DEW, 591 for DWL and 394 for DWC.
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For diversity index (D) and DRI distributions the top and bottom 2.5 percentiles were defined
as outliers. For Fst, XP-CLR, XP-EHH, hapFLK distributions instead the top 5.0 percentiles were
considered. Adjacent outlier windows interrupted by one or few SNPs in less than 10 Mb distance
were merged in one single window. Based on the evidence of strong and extended signals detected
in the centromeric regions, the peri-centromeric regions were masked from the distributions and 2.5

and 5.0 percentile distributions were then re-calculated (Hufford et al., 2012).

Diversity Reduction Index

The cross-population Diversity Reduction Index (DRI) was calculated according to the

following formula:

DRl = —MMMMM
Dderived + 0.1

The constant value was added to cope with regions extremely low in diversity. A DRI of 2
means that the diversity in derived germplasm is half of that in the wild. Moreover, we computed DRI
with 100,000 permutations in order to identify the thresholds and outliers. The calculations were

done with a custom script in R produced by the author.

Fst

The F-statistics was computed for each locus according to Weir and Cockerham (Weir and
Cockerham, 1984) using R package pegas (Paradis, 2010). We computed Fst with 100,000

permutations carried out in R custom script.

XP-CLR

XP-CLR is one of the powerful indexes in detecting the ancient sweeps (Chen et al., 2010). XP-
CLR is based on the likelihood of multi-locus allele frequency distribution modelling between two
populations. XP-CLR copes with the ascertainment bias, as it appears to be less sensitive to it. In the
current analysis, we used 0.5 cM sliding window with 50kb steps across the whole genome. The

results were smoothed over 1 Mb size intervals.
XP-EHH

The haplotype-based metric XP-EHH was estimated using software Selscan (Szpiech and
Hernandez, 2014). The method is based on Extended Haplotype Homozygosity (EHH) and measures
the reduction in haplotype diversity in cross-population comparisons. We normalized the XP-EHH

values as recommended in the software manual. Then, from the normalized values, we got absolute
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values. The normalized XP-EHH values were averaged across 50kb windows. The results were

smoothed over 1 Mb size intervals.

HapFLK

We used fastPHASE v1.4.8 (Scheet and Stephens, 2006) and R package imputeq (Khvorykh,
2018) to reconstruct the haplotypes from SNP data in order to identify the optimum number of
haplotype clusters. We created 5 test sets using imputeq and imputed the genotypes with fastPHASE

using the following parameters:
fastPHASE -T10 -C25 -K{5:25} -H-1 -n -Z
Where, the main parameters are:
-T10, is the number of random starts of the Expectation-Maximization (EM) algorithm
-C25, is the number of EM iterations

-K, is the number of haplotype clusters. We imputed the genotypes at ranges of clusters K
from 5, 10, 15, 20 and 25.

-H-1 -n -Z are the additional recommended tags (for details fastPHASE manual,

http://scheet.org/code/fastphase doc 1.4.pdf).

Further, we estimated imputation errors using EstimateErrors() function implemented in
imputeq. The optimum Kis the one that minimizes the error. Finally, HapFLK (Bonhomme et al., 2010;
Fariello et al,, 2013) was computed individually on each chromosome on all three sets of cross-
populations using the following parameters: K (number of haplotypes) = 10, and nfit (number of

iterations) = 50.

Genetic diversity investigation in the Global Tetraploid wheat Collection (GTC)

We investigated the genetic diversity of SNPs based on the Nei’s genetic diversity, D (Nei,

1973) calculated using the following formula:

D=1-3i, pf
where,

pi = frequency of the ith allele in a locus.
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The diversity index (DI) was calculated for 17,340 informative SNPs for all four principal
germplasm groups (WEW, DEW, DWL, DWC). The SNP-wise DI values were further smoothed using
the window of 25 SNPs with single SNP step. Moreover, we identified the top and bottom 2.5%

quantile distributions based on the strong signal evidences.

Domestication genes

We selected a set of 41 wheat-cloned loci associated with domestication or improvement-
selection from the literature (Table 10). We located these genes on the Svevo genome (BLASTX with
E-value 10-19) and compared with the evidences of putative selection signals for three cross-
populations. QTLs in the tetraploid wheat for the following trait categories, domestication, grain
yield, phenology, disease resistance were also considered for evidences of overlap with the selection
signals. QTLs were then projected on the relevant transition plots based on the correspondence with

the subspecies/group of the crossing parents.

Table 10. Cloned genes relevant to durum wheat breeding, and based on literature known to be under

selection during domestication, subspeciation or breeding with their position on the Svevo genome.

Locus Locus Sequence Sequence
acronym name Chr start end Reference
Glu-A3 Glutenins chrlA 5.047.553 5.048.723 | (Zhang et al., 2004)
Sucrose
TaSUT1A transporter chriA 194.456.769 194.515.110 | (Aoki et al., 2002)
(Salmanowicz and
Dylewicz, 2007; Xu
Glu-A1l Glutenins chr1A 500.859.392| 501.060.448 | etal., 2008)
Trehalose-6-
phosphate
T6P synthase chrlA 520.686.209| 520.692.550 | (Xie etal., 2015)
(Alvarez et al.,
Early flowering 2016; Zikhali et al.,
ELF3-Al 3 chr1A 582.981.365| 582.985.067|2016)
Sucrose
TaSUT1B transporter chr1B 230.604.772 230.650.472 | (Aoki etal., 2002)
(Alvarez et al.,
Early flowering 2016; Zikhali et al.,
ELF3-B1 3 chrlB 676.974.612| 676.978.342|2016)
Photoperiod (Wilhelm et al.,
Ppd-Al respose chr2A 36.577.899 36.565.231|2009)
Sucrose (Jiang et al,, 2011;
TaSus2-2A | synthase chr2A 120.335.255 120.340.200 | Hou et al,, 2014)
TaSdr-Al Seed dormancy | chr2A 156.408.483 | 156.409.475 | (Zhangetal., 2014)
Cell wall (Maetal, 2012;
TaCwi-Al invertase chr2A 501.893.554| 501.897.261 |Jiang et al,, 2015)
Photoperiod (Wilhelm et al.,
Ppd-B1 respose chr2B 56.297.789 56.294.941 | 2009; Takenaka
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and Kawahara,
2012)

Sucrose (Jiang etal.,, 2011;
TaSus2-2B synthase chr2B 169.016.255 169.020.790 | Hou et al,, 2014)
TaSdr-B1 Seed dormancy |chr2B 198.376.152 198.377.132 | (Zhang et al,, 2014)
Cell wall (Maetal, 2012;
TaCwi-B1 invertase chr2B 439.343.754 | 439.347.239 |Jiang et al., 2015)
BRT-3A Brittle rachis chr3A 61.344.533 61.345.121 | (Avni etal,, 2017)
BRT-3B Brittle rachis chr3B 96.155.280 95.381.784 | (Avni et al., 2017)
(Pearce et al,,
Rht-Al Reduced height | chr4A 575.088.221| 575.090.083|2011)
(Shorinola et al.,
Phs-Al Seed dormancy |chr4A 598.755.842 598.762.987 | 2016)
(Pearce et al,,
Rht-B1 Reduced height | chr4B 29.292.990 29.294.855 | 2011)
Heavy metal (Maccaferri et al.,
HMA3-A1l ATPase chr5A 542.961.581 542.964.488 | unpublished)
VRN-A1 Vernalization chr5A 549.152.139| 549.156.384 | (Yan etal., 2003)
Q-5A Domestication |chr5A 608.796.291 608.792.747 | (Zhang et al., 2011)
Heavy metal (Maccaferri et al.,
HMA3-B1 ATPase chr5B 563.900.691| 563.903.585 | unpublished)
VRN-B1 Vernalization chr5B 570.831.391 570.844.281 | (Chu et al,, 2011)
Q-5B Domestication | chr5B 650.078.209| 650.075.235 | (Zhangetal,, 2011)
(Shorinola et al.,
Phs-B1 Seed dormancy | chr5B 698.826.783| 698.832.510|2016)
Gli Alpha-gliadins | chr6A 24.341.990 24.342.853 | (Guetal, 2004)
NAC domain-
containing
NAC-A1 protein chr6A 75.453.416 75.454.973 | (Uauy et al,, 2006)
TaGW2-A Grain weight chr6A 235.270.703| 235.295.537 | (Zhang et al., 2018)
Stem rust
Sr13-6A resistance chr6A 611.710.263| 611.713.775 | (Zhangetal., 2017)
NAC domain-
containing
NAC-B1 protein chr6B 130.826.078| 130.826.755 | (Uauy et al, 2006)
TaGW?2-B Grain weight chr6B 300.791.272| 300.808.374 | (Zhang et al., 2018)
Stem rust
Sr13-6B resistance chr6B 689.235.987| 689.239.462 | (Zhang et al,, 2017)
VRN-A3 Vernalization chr7A 69.364.420 69.367.738 | (Yan et al,, 2006)
TaTGW-7A | Grain weight chr7A 204.055.853| 204.061.744 | (Huetal, 2016)
(Kalaipandian et
TaCML20 Calmodulin 20 | chr7A 686.342.874| 686.348.391 |al,, 2018)
VRN-B3 Vernalization chr7B 9.128.364 9.124.817 | (Yan et al,, 2006)
TaTGW-7B | Grain weight chr7B 168.949.495| 168.955.358 | (Huetal,, 2016)
(Kalaipandian et
TaCML20 Calmodulin 20 | chr7B 663.786.935| 663.788.698 | al.,, 2018)
Phytoene (Zhang and
Psy-B1 synthase chr7B 714.361.446| 714.362.281 | Dubcovsky, 2008)
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Multiple and overlapping selection signals with selection signal peaks located within 10 Mb

or less were considered to be selection signal clusters, both within transition and across transitions.

5.2. Results

5.2.1. Population genetic structure of Global Tetraploid wheat Collection

Global Tetraploid Wheat Collection (GTC) was categorized in four principal germplasm
groups: wild emmer wheat -WEW, domesticated emmer wheat - DEW, durum wheat landraces -
DWL and durum wheat modern cultivars - DWC. We used a high quality [llumina iSelect 90K SNP
genotyping platform to determine the genetic diversity of the germplasm collection (Wang et al,,
2014; Maccaferri et al., 2015). There is a possible SNP-ascertainment bias present due to usage of a
fixed SNP platform (Qanbari and Simianer, 2014; Malomane et al., 2018). A relatively wide discovery
panel of both hexaploid and tetraploid wheats were used to develop and ascertain 90K wheat SNP
platform (Wang et al., 2014). The SNPs that were ascertained in the A and B genomes of hexaploid
wheat contributed a relatively non-biased representation of allele frequencies in the ancestral
tetraploid A and B genome. This is probably explained by the gene flow occurred between wild and
cultivated wheats. This feature was not observed for hexaploid wheat genome D (Haudry etal., 2007;
Akhunov et al., 2010), which suggests the occurrence of the limited loss of diversity in the A and B
genomes during the T. aestivum evolution from domesticated tetraploid wheat and diploid A. taucshii.
As a consequence, using the 90K assay to build a consensus map for the tetraploid wheat, the SNP
composition ascertained in the wheat 90K assay allowed to genetically map a high number of
functional and evenly distributed SNPs in the mapping populations obtained from the ancestral
tetraploids (WEW, DEW) x modern durum crosses (e.g. Svevo x Zavitan DWC x WEW mapping
populations and three additional DEW x modern durum mapping populations). Due to use of 90K
assay and mapping populations, the tetraploid consensus map had even marker density and genome
coverage. Therefore, the wheat 90K is a valuable SNP array for mapping and genetic diversity studies

in the whole tetraploid wheat genome.

Neighbor joining (N]) phylogenetic trees

We assessed the phylogeny and population genetics structure using a representative set of
LD-pruned 5,775 SNPs that had an rz = 0.50. The Neighbour Joining tree shows the genetic
relationships among taxa and populations. The NJ tree analysis evidenced that the four main
germplasm groups (WEW, DEW, DWL, DWC) appear clearly differentiated, suggesting strong and

founder effects and little evidence for phylogenetic origin (Figure 22).
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P Wild Emmer Wheat, North-Eastern Fertile Crescent (WEW-NE) population

I wild Emmer Wheat, Southern Levant Fertile Crescent (WEW-SL) population
771 Domesticated Emmer Wheat (DEW); several populations

Domesticated Emmer Wheat; Ethiopian subpop. (DEW-ETH)
7] Durum Wheat Landraces, Ethiopian population (DWL-ETH)
[] Durum Wheat Landraces (DWL); several populations

B 7 turgidum ssp. carthlicum

B 7. turgidum ssp. polonicum

B 7. turgidum ssp. turgidum

icsd)
=

T. turgidum ssp. turanicum
Modern Durum Wheat Cultivars (DWC)

Figure 22. The Neighbour Joining tree from Nei's genetic distance that shows the genetic
relationships among taxa and populations estimated at 1000 bootstrap. Four main germplasm

groups were evidenced (WEW, DEW, DWL, DWC). The Neighbour Joining tree for A. WEW, B. DEW,
C. DWL, D. DWC was computed as well.
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Figure 22. Continued.
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C: Durum wheat landraces NNet

Greece-to-Balkans

D: Durum wheat cultivars NNet

Figure 22. Continued.
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Cluster analysis with ADMIXTURE and DAPC

The two independent ADMIXTURE and DAPC non-hierarchical clustering methods showed

concordant and overall similar population structure representations.

The accessions classified into clusters by DAPC (both DAPC K-means and DAPC Ward'’s
methods) allowed less quantitative admixture and cross relationship compared to ADMIXTURE
cluster classification. Therefore, ADMIXTURE resulted to be relatively more informative and cross
comparable than DAPC. Moreover, the correlation value between the two DAPC methods and with
ADMIXTURE was relatively low (0.59). Therefore, based on these results the ADMIXTURE cluster

classification was considered for further investigation at single taxon level.

The tetraploid wheat germplasm is highly structured and it is known that a well-defined
population structure cannot be captured by a single K value. At lower K values WEW and DEW
occurred to be highly structured based on main population structures and at higher K values
additional well-defined populations emerged, mostly related to the geographical origin of the
accessions. In case of DEW and DWL, well-defined populations are due to human-driven dispersal
processes. In the DWL germplasm, admixture among the main populations brought by the

Mediterranean cross exchange resulted to be an important component of the diversity.

ADMIXTURE analysis assumes a Hardy-Weinberg equilibrium, nonetheless, the results
obtained by this analysis was highly valuable for the structure description of tetraploid wheat
germplasm. While accurately assessing the admixture events the analysis could capture majority of
the geographical based structures. We detected distinct population structure differentiation from K
2 to 10 and substantial relevant differentiations in agreement with passport-pedigree information,
taxonomy and geographical area of origins were detected at higher K values (up to 20). At K = 20,
1,053 (56.58 %) accessions had membership Q values > 0.7, and 1,440 (77.38 %) accessions had Q
values > 0.5. At K = 2, WEW, DEW, T. turgidum ssp. carthlicum and the Ethiopian DWL formed first
group and, T. turgidum ssp. durum landraces, cultivated accessions and other taxa formed a second
group. At K = 3 the Ethiopian DWL clearly separated from all the other accessions and at K = 17
subdivided further in two different populations. DEW differentiated from WEW at K = 5.
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Figure 23. Population structure of the tetraploid diversity panel as assessed globally by
ADMIXTURE. WEW: wild emmer wheat, DEW: domesticated emmer wheat, DWL: durum wheat

landraces, DWC: durum wheat cultivars.

Western and Eastern DEW populations separated at K = 6, Ethiopian and Indian DEW
separated at K = 7. DEW was consistently structured into five populations at K= 12 to 20. At K from
4 to 13 DEW germplasm clearly separated into five groups: i) Western populations from Fertile
Crescent to Europe; ii) Western populations majority from Fertile Crescent with relation to European
accessions; iii) Western populations from Turkey to Balkans and Russia; iv) Eastern population

including Iran, Transcaucasia, Russia and Asia; v) Eastern population including Ethiopia and India.
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The obtained results are highly similar to the results obtained from previous diversity studies

(Badaeva et al,, 2005). The. T. turgidum ssp. carthlicum clearly separated at K = 12 (Figure 23).

DWL from different origins and other durum wheat related Triticum taxa mainly
separated from the modern elite durum wheat germplasm at K 4. At higher K values the DWL
germplasm subdivided further to Western-Eastern spread and dispersal passages associated to
humankind migration and trade. This confirms further observations in emmer and hexaploid
wheats (Badaeva et al.,, 2005; Dubcovsky and Dvorak, 2007). At K = 6-8 the separation between
Western (Mediterranean) and Eastern (Asian continental) populations became evident. One of
the T. turgidum ssp. turanicum populations separated from DWL at K = 10, while the other
classified with DWL. At K = 14 Western Mediterranean DWL classified to three populations
originated from: i) Greece to Balkans; ii) Fertile Crescent including Southern Levant, Cyprus to
North Africa and Iberian peninsula; iii) North Africa, Egypt to Morocco, to Iberian peninsula with
relations to a group of T. turgidum ssp. turanicum accessions. Two populations from Russia and
Turkey, Transcaucasia and Asia were included as Western Continental landraces. Although very
little evidence of cross-talk events was observed between the germplasms of DWL and DEW,

DWL resembled the genetic and geographical differentiation evidence similar to DEW.

DWC mainly grouped in three-five populations that correspond to three main germplasm

pools bred worldwide:

- The first pool consisted of cultivars bred at CIMMYT (The International Maize and
Wheat Improvement Center), or in Mediterranean breeding programs that rely on semi-
dwarf or photoperiod insensitive CIMMYT germplasm;

- The second pools consisted of the cultivars bred in France and Austria and the
North American germplasm (Canada and Northern USA);

- The third pool consisted of germplasm from ICARDA (The International Center
for Agricultural Research in the Dry Areas), mainly originated from crosses between the
native North African and Syrian landraces and modern semi-dwarf cultivars, and

germplasm locally bred in Mediterranean countries (i.e. Italy).

In general, both durum wheat landraces and modern cultivars showed a greater admixture
compared to DEW and WEW. This result was anticipated based on history of durum wheat breeding
and studies of Mediterranean durum wheat landrace pool (Maccaferri et al., 2003, 2005; De Vita et
al,, 2007; Oliveira et al,, 2014; Soriano et al., 2016; Kabbaj et al., 2017). Detailed ADMIXTURE results
for WEW, DEW, DWL and DWC is illustrated in Figure 24.
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Figure 24. ADMIXTURE analysis results of wild emmer wheat (WEW) accessions with K from 2 to 12
(A), domesticated emmer wheat (DEW) accessions with K from 2 to 20 (B), durum wheat landrace
(DWL) accessions with K from 2 to 12 (C), and durum wheat cultivars (DWC) with K from 2 to 5 (D).

Results are represented as bar plots of Q membership coefficients.
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Figure 24. Continued.

ICARDA and Italian breeding for dry-land areas (OWC-DRY)
Core Italian breeding (OWC-ITLY)

Core CIMMYT-70 wide adaptation and ICARDA breeding for temperate areas (OWL-CIM70)
Core CIMMYT-80 high yielding potential (OWL-CIMS0)
North American-French breeding (OWC-AMR)

Out of 1,856 accessions, only 1,755 were assigned to populations based on Q membership
score and were used to further study the population structure in details. The detailed view of
population structure and genetic relationships among the populations was obtained by running
ADMIXTURE and NJ analysis within each germplasm group separately (Figure 24). The results
obtained using both methods were similar. However, ADMIXTURE carried out at increasing K

number of populations showed the most probable relationships among taxa and germplasm
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populations at the historical level. WEW and DEW in contrast to drum wheat, demonstrated a highly
structured genetic diversity; a high rate of population assignment at the increased K value of K= 12
and K = 20 for WEW and DEW, respectively. The WEW germplasm subdivided in two main
populations such as from North-Eastern Fertile Crescent and Southern Levant (WEW-NE and WEW-
SL, respectively). WEW-NE divided further into distinct populations such as Turkey, Iran and Iraq,
and WEW-SL divided into populations from Israel, Jordan, Syria and Lebanon. These results were
consistent both in ADMIXTURE and NJ analysis and in previous phylogenetic analysis conducted at
lower density WEW with molecular markers (Ozkan et al., 2005; Luo et al., 2007).

DEW and DWL showed similar Northern-to-Southern Fertile Crescent and Eastern-to-

Western radial dispersal patterns. DEW separated in six major populations:

- Two from the Northern Fertile Crescent, Turkey-to-Transcaucasia/Iran
(DEW-T-TRC-IRN), Turkey-to-Balkans (DEW-T-BLK);

- Three from Southern Levant: Southern Europe (DEW-Sth-EU), Southern
Levant-to-Europel (DEW-SL-EU1), Southern Levant-to-Europe2 (DEW-SL-EU2);

- One Indian, Omani and Ethiopian DEW (DEW-ETH).

Similar results were obtained for population structure analysis in worldwide emmer
(Badaeva et al., 2015) and our results further supported the evidence that emmer germplasm is
delineated into four main subgroups based on geographical factors, namely Europeans, Balkans,

Asians and Ethiopians. Six main populations emerged also for DWL:

- Two populations from the Northern Fertile Crescent, Turkey-to-Fertile
Crescent (DWL-T-FC), Turkey-to-Transcaucasia (DWL-T-TRC);

- Two from the Southern Levant, Southern Levant-to-North Africa (DWL-SL-
NA), Greece-to-Balkans (DWL-GRC-BLK);

- Two highly distinct populations consisting of the Ethiopian landraces (DWL-
ETH) and the T. turanicum (DWL-TRN) accessions.

All of the cultivated durum accessions group into a germplasm that represent a wide branch

of the durum North African landrace pool.

We investigated further the genetic relationship among and within the main tetraploid taxa
and population after removing the accessions that showed high admixture level both across taxa and
across populations within taxa. We studied the population differentiation using hierarchical ANOVA

by computing the pairwise Fst and Nei's genetic distance among and within the populations (Figure
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25). The results supported the Northern-to-Southern Fertile Crescent and Eastern to Western radial

dispersal pattern and phylogeny.
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Figure 25. Nei's genetic distances, above diagonal, and pairwise Fst, below diagonal, between main
tetraploid wheat populations. Diagonal represents expected heterozygosity, values within

populations.

As aresult, WEW-NE from Turkey, Iran and Iraq resulted to be the most possible ancestor of
all the DEW populations and durum wheat germplasm, in contrast to WEW-SL populations that had
Fst and Nei's genetic distance values lower for all WEW-DEW and WEW-DW pairs. Additionally, in
the DEW-DWL transition, the two T. turgidum ssp. dicoccum populations from Southern Levant
Fertile Crescent that demonstrated a primary relationships with the European accessions (DEW-SL-
EU1 and DEW-SL-EU2) and low genetic distance and hence relationship to all DWL populations,

except T. turgidum ssp. turanicum populations.

The modern durum wheat germplasm showed the highest relationship to the two DWL
populations from North Africa (DWL-SL-NA) and Turkey to Transcaucasia (DWL-T-TRC). Instead,
DWL-GRC-BLK and DWL-T-FC were greatly related to the modern durum varieties bred for the
Dryland areas located at ICARDA and to the Italian germplasm adapted to Mediterranean

environments. Among DWL populations, the Ethiopian and T. turanicum durum populations were
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the most differentiated and their contribution to the modern durum wheat germplasm was minimal.
The high-yield and successful CIMMYT germplasm released in the 80's (Altar84) resulted to be the
most differentiated from all DEW and DWL germplasm pools.

5.2.2. Demography and selection signals in the Global Tetraploid wheat Collection

We applied several metrics to determine selection signals. Among them a haplotype-based
methods (Qanbari and Simianer, 2014) which reduces the effect of ascertainment bias, population
structure and demographic factors. Additionally, a greatly divergent from the rest of the populations,
Ethiopian DEW and DWL germplasms were excluded from the selection signal analysis. Initially, the
SNP-based diversity index (D) that was averaged over a 10Mb non-overlapping window was used to
understand the extent of diversity loss along the three transitions. Further, we expanded the analysis
using five different selection signal/divergence signal indexes, including the diversity index, using a
rolling mean of 25 SNPs as shown in Figure 26A and detailed in Figure 32. The following four indexes
were applied to estimate the selection signatures: i) the diversity reduction index, ii) the divergence
estimated using both a single site index (Fst) and a haplotype-based frequency differentiation index,
hapFLK, corrected for population structure, iii) the haplotype structure, using the Cross-population
Extended Haplotype Homozygosity (XP-EHH), iv) the spatial pattern of site frequency spectrum XP-
CLR.

Using the results of selection sweep indexes, various chromosome regions putatively under
selection/differentiation sweep were detected. In order to reduce the single cite erratic behavior and
uncover the strong selective sweep signals comprising wide genomic regions we applied a rolling

mean of 25-SNPs or an average window of 1 Mb to all indexes.

The overlapping regions with two or more indexes showing outlier signals were considered
as a single selection region. Hereafter, either all selection regions identified by a one-selection index

(singleton) or by multiple selection indexes are referred as unique selection clusters.

In total, we count 454 unique clusters, out of which 104 are pericentromeric and 350 are
distal putative selection signal clusters. On average, the pericentromeric clusters had a size of 107.7
Mb (95% size distribution: 2.7 to 369.1 Mb), while the distal clusters had an average size of 11.4 Mb
(95% size distribution: 0.37 and 42.2 Mb). The average cluster physical size progressively increased
from WEW-DEW cross-comparison to DWL-DWC cross-comparison, from 10.2 to 15.3 Mb for distal

regions.
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Diversity Reduction Index

Among the four groups of germplasm, WEW demonstrated the highest average gene diversity
and a uniformly distributed diversity pattern across the whole genome, except for the
pericentromeric regions of chromosomes 2A and 4A that showed a local reduction in diversity
(Marone et al,, 2012). Therefore, the diversity reduction pattern contributed as a valuable reference
when comparing with domesticated/improved germplasm groups DEW, DWL and DWC. We
observed a strong depletion in diversity across the genome that occurred independently and
consolidated progressively during the crop improvement process in all of three germplasm groups.
We observed that the regions where a depletion of diversity took place (during WEW-DEW or DEW-
DWL cross-comparisons), no recovery in diversity was observed in the subsequent derived
germplasm (Figure 26 B, C, D and Figure 31), apart some few exceptions. At the uttermost of the
evolution, domestication and breeding processes, the genome of the elite DWC progressively
accumulated a lot near-fixation of diversity regions. Except the pericentromeric region of
chromosomes 2A and 3A where there was observed an increased diversity in DWC compared to DWL
and DEW. The rolling mean across fixed 25 SNPs for DRI index confirmed the high rate of
domestication-related diversity depletions in the pericentromeric regions compared to the distal
regions of chromosomes. The chromosome regions with adjacent non-interrupted SNPs that had a
DRI value >2 (equivalent to a diversity reduction of 50% or more), were 65 for WEW-DEW
accounting for 1,999.2 Mb, 111 for DEW-DWL for 2,138.5 Mb and 75 for DWL-DWC transition
accounting for 1,086.6 Mb. As a result, the modern durum germplasm cumulated on average 5 Gb of

sequence undergoing less than half diversity compared to the ancestral WEW.

The projection and mapping of the 41 cloned genes known to be under selection during
emmer domestication, durum wheat evolution and breeding on the Svevo genome revealed an
explanation for several clusters. Most of the strongest, pericentromeric diversity depletions (DRI >
4) was already noticed in the first WEW-DEW transition: chromosomes 2A (282.7 Mb), 4A (341.8
Mb) 4B (211.5 Mb), 5A (two regions of 61.4 and 48.4 Mb), 5B (two regions of 24.9 and 144.7Mb) and
6A (334.0 Mb). A distal region on chromosome 5A with DRI > 4 of 5.4 Mb was concurring with the
location of a vernalisation gene VRNA1 (Yan et al,, 2003). Moreover, one of the two brittle rachis loci
associated with the early domestication process, harboring BRT3-B1 at 96.2Mb (Avni et al., 2017)
showed a localized reduction in diversity highlighted by Fst and XP-CLR metrics (Figure 26 B, C, D
and Figure 27). The same region, subsequently, underwent a more extreme diversity reduction in the

DEW-DWL transition (DRImax = 3.4 in a region of 79.1-125.8 Mb).

The transition from domesticated emmer to durum was spotted by two main depletions

(DRImax >4) in pericentromeric regions on chromosomes 1A (one single region of 185 Mb) and 2B
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(two regions of 12.5 and 34.9 Mb). We observed plentiful other depletions in the non-
pericentromeric regions as well, including the chromosome 2B harboring one of the major tough-
glumes QTL (Tg-2B) governing threshability and marking the emmer to durum transition locus. Tg-
2B mapped between 31.9 and 36.1 Mb on Svevo genome (Faris et al., 2014b, 2014a) and we observed
two severe diversity depletions (DRInax = 4.3) on chromosome 2BS in the following regions: 25.1-
26.4 Mb and 33.3-49.1 Mb. The Tg-2A homoeolog genetically mapped between 21.2 and 31.7 Mb on
Svevo genome, and was associated to the threshing-related traits in the 27.9-32.0 Mb region. The
gene Glu-1, coding for glutenin subunits and located at 500.8 Mb on chromosome 14, is reported to
be nearly fixed in modern germplasm for null allele Glu-A1c (Xu etal., 2008), was associated to a local
strong DRImq signal = 3.2 in 8 Mb window. None strong diversity selection signal was associated to
the domestication-related @Q-5A4 locus positioned at 608.8 Mb, except for a local peak of diversity in
DWLC. Instead, the Q-5B harboring region (Zhang et al., 2011) positioned at 650.1 Mb, showed D, DRI
and XP-EHH signals (Figure 29). Further extreme reduction in diversity associated to the DWL-DWC
transition was observed on chromosomes 2B, 5B, 6A and 7B. The latter overlaps with several disease

resistance (Lr14a) and grain yellow pigment content loci, including Psy-B1.

Divergence and haplotype based metric signals

We used Fst index to investigate the allele frequency differentiation complemented by XP-
EHH, XP-CLR and hapFLK methods that are based on multiple-SNPs linked regions/haplotypes, and
therefore more buffered against influence of demography and population structure. Extensive signal
of divergence/selection were observed at the pericentromeric regions pointed out by overlapping
peaks present in two or more indexes, particularly in WEW-DEW and DEW-DWL cross-population
transitions. These results underline and confirm that most of the loss-of-diversity and divergence

signatures took place during domestication and selection processes.

Prioritization of selective signatures was managed by selecting the top ranking 1 %
distribution and by investigating for co-occurred signal clusters. Out of 454 selection signals
identified by at least one metric, 96 were identified by DRI, 184 by Fst 167 by XP-EHH and 153 by
XP-CLR. Moreover, 68 DRI signals co-occurred with at least one of the other metrics (71 % of all DRI
signals), particularly with Fst index, followed by XP-CLR and XPEHH. These signal clusters, in
combination with both diversity reduction and divergence effects, can be prioritized as the most

interesting putative selection clusters.

We also compared the occurrence of selection signals and with wheat genes relevant for
domestication and improvement. Among a set of 41 previously cloned loci, which are associated with

the selection process, many loci co-located with regions where a strong selection occurred. TaGW2-
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A1l (Zhangetal, 2018) on chromosome 6A (235.3 Mb) was associated with a selection signal detected

by all metrics in the WEW-DEW transition, and was also associated with a sharp decrease of diversity

in DEW. A grain weight gene TaGW2-B1 (Zhang et al., 2018) on chromosome 2B at 300.8Mb coincided
with the region with top Fstand hapFLK at WEW-DEW transition and XP-EHH (DEW-DWL) signals.

In addition, TaSus2-A1, TaSdr-A1, and TaCWI-A1 on chromosome 2A and their homoeologs on

chromosome 2B were associated to multiple extended signals in WEW-DEW and in DEW-DWL

transitions, while the durum germplasm showed extended regions of low diversity.

Among the loci mapped to non-pericentromeric regions, the following genes were associated

with selection signal peaks:
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On chromosome group 3, BRT-A1 was associated to XP-CLR and hapFLK signals in WEW-DEW
transition, while BRT-B1 was associated to Fst and XP-CLR;

On chromosome 5B, Q-5B was associated to a XP-CLR signal in WEW-DEW transition,
although for Q-5A there was no evident selection signal found, probably due to interactions

with other regulatory elements, such as miR172, that could have weakened the signal;

On chromosome 1A, Glu-A1 was associated to XP-CLR signal in DWL-DWC transition;

On chromosome 5A, VRN-A1 was associated to an Fst signal;

On chromosome 24, Ppd-A1 was associated to XP-EHH signal in DWL-DWC cross-population

transition;

On chromosome group 7, TaTGW-7A mapped central to a XP-EHH signal in WEW-DEW
transition, and to a region proximal to multiple DRI, Fst, XP-EHH, XP-CLR signals in DEW-
WEW transition. The surrounding region had high-depleted diversity in durum. Moreover,
TaTGW-7B mapped to XP-EHH signal in both DEW-DWL and DWL-DWC transitions and in a
DRI region in DWL-DWC;

On chromosome 7B, the Psy-B1 region was coincident with two signals: XP-CLR in DEW-DWL
and Fst in DWL-DWC transitions;

On chromosome 4B, there was no single associated with Rht-B1, probably because Rht-B1 has
not yet reached fixation in the elite germplasm of durum wheat and the North American

germplasm is mostly composed of cultivars of conventional height. Nevertheless, Rht-B1 gene



mapped closely (<2 Mb) to an extended region with strong increase in diversity in DWC

compared to DWL.
\B, 8 chromosomes _
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Figure 26. Genome wide analysis of diversity and selection signatures in tetraploid wheat based on
17,340 informative SNPs. (A) SNP-based Diversity Index (DI) for the main germplasm groups
identified in the Global Tetraploid wheat Collection: wild emmer wheat (WEW), domesticated emmer
wheat (DEW), durum wheat landraces (DWL), and durum wheat cultivars (DWC). DI is reported as a
centered 25 SNP-based rolling mean with single SNP step. Top and bottom 2.5% DI quantile
distributions are highlighted as red- and blue-filled dots, respectively. (B) Cross-population selection
index metrics for the comparison between WEW and DEW. Selection metrics are provided for:
Diversity Reduction Index (DRI), divergence index (Fst), cross population Extended Haplotype
Homozygosity (XP-EHH), multilocus test for allele frequency differentiation (XP-CLR), and
haplotype-based differentiation test (hapFLK). For DRI, top and bottom 2.5% DI quantile
distributions are highlighted as red- and blue-filled dots, respectively, while for the other selection
metrics top 5% quantile distributions are highlighted as red-filled dots. The physical location of genes
(Table 10) and QTLs relevant to domestication and breeding is reported. (C) As in panel B for the
comparison between DEW-DWL cross-population. (D) As in panel B for the comparison between

DWL-DWC cross-populations.
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Figure 27. Fst divergence index for A. WEW-DEW, B. DEW-DWL, C. DWL-DWC. Top 5%
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Figure 29. XP-EHH, cross population Extended Haplotype Homozygosity for A. WEW-DEW,
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Figure 30. XP-CLR, multilocus test for allele frequency differentiation for A. WEW-DEW, B.
DEW-DWL, C. DWL-DWC. Top 5% quantile distributions are highlighted as red-filled dots.
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Figure 31. Diversity Reduction Index (DRI) for A. WEW-DEW, B. DEW-DWL, C. DWL-DWC.
Top and bottom 2.5% DI quantile distributions are highlighted as red- and blue-filled dots,
respectively.
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Figure 32. Diversity Index. Green - domesticated emmer wheat, red - durum wheat cultivar, orange

- durum wheat landrace, blue - wild emmer wheat.

105



6. Discussion

The International Durum Wheat Genome Sequencing Consortium assembled a high-quality
draft genome sequence of the durum wheat cultivar Svevo, which has been a quality and productivity
durum variety in Italy for more than a decade. A DenovoMAGIC2 (NRGene, NesZiona, Israel) software
using a novel 3D chromosome-conformation capture coupled with high-throughput sequencing (Hi-
C) data produced a high quality genome assembly as for the wild emmer wheat accession Zavitan
(Avni et al,, 2017), bread wheat cultivar Chinese Spring (International Wheat Genome Sequencing
Consortium, 2018) and barley cultivar Morex (Mascher et al.,, 2017). Subsequently, following the gene
annotation pipeline established by Plant Genome and Systems biology (PGSB, Helmholtz Zentrum
Muenchen) described previously (Avni et al,, 2017) and various annotation data sources, such as
cDNA and RNA-seq from different tissues and libraries, we investigated the gene content and
organization of the durum wheat cv. Svevo genome. As a result, using the gene annotation pipeline
we predicted a total number of 369,963 genes: 66,559 high-confidence (HC) and 303,404 low-
confidence (LC) genes. Additionally, we predicted the v2 gene models of the wild emmer wheat
(WEW) accession Zavitan following the same pipeline and using the same annotation data sources in
order to investigate the divergence between the wild and domesticated tetraploid wheat genomes.
Thus, wild emmer wheat had 67,182 high-confidence genes and 271,179 low-confidence genes. In
addition, the quality of the predicted genes was tested using BUSCO and 216 experimentally
determined genes, and for Svevo genome, 98.1 and 97.7% of genes were found, respectively. These
high values indicate that the assembly represents an almost complete fraction of the gene space. The
number of predicted HC transcripts of Svevo genome was slightly higher on subgenome B compared
to subgenome A, except for chromosomes 4 and 7, which have undergone some translocation events.
The density of the HC genes was higher in the distal regions of the chromosome arms compared to
the pericentromeric regions, confirming previous findings on the gene density arrangement along
the chromosome arms in other wheat species (International Wheat Genome Sequencing Consortium,

2014; Avni et al., 2017; International Wheat Genome Sequencing Consortium, 2018).

We used the transcriptomic data to investigate the gene expression and the pattern of gene
expression on subgenomes and chromosomes. The analysis revealed that 61,269 (95.8%) genes were
expressed at least in one of the 57 samples and 2,724 (4.3%) of genes were not expressed at all and
21,878 genes (34.2%) were expressed in all 57 samples. Moreover, while analyzing the pattern of
expressed genes along the chromosomes, we noted that the number of the expressed genes was
higher in the distal regions of the chromosome arms, and the number of libraries under which these
genes were expressed was lower in the distal regions and higher in the pericentromeric region. This

suggests that there are more condition specific genes rather than housekeeping genes. This result is
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similar to the gene expression pattern observed for wild emmer wheat genome (Avni et al., 2017).
Moreover, in Chinese Spring the genes located in the proximal regions correlated with Gene Ontology
(GO) terms such as “cell cycle”, “photosynthesis” and “translation”, while in the highly recombinant
distal regions the genes correlated with GO terms such as “response to stress” and “external stimuli”
(International Wheat Genome Sequencing Consortium, 2018). The mean expression level per gene,
hence the mean expression value of all conditions and tissues, was higher in the distal regions
compared to pericentromeric regions. Same result was obtained for the bread wheat cultivar Chinese
Spring chromosome 3B (Choulet et al.,, 2014) and wild emmer wheat accession Zavitan (Avni et al.,
2017). Therefore, this observed pattern could be a whole genome phenomenon typical to wheat
species (Avni et al., 2017). The assembly allows studying the gene expression analysis in genome-

wide and subgenome level and using a wide range of tissues and development stages of wheat

transcriptomic data it is possible to produce a co-expression network analysis of the genes.

In addition to these analyses, we analyzed the expression pattern of thirteen varieties of
durum wheat that represent the worldwide elite durum germplasm and span a breeding period from
1940 to 2004. These varieties include a wide range of germplasm such as Italian, CIMMYT and North
American. Out of 63,993 high-confidence genes 86.6, 75.0, 70.5 and 74.5% of genes showed
expression evidence in all tissues and all varieties, grains, leaves and roots, respectively.
Interestingly, the PCA analysis showed a stronger variation between tissues than between the
varieties and we identified several differentiated up- and down-regulated gene expression clusters
based on both tissues and varieties. Moreover, the expression profiles of the cultivars revealed some
ancestral related clustering. This kind of expression pattern databases could be useful to identify
genes regulated by expression QTL (eQTL) and to elucidate the function of candidate genes.
Moreover, characterizing the gene expression presence-absence variation (ePAV) in tetraploid

durum wheat enables to investigate the association between genotypic and phenotypic variation.

NLR gene family is one of the gene families that represent a high importance in wheat
breeding and improvement. We identified several loci that could be associated with disease
resistance genes (NLRs) both in durum wheat cv. Svevo and in wild emmer wheat accession Zavitan.
NLR loci clustered principally at the distal regions of the chromosome arms and we observed several
regions overlapping with the confidence intervals of disease resistance QTLs known from literature.
In general, the number of predicted loci was the same: 1,487 for durum wheat and 1,462 for wild
emmer wheat. Compared to the RNA-seq based gene models we were able to predict additional 390
NLR loci for durum wheat and 417 for wild emmer wheat. Moreover, we identified that 172 loci were
specific for Svevo and 136 loci were specific for Zavitan genome. NB-LRRs are plant disease

resistance genes that form one of the biggest gene families in plants and have an important role in
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plant resistance mechanisms and plant innate immune systems (Jupe etal., 2012; Marone et al., 2013;
Bouktila et al,, 2015; Lee and Yeom, 2015). Therefore, identification of their locations on the genome
is of a primary importance for scientific and breeding community and the availability of the wheat
assemblies, including durum wheat assembly, greatly accelerates the investigation of gene family
analysis. Knowledge of the genome-wide distribution (recombination and allele diversity
distribution) of NLR and other gene families highly relevant for wheat breeding programs is essential

for wheat improvement.

The availability of wild emmer and durum wheat genomes allow us to understand better the
evolution and domestication of tetraploid wheat. Besides, we used a Global Tetraploid wheat
germplasm Collection (GTC), composed of 1,854 accessions of up to ten different species and
subspecies such as Persian wheat, wild emmer wheat, durum wheat landraces and cultivars,
cultivated emmer wheat, Polish wheat, Khorasan wheat, Miracle wheat, Karamyschev’s wheat and
Ethiopian wheat. These accessions were collected from a wide range of areas including Fertile
Crescent, Northern Africa, Europe, India, Ethiopia, Transcaucasia, Central Asia, North and South
America. These accessions represent the four principal germplasm groups that are involved in the
history of tetraploid domestication and selection processes: Wild Emmer Wheat - WEW,
Domesticated Emmer Wheat - DEW, Durum Wheat Landraces - DWL and Durum Wheat Cultivars -
DWC. The accessions were genotyped using the wheat iSelect 90K SNP Infinium assay (Wang et al.,
2014). As a result, 17,340 SNPs represented the first set of SNPs used to detect the signatures of
selection from wild emmer wheat to domesticated wheat. Whereas, 5,784 SNPs represented the
second LD-pruned (r2> 0.5) and minor allele frequency (MAF 0.02) filtered set and was used to study
the population genetic structure. The NJ tree analysis clearly differentiated the four main germplasm
groups (WEW, DEW, DWL, DWC), which suggest the presence of a strong founder effect and only
slight evidence for the phylogenetic origin. The results of population structure representation
observed from two independent ADMIXTURE and DAPC non-hierarchical clustering methods were
similar. However, ADMIXTURE cluster classification was relatively more informative compared to
DAPC. Based on ADMIXTURE analysis at K = 2, WEW, DEW, T. turgidum ssp. carthlicum and the
Ethiopian DWL formed the first group, and T. turgidum ssp. durum landraces, cultivated accessions
and other taxa formed a second group. At K = 3, the Ethiopian DWL separated from the other
accessions and at K = 17 subdivided further in two different populations. At K = 5, DEW separated
from WEW. At K = 6, DEW Western and Eastern populations separated, and at K = 7 DEW Ethiopian
and Indian accessions separated. At K= 4 - 13 DEW germplasm clearly separated into five groups. K
= 12 the. T. turgidum ssp. carthlicum clearly separated as well. This result was comparable to the

results obtained from previous diversity studies (Badaeva et al.,, 2005).
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The genetic diversity of DEW was rather expansive compared to a little genetic diversity of
DWC. At higher K values, the genetic diversities of DEW as well as WEW were well structured. While
DWL was less structured, and at low K values showed high admixture rate between the populations.
Ethiopian, T. turanicum and T. carthlicum subpopulations were genetically distant from other
populations and probably have low contribution for the modern tetraploid germplasm. For WEW
germplasm, we identified two main populations: North Eastern Fertile Crescent and Southern Levant.
DEW germplasm subdivided into six main populations: two Northern (Turkey-to-
Transcaucasia/Iran and Turkey-to-Balkans) and four Southern populations (Southern Europe,
Southern Levant-to-Europe, Southern Levant-to-Europe2, Indian, Omani and Ethiopian). Further,
DWL germplasm composed of six main populations as well: two Northern FC (Turkey-to-Fertile
Crescent, Turkey-to-Transcaucasia) and four Southern (Southern Levant FC, Southern Levant-to-
North Africa, Greece-to-Balkans, Ethiopian Landraces and Triticum turanicum). Finally, DWC
composed of five branches from North African Landraces such as ICARDA dryland, Italian
germplasm, CIMMYT germplasm released in the ‘70’s and ‘80’s and germplasm adapted to

Mediterranean environment.

According to our results, Northern populations of WEW germplasm is the possible ancestor
of DEW populations. DWC germplasm showed closer relationship to the DWL North-African and
Transcaucasian subpopulations. The Balkan and Syrian subpopulations of DWL were closely related
to the DWC subpopulations for the ICARDA dryland and the Italian germplasm adapted to

Mediterranean basin.

The tetraploid wheat germplasm is highly structured and it is difficult to capture a well-
defined population structure using a single K value. At lower K values WEW and DEW occurred to be
highly structured based on main population structures and at higher K values additional well-defined
populations emerged. This population differentiation is mostly related to the geographical origin of
the accessions. For the DEW and DWL germplasm groups the differentiation is caused mainly by the
human-driven dispersal processes. In the DWL germplasm, admixture among the main populations
brought by the Mediterranean cross exchange resulted to be an important component of the

diversity.

We used the following three main cross-population transitions in order to study the genetic
diversity reduction and detect the selection signals associated with wild emmer domestication and
durum wheat evolution and breeding: WEW-DEW, DEW-DWL and DWL-DWC. Further, the three
main cross-population transitions (WEW-DEW, DEW-DWL, and DWL-DW(), to study the genetic
diversity reduction and detect the selection signals associated with wild emmer domestication and

durum wheat evolution and breeding, showed some interesting regions. We observed lower diversity
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for WEW germplasms only on pericentromeric regions of chromosomes 2A and 4A. This allowed us
to use WEW as a reference to study the diversity reduction caused by domestication and breeding in
the durum wheat. Subsequently, we observed several diversity reduction regions in the domesticated
and improved germplasm groups. Namely, on chromosomes 1A and 7B we observed DEW-DWL
specific diversity depletion and on chromosomes 44, 5B, 6A a WEW-DEW specific diversity reduction

emerged.

The selection sweep detection highlighted several genomic regions with putative signatures
of selection supported by one or more indexes. At the first transition step of domestication of wild
emmer wheat, we already observed diversity reductions on several chromosomes such as
chromosome 2A, group 4, group 5 and chromosome 6B. Moreover, the region of brittle rachis loci
location on chromosome group 3 showed a strong reduction in diversity supported by several
indexes. Subsequently, in cross-population transition from DEW to DWL the region was subjected to
a further reduction in diversity. In addition, several diversity reduction and selection signature peaks
overlapped with loci associated with domestication, improvement or breeding that lead to the
formation of the present-day durum wheat cultivars. These loci are associated with disease

resistance, domestication, yellow pigment content, seed dormancy.

The analysis of selective signature detection provides an insight into the dynamics of the
changes occurred during domestication and selection processes. Therefore, the detailed knowledge
of the genetic information of durum wheat provides a valuable source directed to increase the

accuracy of breeding process, which, in turn, will bring the advancement of pasta wheat.

Durum wheat cv. Svevo assembly is a valuable resource for wheat improvement. For
breeders, the knowledge of the whole-genome of the durum wheat is advantageous since new crosses
implicate genome-wide changes in the gene networks that control the expression of complex traits.
Availability of the assembly and annotation of the durum wheat genome allows breeders and
scientists to have access to the changes occurring at genome level. Plenty of QTLs have been
identified for wheat; however, only in few cases the causal gene has been cloned. Durum wheat
annotation gives access to the regulatory regions and can be used to conduct a meta-QTL analysis by
anchoring all published QTLs against the reference genome. This knowledge aids researchers and

breeders to deal with various selection challenges.

The selection and improvement of important agronomic traits is complicated since such traits
expression greatly depends on the environmental conditions and management practices. This
problem can be overcome by using a forward genetic approach (by identifying the DNA markers,

which are in strong linkage disequilibrium with the phenotype) or by targeting the genes through
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the genome editing.

Avni et al. (Avni et al., 2017) in order to demonstrate the potential of the polyploid wheat
assembly targeted the domestication trait of non-shattering spike, Brittle Rachis 1, using a population
derived from a cross between accession Zavitan and domesticated durum wheat cultivar Svevo. The
authors identified and demonstrated that the alleles of domesticated wheat carried mutations, which
destroyed the structures of the encoded proteins, and hence are loss-of function alleles. Therefore,
the reference assembly of durum wheat serve as a valuable resource directed to accelerate the

progress and accuracy of genome-assisted advancement of modern wheat.

The availability of the durum wheat assembly and annotation accelerates the identification
of candidate genes in QTLs. The assemblies and annotations of wild emmer wheat (Avni et al., 2017),
bread wheat (International Wheat Genome Sequencing Consortium, 2018) and durum wheat could
be implemented in order to identify the QTL confidence intervals, find the genes in the confidence
interval and prioritize the candidate genes based on the annotation. Moreover, the three assemblies
could be used in order to compare the gene models in the confidence intervals of the three genomes,

the presence of the scaffold ordering errors and the annotation of the assemblies.

In general, knowledge of the durum wheat genome and its organization and function of the
genes is fundamental. It provides a basis for the evolutionary reveal from wild to domesticated
tetraploid wheat as well as for the investigation of the major important traits directed for durum
wheat improvement. Therefore, the availability of genome assembly of durum wheat, their predicted
gene models, annotations and gene expressions represent a valuable resource for scientists as well

as breeders to speed up and advance the process of genetic improvement of durum wheat.
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