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General introduction

To improve crop varieties in the future, genetic diversity is a key factor in plant
breeding. The artificial selection practices have resulted in erosion of diversity in elite
germplasm and thus constraints wheat evolution. Wheat wild relatives, Aegilops
tauschii, D-genome progenitor of wheat, are a storehouse for unexploited genetic
diversity that can be used for improving wheat for yield, quality, and tolerance to biotic
and abiotic stresses.

Aegilops tauschii Coss. is a wild diploid wheat relative with a DD genome and a
broad distribution range in central Eurasia, ranging from northern Syria and
southeastern Turkey to western China (van Slagern 1994; Matsuoka et al. 2008b).
Around 8,000 years ago, the D genome of Ae. tauschii was introduced into common
wheat (Triticum aestivum L. BBAADD genome) by interspecific hybridization with
domesticated emmer wheat (T. turgidum L. subspecies dicoccum Schibl. with the
BBAA genome) and subsequent amphidiploidization. Crossing cultivated tetraploid
wheat with Ae. tauschii yields synthetic hexaploid wheat, which reproduces this
evolutionary path (Kihara and Lilienfeld 1949; Matsuoka and Nasuda 2004; Takumi et
al. 2009a; Kajimura et al. 2011). The wide phenotypic variance of Ae. tauschii can be
brought into common wheat using synthetic hexaploid lines as intermediates or directly
through synthetic octoploid, making Ae. tauschii a valuable genetic resource for wheat
breeding (Zohary et al. 1969; Mujeeb-Kazi et al. 1996; Jones et al. 2013; Jafarzadeh et
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al. 2016). Ae. tauschii Coss. subspecies tauschii has cylindrical spikelets, while Ae.
tauschii Coss. subspecies strangulata (Eig) Tzvel. has quadrate spikelets (Eig 1929;
Hammer 1980). Subspecies tauschii has a broad distribution throughout the species'
geographical ranges, while subspecies strangulata is only found in a small area of the
Transcaucasus and the Caspian Sea's southern shore (Eig 1929). The presence of
continuous morphological intermediates between the two subspecies is also common
(Dudnikov 1998). Subspecies strangulata is a monotypic subspecies, while subspecies
tauschii has three varieties: typica, anathera, and meyeri. Variety meyeri has rosette
form, small spikes, and less spikelets per spikelet, whereas variety anathera is judged
by the awnless phenotype. However, the genetic basis for intraspecific classification
and the phylogenetic relationships between these subspecies and varieties are poorly
understood.

The Ae. tauschii population is divided into 18 haplogroups and four major
haplogroup lineages, HGL7, HGL9, HGL16, and HGL17, based on chloroplast DNA
variations (Matsuoka et al. 2008b). HGL7, the most common haplogroup lineage, is
found in the center of the genetic network and in the species' range, while HGL9 and
HGL16 are found in the western and eastern regions, respectively, suggesting that
HGL9 and HGL16 diverged from HGL7. Following that, studies using genome-wide
marker systems and Bayesian population structure analyses revealed that Ae. tauschii

accessions are classified into three groups; two main lineages TaulL 1 and TauL2, and a
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minor lineage TauL.3 (Mizuno et al. 2010; Matsuoka et al. 2013; Wang et al. 2013a).
TauL1l includes all HGL16 and some HGL7 accessions and is found throughout the
species' range from the Transcaucasus to Pakistan and Afghanistan, while TaulL2
includes all HGL9 and other HGL7 accessions and is restricted to the western region,
and TauL3 like HGL17, is found only in Georgia. Although all three lineages coexist
in the western part of the species' distribution, there are relatively few genetic
intermediates, and these lineages tend to be reproductively isolated (Wang et al. 2013a).
Together, these genealogical studies of chloroplast and nuclear genomes tell a story of
intraspecific diversification (Mizuno et al. 2010); HGL7 split from HGL17 (TauL3)
and other extinct lineages first, then TauL 1 and TauL2 emerged from HGL?7, followed
by the appearance of HGLO in TauLl and HGL16 in TauL2. TauLl and TaulL2 are
further subdivided into ‘a’ and ‘b' sub-lineages respectively. The eastward migration of
the sub-lineage TaulLlb is thought to be responsible for TaulLl's broad spread
(Matsuoka et al. 2015). While their ranges overlap, the TauL2a and TauL2b accessions
are primarily found in the western and eastern regions of the TauL.2 geographical ranges,
respectively. Subspecies tauschii can be found in all three lineages, but subspecies
strangulata is only found in TauL2 (Mizuno et al. 2010).

Previous isozyme and DNA polymorphism studies agreed that typical wheat
speciation existed in the Transcaucasus to southwestern Caspian Iran area (Tsunewaki

1966; Nakai 1978; Dvorak et al. 1998). Furthermore, several studies have assumed that
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the D genome was donated to common wheat by the subspecies strangulata (Nishikawa
et al. 1980; Jaaska 1981; Lagudah and Halloran 1988; Dvorak et al. 2012; Dudnikov
2017). According to the population structure studies revealed by chloroplast DNA,
TauL2 and TauL3 were more closely related to the wheat D genome than TaulL1l
(Matsuoka et al. 2013), and most of the accessions genetically similar to the typical
wheat D genome were TaulL.2b subspecies tauschii, not subspecies strangulata (Wang
et al. 2013a). TauL2 and the wheat D genome diverged around 0.5 million years ago,
considerably earlier than the common wheat speciation (Matsuoka et al. 2013;
Marcussen et al. 2014), suggesting that TauL 2 is not the wheat D genome's closest sister.
Two indices for reproductive isolation, anther length (an index for outcrossing potential
or pre-pollination) and cross ability with a tetraploid wheat cultivar (for post-
pollination), were measured in Ae. tauschii accessions in a recent study and the expected
reproductive barrier was stronger in TauLl than TaulL2, empirically supporting the
suggestion that the wheat D genome was derived from the wheat D genome of TaulL.2
(Matsuoka and Takumi 2017).

In triploid plants, germination failure and hybrid sterility have also been found
(Nishikawa 1960; Matsuoka et al. 2007, 2013). The polyploidy of emmer and bread
wheats, as well as the large and repetitive genomes of Triticum and Aegilops species,
have hindered the establishment of their reference genomes. Ae. tauschii, tetraploid,

and bread wheat genome sizes were estimated to be 4.36 Gb, 12 Gb, and 17 Gb,
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respectively (Jia et al. 2013; Avni et al. 2017). The intergenic regions are densely
packed with transposable elements that are usually longer than Illumina reads.
Furthermore, the coding regions of the three homoeologous genomes of common wheat
share 97% identity (Krasileva et al. 2013). Since 2012, three studies on common wheat
genome sequencing have been published, with total assemblies of 5.42 Gb (Brenchley
et al. 2012), 10.2 Gb (IWGSC 2014), and 12.7 Gb (Clavijo et al. 2017), all of which
were highly fragmented. (Ling et al. 2013; Jia et al. 2013) released draft genomes of
Ae. tauschii and Triticum urartu, the diploid progenitor of the A genome, with 4.23-Gb
and 3.92-Gb assemblies, respectively, but many scaffolds and contigs were not
anchored to chromosomes. A physical map of Ae. tauschii, covering 4 Gb of the genome,
was also released, though access to the sequences was limited (Luo et al. 2013).
However, recent technological advances in sequencing platforms and assembly
algorithms, such as the Illumina HiSeq X Ten, PacBio RS Il and Sequel system, 10x
Genomics Chromium System, Bionano optical genome mapping, and NRGene
DeNovoMAGIC, have made it possible to develop reference-level genome sequences
of wheat and its relatives. In 2017, a near-complete assembly of common wheat was
reported by (Zimin et al. 2017a), with a total assembly length of 15.3 Gb and a N50 of
232,659 bases. The pre-publication data of IWGSC are now available on
https://wheaturgi.versailles.inra.fr/Seq-Repository/Assemblies. For wild emmer wheat,

a 10.1-Gb assembly has been reported (Avni et al. 2017). In addition, three genome

5



assemblies for Ae. tauschii have been announced independently (Luo et al. 2017; Zhao
et al. 2017; Zimin et al. 2017b). These virtually complete reference genome sequences
are allowing genetic and genomic studies of wheat and its relatives on an unprecedented
scale. Ae. tauschii natural population exhibits wide variation in morphological and
physiological traits. Early flowering accessions are more common in the eastern region
(Matsuoka et al. 2008b, 2015), and genetic variations in early flowering loci such as
Vrn-D1, Ppd-D1, and VRN2 have been identified (Takumi et al. 2011; Huang et al.
2012; Kippes et al. 2016; Koyama et al. 2018). Spikelet morphological trait has regional
clines; spikelets appear to be small in eastern and southern range (Takumi et al. 2009b;
Matsuoka et al. 2009). Eastern accessions also have high seed productivity (Matsuoka
et al. 2015) and salt resistance during germination and seedling development (Saisho et
al. 2016), suggesting that these characteristics, as well as the early flowering phenotype,
which is strongly acquired in subspecies TaulL1b, were the driving force behind the
species' eastward expansion. Thus, the morphological variations might underlie the
genealogical diversification, and detailed analyses of their genetic bases would provide
us new insights on the evolutionary path of Ae. tauschii. Notably, the TaulLlb
accessions of these agronomically significant traits may seem not to have been involved
in the common wheat speciation case (Matsuoka et al. 2013; Wang et al. 2013b),
implying that the TauL1 phenotypic and genetic variation would be useful for wheat

breeding.



Because of the significant importance of Ae. tauschii as storehouse of genetic
diversity necessary for wheat improvement, this dissertation aimed to (1) clarify the
phylogeny of Ae. tauschii and identify morpho-physiological traits that discriminate
between the two main lineages (TauL1 and TauL2), ssp. tauschii belonging to TaulL1
or TauL 2, and the two subspecies (ssp. tauschii and ssp. strangulata) in Chapter 1, and,
(2) to identifying markers or genes associated with morpho-physiological traits in Ae.
tauschii, and at understanding the difference in genetic diversity between the two main
lineages in Chapter 2. Overall objective of this dissertation is to study each lineage

independently and study the difference between in morpho-physiological variation.



Chapter 1

Traits to Differentiate Lineages and Subspecies of Aegilops tauschii, the D

Genome Progenitor Species of Bread Wheat

1.1. Abstract

Aegilops tauschii Coss., the D genome donor of hexaploid wheat (Triticum
aestivum L.), is the most promising resource used to broaden the genetic diversity of
wheat. Taxonomical studies have classified Ae. tauschii into two subspecies, ssp.
tauschii and ssp. strangulata. However, molecular analysis revealed three distantly
related lineages, TauLl, TauL2, and TauL3. TauL1 and TauL3 includes the only ssp.
tauschii, whereas TaulL2 includes both subspecies. This study aimed to clarify the
phylogeny of Ae. tauschii and to find the traits that can differentiate between Taul1,
TaulL2 and TauL3, or between ssp. tauschii and ssp. strangulata. | studied the genetic
and morpho-physiological diversity in 293 accessions of Ae. tauschii, covering the
entire range of the species. A total of 5,880 high-quality SNPs derived from DArTseq
were used for phylogenetic cluster analyses. As a result, | observed wide morpho-
physiological variation in each lineage and subspecies. Despite this variation, no key
traits can discriminate lineages or subspecies though some traits were significantly
different. Of 124 accessions previously lacking the passport data, 66 were allocated to

TaulL1, 57 to TauL2, and one to TaulL3.



1.2. Introduction

Wild relatives attract increasing attention because they can provide characters
related to adaptation (Hu et al. 2012). The genus Aegilops L. (Poaceae) has been
intensively studied because of its close relationship with cultivated wheats. The
phylogenetic relationship between genera Aegilops and Triticum L. is widely reported
(Kimber and Zhao 1983; Kellogg et al. 1996; Petersen et al. 2006; Alnaddaf et al. 2012),
and on a world scale, the genus Aegilops includes 23 wild annual species, of which 11
are diploids and 12 are allopolyploids (Hammer 1980; Kilian et al. 2011). The revision
of the genus Aegilops with regards to its genome and taxonomy results in a total of 27
specific and intraspecific taxa (Van Slageren 1994). Aegilops tauschii Coss. (syn. Ae.
squarrosa auct. non L.), a wild diploid self-pollinating species (2n = 2x = 14, DD), is
the D genome donor of the hexaploid bread wheat (Triticum aestivum L.; 2n = 6x =42,
AABBDD). This wild species is found mainly at the edges of wheat fields in eastern
Turkey, Iraqg, Iran, Pakistan, India, China, Afghanistan, Central Asia, Transcaucasia
(South Caucasus), and the Caucasus region (Feldman M (2001)). About 8,000 to 10,000
years ago, the ancestor of the current bread wheat appeared as a result of natural
hybridization between cultivated wheat (Triticum turgidum L., 2n = 4x = 28, AABB)
and Ae. tauschii (Feldman M (2001); Kihara 1944; McFadden and Sears 1944). Inside
this last species, two subspecies were first described by Eig (1929) (Eig 1929) as Ae.

squarrosa ssp. eusquarrosa and ssp. strangulata, and their nomenclature was revised
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by Hammer (1980) as Ae. tauschii ssp. tauschii and ssp. strangulata. Ae. tauschii is
genetically and morphologically diverse (Eig 1929), and the ssp. tauschii has elongated
cylindrical spikelets, whereas ssp. strangulata has quadrate spikelets and empty glumes
(Eig 1929; Hammer 1980). The ssp. tauschii has a wide distribution throughout the
species range, whereas ssp. strangulata is limited to the south-eastern Caspian coastal
region and the Caucasus (Matsuoka et al. 2009) Some of the molecular studies
supported the subspecies division (Gill et al. 1991; Dvorak et al. 1998b; Pestsova et al.
2000), whereas others did not (Lelley et al. 2000; Saeidi et al. 2006).

The genetic diversity in Ae. tauschii has been studied at the molecular level by
using isozymes (Dudnikov and Kawahara 2006), random amplified polymorphic DNA
(RAPD) (Okuno et al. 1998), chloroplast DNA(Matsuoka et al. 2005, 2009) amplified
fragment length polymorphisms (AFLPs) (Mizuno et al. 2010)[23], simple sequence
repeats (SSRs) (Naghavi and Mardi 2010), and DArT-array markers (Sohail et al. 2012).
Most of these studies classified Ae. tauschii into three lineages: TauL1 including only
ssp. tauschii, TauL2 including both ssp. tauschii and ssp. strangulata, and TauL.3 with
intermediate forms. However, Arora et al. (Arora et al. 2017, 2019b) reported that
TauLl is mainly associated with ssp. tauschii and TaulL2 with ssp. strangulata.
Therefore, this study aims to clarify the phylogeny of Ae. tauschii and to identify

morpho-physiological traits that discriminate between the two main lineages (TauLl
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and TauL.2), ssp. tauschii belonging to TauL1 or TauL2, and the two subspecies (ssp.
tauschii and ssp. strangulata).
1.3. Materials and Methods
1.3.1. Plant Materials

| used 293 Ae. tauschii accessions collected from the entire range of the natural
distribution of this species (Table 1-1, Fig. 1-1). Of these accessions, 201 have full
passport data, including geographical coordinates, lineages and subspecies
classification (Matsuoka et al. 2009) (Fig. 1). Five of the 201 accessions (AT 55, AT
60, AT 76, Pl 499262, and Pl 508262) represent adventive populations in the Shaanxi
and Henan provinces of China. Among the 201 accessions, 132 belong to Taul 1, 64 to
TaulL2, and 5 to TauL3 (Matsuoka et al. 2009). Based on sensu stricto criteria for
subspecies classification, only accessions with distinctly moniliform spikes were
classified to Ae. tauschii ssp. strangulata. In contrast, accessions having mildly
moniliform and cylindrical spikes were classified to Ae. tauschii ssp. tauschii
(Matsuoka et al. 2009). Of 293 accessions used in this study, 169 were previously
studied by Matsuoka et al. (2009) (Matsuoka et al. 2009)who classified 110, 55, and 4
to TauLl, TaulL2, and TauL3, respectively.
1.3.2. Genomic Analysis and Statistical Analysis of Molecular Data

Genomic DNA was extracted using the CTAB method (Saghai-Maroof et al. 1984).

The DNA samples (30 ul; 50-100 ng ul™') were sent to Diversity Arrays Technology
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Pty. Ltd, Australia (http://www.diversityarrays.com) for a whole-genome scan using
the DArTseq platform. Sequencing-based DArT genotyping applies two complexity-
reduction methods optimized for several plant species i.e., Pstl/Hpall and Pstl/Hhal
were used to select a subset of the corresponding fragments (Sansaloni et al. 2011). At
the DArT facility, the DArT soft marker extraction pipeline was used to filter and
identify the informative markers. We performed the hierarchical clustering analysis in
the statistical software R with the pvclust package (Suzuki and Shimodaira 2006). The
DArTseq SNPs data of 5,880 markers without any missing data for 293 accessions of
Ae. tauschii from 16 countries (some accessions are from unknown origin) were used
for the analysis. Pvclust package computes the AU (approximately unbiased) P-value
and BP (bootstrap probability) value via multiscale bootstrap resampling. These values
can show how strong the clustering result is supported by the data. The dendrogram was
generated by using the Euclidean distance matrix and complete method.
1.3.3. Morpho-Physiological Evaluation

The morphological and physiological traits of all the accessions were measured at
the research field of the Arid Land Research Center, Tottori University (Tottori, Japan;
35°32'N, 134°13'E) during the winter and spring seasons of 2016/17 and 2017/18 by
using an augmented complete block design with three randomly selected accessions as
checks (GE12-14-0O-1, GE12-28-0-2, and KU-20-2), and five plants were grown per

accession. To estimate the phenotypic variation, we measured two leaf parameters (flag
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leaf length, FLL; flag leaf width, FLW), four spike parameters (spike length, SPL; spike
width, SPW; seed number per spike, SN/SP; spike weight, SPWg), days to heading
(DH), biomass weight (Bio), and three physiological traits (Normalized Difference
Vegetative Index, NDVI; canopy temperature, CT; and chlorophyll content, SPAD). To
measure SPWg, | covered the spikes with a transparent envelope before physiological
maturity to avoid shattering. The measurement methods are summarized in Table 1-2.
1.3.4. Statistical Analysis of Morpho-Physiological Data

Analyses of the phenotypic data, including mean, standard deviation, range
distribution, and analysis of variance (F and P-values in one-way ANOVA) for the
morpho-physiological variations were calculated using Plant Breeding Tools (PBTools)
version 1.4 (International Rice Research Institute, http://bbi.irri.org/products). Because
of significant genotype x season interaction, best linear unbiased predictions (BLUPS)
were estimated for each trait.
1.4. Results
1.4.1. Phylogenetical Allocation of Uncertain Accessions by Molecular Markers

Following (Matsuoka et al. 2009), | carefully observed the key morphological
traits of the 124 accessions that lacked taxonomical information and identified 7
accessions as ssp. strangulata and the remaining 117 as ssp. tauschii. Among the seven
accessions identified as ssp. strangulata, AE 525 was collected from Iran, AE 692 from

Uzbekistan, and AE 426, AE 428, AE 429, AE 430 and AE 434 from unknown regions.
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To know the lineages (TaulLl, TauL2 or TauL3) of all 124 accessions, | conducted
cluster analysis using 5,880 DArTseq markers. As a result, 66, 57 and 1 were clustered
in TauL1, TauL2 and TauL3, respectively (Fig. 1-2, Fig. 1-S1). All the accessions in
TauLl were ssp. tauschii, whereas in TaulL2, 50 were ssp. tauschii and 7 ssp.
strangulata. The accessions in the TauL3 were ssp. tauschii. These findings supported
previous results that ssp. strangulata is present only in TauL.2.

Previously, Matsuoka et al. (2009) classified Ae. tauschii accessions into TaulL1,
TauL2 and TaulL3 based on the chloroplast DNA. To confirm their result, | analyzed
the 169 accessions used in Matsuoka et al. (2009) using DArTseq markers. Most of the
accessions were clustered as expected with 5 exceptions: KU-2109 and KU-2158 were
in TauL1, whereas Pl 486274, |G 127015, and I1G 120735 were in TaulL2.

From these studies, | found that all 293 accessions of Ae. tauschii were classified
as 175 TaulLl, 113 TauL2, and 5 TauL3. In TauL2, 15 accessions were ssp. strangulata
and others including accessions in TauLl and TaulL3 were ssp. tauschii. The TaulLl
cluster contained accessions from Syria, Turkey, Georgia, Armenia, Azerbaijan,
Dagestan, Iran, Turkmenistan, Afghanistan, Pakistan, Tajikistan, Uzbekistan,
Kyrgyzstan, Kazakhstan, China, and unknown countries. The TauL2 cluster contained
accessions from Syria, Turkey, Georgia, Armenia, Azerbaijan, Dagestan, Iran,

Turkmenistan, Uzbekistan, and unknown countries (Table 1-1, Fig. 1-2, Fig. 1-S1). The

14



ssp. strangulata accessions were clustered in one clade in TauL2, and most of the
accessions were from Iran.
1.4.2. Morpho-Physiological Differences between TaulL1 and TauL?2

A large variation was observed for all the morpho-physiological traits in TauL1
and TaulL2 (Table 1-3). Statistical analyses showed a significant difference between
these two lineages in SPW, SPWg, DH, and Bio. The means in these traits were larger
in TauL 2 than in TauL1l, indicating that the accessions in TauL.2 tend to be higher than
TauL1. On the other hand, the means of the physiological traits (NDVI, CT, and SPAD),
and leaf traits (FLL and FLW) were not significantly different between them. The
ranges of these traits overlapped between the two lineages, and thus | cannot
discriminate the two groups with these traits (Table 1-3).
1.4.3. Morpho-Physiological Variation between ssp. tauschii Belonging to TaulLl
and TaulL2

| designated ssp. tauschii in TauLl and Taul2 as ‘TauL1T’ and ‘TaulL2T’,
respectively, and compared accessions in these groups. A large variation was observed
for all the morpho-physiological traits in TauL1T and TauL2T (Table 1-4). Statistical
analyses showed significant differences between the two groups in FLL, DH, and Bio.
The mean of FLL was higher in TauL 1T, whereas those of DH and Bio were higher in
TauL2T. On the other hand, the means of the physiological traits (NDVI, CT, and

SPAD), and spike traits (SPL, SPW, SN/SP and SPWg) were not significantly different
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between them. The ranges of these traits overlapped between TauL1T and TauL2T, and
thus we cannot discriminate the two groups with these traits (Table 1-4).
1.4.4. Morpho-Physiological Variation between ssp. tauschii and ssp. strangulata
A large variation was observed for all the morpho-physiological traits in ssp.
tauschii and ssp. strangulata (Table 1-5). Statistical analyses showed significant
difference between these two subspecies in SPL, SN/SP, SPW(g, and DH. The means of
SPL and SN/SP were higher in ssp. tauschii than in ssp. strangulata, whereas those of
SPWg and DH were higher in ssp. strangulata than in ssp. tauschii. On the other hand,
the means of the leaf traits (FLL and FLW), SPW, and physiological traits (NDVI, CT,
and SPAD) were not significantly different between them. The ranges of these traits
overlapped between the two subspecies (Table 1-5).
1.4.5. Morpho-physiological traits of accessions in TaulL3
In this study, only five accessions (AE 454, AE 929, AE 929a, KU-2829A and
KU-2832) belong to TauL.3. All the accessions originated from Georgia and showed a
similar plant morphology to ssp. tauschii with an intermediate spike shape between
TauLl and TauL2. Genomic analysis revealed that these accessions are clearly
differentiated from both TauL1 and Taul.2.
1.5. Discussion
1.5.1. Geographical Clines of Morphological Variation in Subspecies and Lineage

Classification
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The main putative area of origin of Ae. tauschii is the Transcaucasus, from
which it has spread to the east and south (Feldman M (2001)) (Fig. 1-1). While ssp.
tauschii has cylindrical spike forms and ssp. strangulata moniliform spike forms, some
Ae. tauschii accessions have mildly moniliform spike forms (TauL3) which suggest a
hybrid origin. Overall, spikelet morphology is the main trait not only for discriminating
the two subspecies but also for intraspecific diversification in Ae. tauschii, even though
the genetic basis of spikelet morphology divergence has not yet been studied. Nishijima
etal. (2017) divided Ae. tauschii into two main lineages TaulL1 and TauL2, and a minor
lineage (TauL3) by Bayesian population structure analysis with genome-wide marker
genotyping. Using DArTseq genotyping of a large number of accessions, | confirmed
their results (Fig. 1-2). The TauL1 accessions are spread from the western geographical
range (Transcaucasus, northern regions of Iran) to the eastern geographical range
(Pakistan and Afghanistan), whereas TauL 2 is limited only to the western range, and
ssp. strangulata is included only in TaulL.2.

This result is consistent with Mizuno et al. (2010b) using AFLPs. Thus, the
differentiation of the ssp. strangulata is believed to have occurred in TauL2. Also, |
found that the most probable origin of ssp. strangulata is Iran and that this subspecies
clusters in one clade within TauL2 (Fig. 1-2). This finding strongly indicates that
speciation had occurred in the ssp. tauschii included in TaulL.2, resulting in appearance

of ssp. strangulata-type spike morphology. The D genome of ssp. strangulata is
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involved in the D genome of bread wheat. This was revealed by sequencing (Ling et al.
2018), single nucleotide polymorphisms (Wang et al. 2013c), variation in the AP2
homoeologs, the genes underlying lodicule development (Ning et al. 2013), SSR
markers (Naghavi et al. 2009), NADP-dependent aromatic alcohol dehydrogenase
(Jaaska 1978), and aspartate aminotransferase and alcohol dehydrogenase isoenzymes
(Jaaska 1981). Overall, using the DArTseq genotyping platform, | have allocated 124
accessions with no previous lineage description into TaulL1, TauL2 or TauL3. Also,
based on this data, | have reclassified 5 accessions: 2 accessions from Iran (KU-2109
and KU-2158) formerly classified in TauL.2 by chloroplast DNA (Matsuoka et al. 2009)
were now placed in TauL1, and 3 accessions (Pl 486274 from Turkey, 1G 127015 from
Armenia, and 1G 120735 from Turkmenistan) formerly classified in TauL1l were now
placed in TauL2. The inconsistency of the nucleus and cytoplasmic genomes may be
attributable to the cytoplasmic substitution origin by hybrids between the two lineages
and the backcrossing in the evolution of these accessions. Furthermore, previous studies
reported that accessions in TaulL2 were distributed in the regions near the Caspian Sea.
However, here | found that five accessions (AE 192, AE 213, AE 250, CGN10733 and
IG 120735) which originated from Turkmenistan and AE 692 from Uzbekistan were
clustered in TauL2 (Table 1-1). These accessions may have been transferred to the
regions naturally or by human activity.

1.5.2. Potential for Adaptive Convergence in Ae. tauschii Evolution
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Molecular evolutionary studies have explained the origin of crops more clearly
than before (Londo et al. 2006; Doebley et al. 2006; Purugganan and Fuller 2009),
especially for the main crops that were domesticated without ploidy modification.
Phylogeographic analyses based on nuclear and chloroplast DNA sequences have
shown multiple evolutionary origins of cultivated rice in East Asia (Londo et al. 2006)
and barley in the Fertile Crescent and Central Asia (Saisho and Purugganan 2007,
Morrell and Clegg 2007), whereas phylogenetic analysis based on multilocus
microsatellite genotyping has shown a single domestication event for maize ca. 9,000
years ago (Matsuoka et al. 2002). One of the fundamental problems in understanding
the evolution of Ae. tauschii is the relationship between the different lineages and
subspecies. In the current study, although some traits examined differed significantly
between the lineages and subspecies, the range of the diversity was overlapped (Tables
1-3 -1-5). The phenotypes convergence may have originated through either divergent
genetic solutions (Wittkopp et al. 2003; Pascoal et al. 2014) or the same pathways,
genes, or even nucleotide positions in independent lineages (Zhen et al. 2012; Martin
and Orgogozo 2013). Convergence at the genetic level can in turn result from (i)
mutations arising independently in separate populations or organisms (parallel genetic
evolution); (ii) evolution of a polymorphic allele in a common ancestral population or
species (trans-specific polymorphism); and (iii) evolution of an allele introduced by

hybridization (introgression) from one population to another (e.g., TauL1 and TaulL.2).
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Another possibility that can explain the phenotypic similarities between the different
Ae. tauschii lineages is the occurrence of genetic differentiation after the geographical
isolation under similar environmental condition without morphological or physiological
differentiation. Local standing genetic diversity combined with spatial population
structure restricting dispersal in an ecologically patchy area promotes rapid
convergence (Ralph and Coop 2015).
4.3. Implications of Ae. tauschii Diversity in Wheat Breeding

Among the species in genus Aegilops, only Ae. tauschii can be used efficiently for
wheat improvement owing to the mostly regular pairing of its chromosomes with the D
genome chromosomes of bread wheat (Kishii 2019). It is believed that Ae. tauschii is
an excellent source to widen the narrow genetic base of bread wheat. Currently, with
the new advances in plant science and the rapid development of sequencing and
genome-editing tools, identification, and characterization of genes of interest in wheat
are in progress and can be expected to become easier and more straightforward in the
coming decades. Once the gene in question is identified and characterized, it is easy to
transfer and utilize the gene in breeding programs. This will pave the way to utilize the
genes from Ae. tauschii as it will help to overcome the limitations related to the irregular

chromosome pairing.
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Tables and Figures of chapter 1

Table 1-1. Aegilops tauschii accessions used in this study

Origin Taull Taul2 Taul3
Syria AE 1069 1G 47259 1G 46623
KU-2131 KU-2132  KU-2133 = KU-2136 = KU-2137 | P1486267 PI 486274
Turkey KU-2138 = KU-2140  KU-2141  PI486270 PI486277
P1554319
AE 254 AE 461 GE12-28-O-2. KU-20-2 KU-2826 | AE1037 GE12-14-O-1 KU-2827 KU-2835B AE929 = AE454
Georgia KU-2828 = KU-2834 KU-2829A KU-2832
AE 929a
AE 245 AE 253 AE 476 AE721 | CGN 10734 AE229 AE 231 AE 940 AE941  1G 126991
Armenia 1G126273 1G126280 1G126293 1G126353 IG48748 [IG 127015 KU-2811
IG48758 KU-2809  KU-2810  KU-2814  KU-2816
KU-2821 KU-2822A  KU-2823  KU-2824
AE 143 AE 220 AE 251 AE723 AE724 AE 144 AE 191 AE 194 AE 195 AE 197
AE725 AE 1055 1G 47196 AE 198 AE 199 AE 200 AE 202 AE 203
AE 204 AE 205 AE 206 AE 207 AE 210
AE 211 AE 216 AE 217 AE 218 AE 219
Azerbaijan AE 221 AE 222 AE 223 AE 224 AE 226
AE 230 AE 255 AE 260 AE 261 AE 262
AE 263 AE 264 AE 267 AE 270 AE 272
AE 273 AK 228 1G47182 1G47186  1G 47188
1G47193  1G47199 1G47202 1G47203 = KU-2801
KU-2806
D AE 234 AE 498 IG 120863 1G 120866 IG 48274  KU-20-1
agestan
AE 183 AE 184 AE 541 1G49095  KU-2082 | AE525* AE 526 KU-20-8  KU-20-9* KU-20-10
KU-2109 KU-2113  KU-2115 = KU-2116 = KU-2120 | KU-2069 KU-2075* KU-2079* KU-2080* KU-2083
KU-2121 = KU-2142  KU-2143 = KU-2144  KU-2148 | KU-2086 = KU-2088* KU-2090* KU-2092* KU-2093*
Iran KU-2152  KU-2153  KU-2154 = KU-2157  KU-2158 | KU-2096  KU-2097 KU-2098 KU-2100 KU-2101
KU-2102 = KU-2103  KU-2104 KU-2105 KU-2106
KU-2110  KU-2111  KU-2112 KU-2118 = KU-2124
KU-2126  KU-2155  KU-2156  KU-2159 KU-2160
AE 141 AE 146 AE 242 AE 248 AE 249 AE 192 AE213 AE 250 CGN 10733 1G 120735
Turkmenistan | AE 291 AE 398 AE 472 AE 473 AE 499
AE 637 AE 964 1G 126387  1G 126489  IG 48508
1G 48518
AE 193 AE 275 AE 276 AE 277 AE 279
AE 280 AE 281 AE 1087 KU-2010 = KU-2012
KU-2016 = KU-2018 = KU-2022 = KU-2025  KU-2027
Afghanistan KU-2035 KU-2039  KU-2042 = KU-2043  KU-2044
KU-2050 = KU-2051 = KU-2056 = KU-2059 = KU-2061
KU-2063  KU-2066  KU-2616 KU-2617  KU-2619
KU-2621 = KU-2624  KU-2630 = KU-2632  KU-2633
KU-2635 KU-2636  KU-2638  KU-2639  PI476874
Pakistan CGN 10767 CGN 10768 CGN 10769 CGN 10771 IG 108561
1G46663 1G46666  KU-2003  KU-2006  KU-2008
AE 189 AE 233 AE 647 AE 817 AE 858
Tajikistan AE 955 AE 956 AE1038 AE 1039 AE 1040
1G 48554 1G 48559  1G 48564
Ugzbekistan AE3 AE 239 AE 469 AE560  1G 120736 | AE 692*
1G 123910 1G 48539  IG 48565  1G 48567
Kyrgyzstan AE 256 AE 257 AE 1180  1G 131606
Kazakhstan AE 1090
China AT 55 AT 60 AT76 PI499262 PI508262
Unknown AE 26 AE 32 AE 67 AE 147 AE 150 AE 426* AE 428* AE 429* AE 430* AE 431
location site AE 422 AE 427 AE 433 AE 594 AE 432 AE 434*

Roman accessions are known from Matsuoka et al. (2009) (Matsuoka et al. 2009). Italic accessions
are classified in this study into TauL1, TauL2 or TauL3. Bold accessions have different taxonomy
based on chloroplast DNA. AE accessions were received from the Institut fir Pflanzengenetik und
Kulturpflanzenforschung (IPK), Germany; AT accessions from the Faculty of Agriculture, Okayama

University, Japan; CGN accessions from the Instituut VVoor Planten Veredeling, Landbouwhoge
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School, Wageningen, the Netherlands; 1G accessions from the International Center for Agricultural
Research in the Dry Areas (ICARDA), Syria; KU accessions from the Germplasm Institute, Faculty
of Agriculture, Kyoto University, Japan; and Pl accessions from the US Department of Agriculture. *
Ssp. strangulata. The subspecies classified morphologically following Matsouka et al. (2009)

(Matsuoka et al. 2009) and confirmed by cluster analysis in this study (Supplementary Fig. 1-1).
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Table 1-2. Phenotypic traits analyzed.

Trait Abbrev_lat|on Measurement/Definition
(unit)
Flag leaf length FLL (cm) Measured from three tillers per accession.

Flag leaf width
Spike length

Spike width
Seed number/spike

Spike weight

Days to heading

Biomass weight

Normalized
Difference
Vegetation Index

Canopy temperature

Chlorophyll content

FLW (mm)
SPL (cm)

SPW (cm)
SN/SP

SPWg (9)

DH

Bio (g)

NDVI

CT (°C)

SPAD

Measured from three tillers per accession.

Measured from the middle five spikes after maturity
stage.

Measured from the middle of five spikes after
maturity stage.

Counted from five spikes at harvesting.

Weighed from five spikes (one per tiller) using a
sensitive scale.

Recorded when the whole spike above the flag leaf
fully emerged on the earliest tiller in each plant of
each accession.

Weighed after harvesting and drying of five plants
in a glasshouse.

A vegetative index that compares reflectance in the
red and near-infrared regions. Measured during
flowering using a handheld optical sensor unit
(Green Seeker), NTech Industries, Inc., Ukiah, CA,
USA.

Measured during flowering using an
thermometer AD-5611A.

Measured at the flowering stage from the middle of
the flag leaf of three tillers using a Minolta brand
chlorophyll meter (Model SPAD-502; Spectrum
Technologies Inc., Plainfield, IL, USA).

infrared
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Table 1-3. Morpho-physiological variation in two Aegilops tauschii lineages, TaulL1

(175 accessions) and TaulL2 (113 accessions).

TaulLl TaulL2 P-value

Trait . . (Taul1
Min Max Mean STD Min Max Mean STD  Versus

Taul.?2)

FLL 5.35 2065 13.74 2.48 5.77 20.32 1296 2.84 0.052
FLW  4.80 11.00 8.10 1.20 4.20 10.90 7.80 1.10 0.145
SPL 9.08 1755 1261 1.50 8.80 17.27 1203 155 0.325
SPW 0.40 0.71 0.53 0.06 0.40 0.75 0.58 0.07 0.011
SN/SP 15.82 29.67 22.00 2.32 15.42 2993 1951 2.05 0.081
SPWg 0.35 0.67 0.50 0.06 0.34 0.71 0.54 0.07 0.005

DH 150.78 184.03 169.19 5.78 159.77 19145 17439 4.04  0.000
Bio 60.53 189.78 99.24 23.61 73.90 227.09 13450 37.11 0.000
NDVI  0.60 0.63 062 0.01 0.60 0.64 062 0.01 0.389
CT 1511 2514 1834 191 1449 2450 1791 184  0.303
SPAD 40.92 4537 4350 0.73 4206 4546 43.69 0.71  0.413
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Table 1-4. Morpho-physiological variation in ssp. tauschii in TauLl (TauLl1T, 175

accessions) and TauL2 (TauL2T, 98 accessions).

TaulL1lT TaulL2T P-value

Trait (TauL1T
Min Max Mean STD Min Max Mean STD VErsus

Taul.2T)

FLL  5.35 20.65 13.74 2.48 5.77 20.32 12.78 2.89 0.040
FLW  4.80 11.00 8.10 1.20 4.20 1.90 7.80 1.20 0.239
SPL 9.08 1755 1261 1.50 8.80 16.75 1219 141 0.271
SPW  0.40 0.71 0.53 0.06 0.40 0.72 0.57 0.07 0.145
SN/SP 1582 29.67 22.00 2.32 16.13 29.93 19.72 2.07 0.106
SPWg 0.35 0.67 0.50 0.06 0.37 0.67 0.53 0.06 0.091
DH 150.78 184.03 169.19 5.78 159.77 191.45 17446 4.28 0.001
Bio 60.53 189.78 99.24 23.61 73.90 227.09 135.39 37.28 0.000
NDVI 0.60 0.63 0.62 0.01 0.60 0.64 0.62 0.01 0.327
CT 1511 2514 1834 1091 1449 2450 1784 187 0.377
SPAD 40.92 4537 4350 0.73 4231 4546 4367 0.69 0.27/8

25



Table 1-5. Morpho-physiological variation in ssp. tauschii (273 accessions) and spp.

strangulata (15 accessions) of Aegilops tauschii.

B P-value
Ssp. tauschii Ssp. strangulata (tauschii
Trait Versus
) . strangul
Min Max Mean STD Min Max Mean STD atas)g

FLL 5.35 20.65 1340 2.68 11.04 1797 1415 217 0.228
FLW  4.20 11.00 8.00 1.20 6.40 9.50 7.90 0.90 0.123
SPL 8.80 1755 1246 148 8.82 1727 11.00 197 0.027
SPwW  0.40 0.72 0.54 0.07 0.58 0.75 0.66 0.06 0.432
SN/SP 1582 2993 2118 248 1542 2042 1813 130 0.006
SPWg 0.35 0.67 0.51 0.06 0.34 0.71 0.58 0.09 0.004
DH 150.78 191.45 171.08 5.86 170.37 178,51 17394 172 0.000
Bio 60.53 227.09 11221 34.01 89.70  223.05 128.67 3540 0.294
NDVI 0.60 0.64 0.62 0.01 0.60 0.63 0.62 0.01 0.088
CT 1449 2514 1816 191 16.11 2155 1837 155 0.280
SPAD 4092 4546 4356 0.72 4206 4483 4382 084 0.151
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Turkey

China

Figure 1-1. Geographical distribution of 293 Aegilops tauschii accessions. Blue circles, lineage 1
accessions (TauL.1); red circles, lineage 2 accessions (TaulL2); and green circle, lineage 3 accessions

(TauL3). Western range is enlarged.

27



TauL2 cluster

Number of accessions: 113 accessions
Geographical distribution
SYR, 1 accession, 0.9%
TUR, 2 accessions, 1.8%
GEQ, 4 accessions, 3.5%
ARM, 7 accessions, 6.2%
AZE, 46 accessions, 40.7%
DAG, 5 accessions, 4.4%
IRN, 35 accessions, 31.0%
TKM 5 accessions, 4.4%
UZB, 1 accession, 0.9%
UN 7 accessions, 6.2%

Ssp. strangulata 15 accessions (IRN 9
accessions, UZB 1 accession , UN 5
accessions)

TaulL3 cluster
Number of accessions: 5 accessions
GEOQ, 5 accessions 100%

TaulL1 cluster

Number of accessions: 175 accessions
Geographical distribution
SYR, 2 accession, 1.1%
TUR, 11 accessions, 6.3%
GEQ, 7 accessions, 4.0%
ARM, 19 accessions, 10.9%
AZE, 8 accessions, 4.6%
DAG, 1 accession, 0.6%
IRN, 20 accessions, 11.4 %
TKM 16 accessions, 9.1%
AFG, 40 accessions, 22.9%
PAK, 10 accessions, 5.7%
TA], 13 accessions, 7.4%
UZB, 9 accessions, 5.1%
KGZ, 4 accessions, 2.3%
KAZ, 1 accession, 0.6%
CHN, 5 accessions, 2.9%
UN, 9 accessions, 5.1%

Figure 1-2. Schematic form of hierarchical clustering of 293 Ae. tauschii accessions showing the
classification of TauL1, TauL2, and TauL3 based on high-quality SNPs derived from 5,880 DArTseq
markers. Origin of accessions: SYR, Syria; TUR, Turkey; GEO, Georgia; ARM, Armenia; AZE,
Azerbaijan; DAG, Dagestan; IRN, Iran; TKM, Turkmenistan; AFG, Afghanistan; PAK, Pakistan; TAJ,
Tajikistan; UZB, Uzbekistan; KGZ, Kyrgyzstan; KAS, Kazakhstan and CHN, China, and UN,

unknown country.
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Figure 1-S1. Hierarchical clustering of 293 Ae. tauschii accessions showing the classification of

TauL1, TauL2, and TauL 3 based on high-quality SNP markers derived from 5,880 DArTseq markers.
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Values at branches are AU values (upper, red), BP values (down, blue), and cluster labels (medium,
gray). Ssp. strangulata is indicated, and others belongs to ssp. tauschii. UN, unknown lineages, or
country. Origin of accessions: SYR, Syria; TUR, Turkey; GEO, Georgia; ARM, Armenia; AZE,
Azerbaijan; DAG, Dagestan; IRN, Iran; TKM, Turkmenistan; AFG, Afghanistan; PAK, Pakistan; TAJ,
Tajikistan; UZB, Uzbekistan; KGZ, Kyrgyzstan; KAS, Kazakhstan and CHN, China. The two black

circles indicate where these two trees are connected.
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Chapter 2
Genome-wide association study of morpho-physiological traits in Aegilops

tauschii to broaden wheat genetic diversity

2.1. Abstract

Aegilops tauschii, the D-genome donor of bread wheat, is a storehouse of genetic
diversity that can be used for wheat improvement. This species consists of two main
lineages (TauL1 and TauL2) and one minor lineage (TauL3). Its morpho-physiological
diversity is large, with adaptations to a wide ecological range. Identification of allelic
diversity in Ae. tauschii is of utmost importance for efficient breeding and widening of
the genetic base of wheat. This study aimed at identifying markers or genes associated
with morpho-physiological traits in Ae. tauschii, and at understanding the difference in
genetic diversity between the two main lineages. | performed genome-wide association
studies of 11 morpho-physiological traits of 293 Ae. tauschii accessions representing
the entire range of habitats using 34, 920 DArTseq markers. | observed a wide range of
morpho-physiological variation among all accessions. | identified 79 marker—trait
associations (MTAS) in all accessions, 14 specifics to TauL1 and 17 specific to TaulL .2,
suggesting independent evolution in each lineage. Some of the MTAs could be novel

and have not been reported in bread wheat. The markers or genes identified in this study
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will help reveal the genes controlling the morpho-physiological traits in Ae. tauschii,
and hence in bread wheat even if the plant morphology is different.
2.1. Introduction

Aegilops tauschii Coss. (syn. Ae. squarrosa auct. non L.), a wild diploid self-
pollinating species (2n = 2x = 14, DD), is the D-genome donor of hexaploid bread wheat
(Triticum aestivum L.; 2n = 6x = 42, AABBDD). It is native to Central Asia throughout
the Caspian Sea region and China. About 10,000 years ago, natural hybridization
between tetraploid wheat and Ae. tauschii (Renfrew 1973; Gill and Raupp 1987;
Lubbers et al. 1991) led to the formation of hexaploid wheat (Kihara 1944; Mcfadden
and Sears 1946). Only a few Ae. tauschii lines from a limited area were involved in this
hybridization (Lagudah et al. 1991). This has resulted in a narrow genetic base of the
wheat D-genome during the evolution of bread wheat. This fact has been confirmed by
various studies, and indicates that the D-genome of wheat has low genetic diversity
compared with the A and B genomes (Kam-Morgan et al. 1989; Lubbers et al. 1991;
Akhundov and Nevzorov 2010). However, much greater genetic diversity is present in
the wild D-genome donor (Naghavi et al. 2009). It is believed that Ae. tauschii is an
excellent source of genes to widen the narrow genetic base of bread wheat, such as for
drought and heat-stress tolerance (Elbashir et al. 2017b; Itam et al. 2020). To use the
genetic diversity in Ae. tauschii effectively, a precise genomic and morpho-

physiological analysis is needed.
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Genome-wide association study (GWAS) is a leading approach to the dissection
of complex traits and the detection of novel and superior alleles for crop breeding.
GWAS has been used to untangle the genetic architecture of numerous traits in different
crops (Suwarno et al. 2015; Sun et al. 2017). Many studies have focused on
understanding the genetic and morphological diversity of Ae. tauschii germplasm
(Dudnikov and Kawahara 2006; Matsuoka et al. 2008a, 2009, 2015; Naghavi et al.
2009; Mizuno et al. 2010; Sohail et al. 2012; Nishijima et al. 2017). However, only a
few studies in Ae. tauschii have used GWAS, focusing on cadmium stress (Qin et al.
2015), phosphorus deficiency (Liu et al. 2015a), grain architecture (Arora et al. 2017),
grain micronutrient concentrations(Arora et al. 2019a), or other morphological traits
(Liu et al. 2015b). Here | investigated marker—trait associations (MTASs) of morpho-
physiological traits that could contribute greatly to improving yield and stress
adaptation in bread wheat through GWAS, and sought specific MTAs to define the
sources of evolution in two of its three lineages, TauL 1 and Taul.2.

2.2. Materials and Methods
2.2.1. Plant materials

| used 293 Ae. tauschii accessions representing the entire range of natural habitats
(Supplementary Table 2-1). These comprised AE accessions from the Institut fir
Pflanzengenetik und Kulturpflanzenforschung, Germany; AT accessions from the

Faculty of Agriculture, Okayama University, Japan; CGN accessions from the Instituut
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Voor Planten Veredeling, Landbouwhoge School, Wageningen, the Netherlands; 1G
accessions from the International Center for Agricultural Research in the Dry Areas,
Syria; KU accessions from the Germplasm Institute, Faculty of Agriculture, Kyoto
University, Japan; and Pl accessions from the US Department of Agriculture. Within
the panel, 175 accessions belong to TaulLl, 133 to TauL2, and 5 to TaulL3
(Supplementary Table 2-1).
2.2.2. Morpho-physiological evaluation

Details of the morpho-physiological evaluations and data collection are
summarized in (Table 2-8). Spike length and width were measured using ruler as shown
in (Fig. 2-1). All accessions were characterized in the research field of the Arid Land
Research Center, Tottor1 University (Tottori, Japan; 35°32'N, 134°13'E), during the
winter—spring seasons of 2016-17 (S1) and 2017-18 (S2), in an augmented complete
block design with three checks selected randomly. | measured 11 morpho-physiological
traits: flag leaf length (FLL), flag leaf width (FLW), spike length (SPL), spike width
(SPW), seed number per spike (SN/SP), spike weight (SPWg), days to heading (DH),
biomass (Bio), normalized difference vegetative index (NDVI), canopy temperature
(CT), and chlorophyll content (SPAD).
2.2.3. Statistical analysis of agronomic traits

ANOVA was conducted in Plant Breeding Tools (PBTools) v. 1.4 software

(International Rice Research Institute, http://bbi.irri.org/products). Using genetic
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variance (V) and environmental variance (Ve), | calculated broad-sense heritability [H?
=Vy/(Vy + Ve)] of each trait (Comstock and Robinson 1952). Because genotype x season
interactions were significant, we estimated best linear unbiased predictions (BLUPS)
for each trait. | used BLUP data for trait correlation analysis in TauL1, TauL2, and all
accessions in SPSS v. 25 software (Gouda 2015).
2.2.4. Genotyping and marker—trait association (MTA) analysis

Genomic DNA was extracted from young leaves by using the CTAB method
(Saghai-Maroof et al. 1984). The DNA samples (30 pL; 50-100 ng pL™!) were sent to
Diversity Arrays Technology Pty Ltd, Australia (http://www.diversityarrays.com), for
a whole-genome scan on the DArTseq platform (DArT P/L, Canberra, Australia)).
DArTseq is a genotyping-by-sequencing method which utilizes Next-Generation-
Sequencing approach to sequence the most informative representations of genomic
DNA samples to aid marker discovery. In total, DArTseq generates 59,193 silico and
55,390 SNP markers. | selected the markers with a call rate of 90% (10% missing data)
and obtained 3,117 SNP and 47,072 Silico markers, The Fisher exact test was applied
to determine if the two alleles were independent SNP markers. Single nucleotide
polymorphism (SNP) or Silico DArT markers with a minor allele frequency of <5%
were removed from the analysis. The remaining 34, 920 SNPs and Silico DArT markers

were used for genomic analysis.
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| performed GWAS with BLUP values for each phenotype using a Mixed Linear
Model (MLM) in TASSEL v. 5 software (Bradbury et al. 2007). For all traits, as the
Bonferroni-Holm correction for multiple testing (o= 0.05) was too stringent markers
with an adjusted -log1l0 (P-value)>4.0 were regarded as significant. To search for
candidate genes, | performed a BLAST search of the sequence of each significant
marker against the Chinese Spring RefSeq v. 1.0 wheat reference genome (IWGSC
2020). The position where the tag hit the best match was extended by 0.5 Mb in both
directions, and that sequence was then used in a BLAST search of the Ensembl T.
aestivum database (http://plants.ensembl.org/Triticum_aestivum/Info/Index) to find
predicted genes or proteins within this region. To study the validate the usefulness of
the MTAs revealed in Ae. tauschii to wheat breeding | compare it with previous
revealed in bread wheat using GWAS.
2.3. Results
2.3.1. Morpho-physiological variation

| studied eight morphological traits (FLL, FLW, SPL, SPW, SN/SP, SPW(g, DH,
and Bio) and three physiological traits (NDVI, SPAD, and CT). Spike length and width
measurement methodology shown in (Fig. 2-1). ANOVA revealed high genetic
variation among all accessions in all traits (Table 2-1; Fig. 2-2).

The effect of seasonal difference (S) was significant (P < 0.05) for all traits except

for FLW and DH. The effect of genotype x seasonal difference interaction (G x S) was
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significant for DH, Bio, NDVI, SPAD, and CT. Morpho-physiological variations
among accessions in each trait were confirmed by range, mean, standard deviation, and
coefficient of variation. The coefficient of variation ranged from 4.6% to 35.5% in S1
and from 4.4% to 57.9% in S2. Heritability values were higher in morphological traits
(>0.90; FLL, FLW, SPL, and SPW) than in physiological traits (<0.60; NDVI, SPAD,
and CT; Table 2-1).

2.3.2. Correlation of morpho-physiological traits in TaulLl, TauL2, and all
accessions

In TauLl and TaulL2, | analyzed correlations among morpho-physiological traits
(Tables 2-2, 2-3). Both lineages had significant positive correlations between SPWg
and SPW (r=0.781 in TauL1, r =0.907 in TauL2), DH and Bio (r = 0.631 and 0.574),
and SPL and SN/SP (r = 0.497 and 0.564). Both had negative correlations between CT
and NDVI (r = —0.439 and —0.324), and CT and Bio (r = —0.427 and —0.163) (Tables
2-2, 2-3).

The correlations between spike-related traits (SPL, SPW, SN/SP, and SPWg) were
slightly higher in TaulL2 accessions than in TaulLl accessions. | also analyzed
correlations in all accessions combined (TauLl, TauL2, and TauL3) (Table 2-4). |
found positive correlations between SPWg and SPW (r = 0.843), DH and Bio (r =

0.594), SPL and SN/SP (r = 0.536), FLL and FLW (r = 0.483), and NDVI and Bio (r =
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0.457). | found negative correlations between CT and NDVI (r = —0.388), and CT and
Bio (r=-0.304).
2.3.3. GWAS in TauL1 and TauL2 to reveal allelic diversity in each lineage

GWAS revealed 14 MTAs in TauLl and 17 in TauL2 (Figs. 2-3, 2-4; Table 2-5).
TaulL1 had one MTA for each SPL and SPW, 4 for Bio, 3 for DH, 2 each for SN/SP
and SPAD, and 1 for each SN/SP, SPWg, and NDVI (Fig. 2-3; Table 2-5). R? values
ranged from 0.10 to 0.19, and were higher than those of the significant markers in all
accessions combined (0.05-0.09; Table 2-6). TauL2 had one MTA for each of FLW,
SPW, SN/SP, SPWg, and SPAD, 7 MTAs for SPL and 5 MTAs for DH. R? ranged from
0.10 to 0.23 (Fig. 2-4; Table 2-5).

Among the MTAs detected for DH in all accessions combined, marker 32782144,
32765508, 32756332 on chromosomes 5D, 2D and 7D, was detected in TaulL1 also,
where it had pleiotropic effects on DH and Bio (Tables 2-5, 2-6). All other significant
MTAs differed between all accessions combined, TauL1 and TauL 2. Marker 32740588,
detected in TauL2, had a pleiotropic effect on SPW and SPWg. An MTA for CT was
detected only in TauL2 (Fig. 2-4; Table 2-5). TauL1 and TauL2 had no MTASs in
common. TauL2 had fewer MTAs than TauL1.

2.3.4. GWAS in all accessions of Aegilops tauschii
GWAS in all 293 accessions identified 79 MTAs: one each for FLL and SPW, 7

for FLW, 16 for SPL; 13 for SN/SP; 5 for SPWg; 11 for DH; 13 for Bio; 6 for NDVI;
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2 for SPAD; and 4 for CT (Fig. 2-5, Table 2-6). R? values ranged from 0.05 to 0.09.
Most of these MTAs were different from those in TauLl and TauL2. The exception
markers 32785848 for FLL; 32717768 for SPL; 32749747 and 32749753 for SN/SP;
32782144, 32765508 and 32756332 for DH, appeared also in TauL1 controlling same
traits. Most of the MTAs contributed less to variability (R?) than those in TauL1 and
Taul.2.
2.3.5. Candidate gene identification

| searched for candidate genes for the MTAs in TauL1 and TaulL2, and identified
the possible functions. The functions show that the MTAs found here play an important
role in plant adaptation and survival.
2.4. Discussion
2.4.1. Morpho-physiological variation in Aegilops tauschii

Among the wild species in the tribe Triticeae, Ae. tauschii is considered the most
suitable for the genetic enhancement of wheat. The diversity of D-genome of Ae.
tauschii is much larger than that of hexaploid wheat’s D genome. The Ae. tauschii
genome contains many useful genes for resistance to biotic and abiotic stresses and for
seed storage proteins (Gill et al. 1991; Pestsova et al. 2000; Assefa and Fehrmann 2004;
Naghavi and Mardi 2010). The 293 Ae. tauschii accessions analyzed showed significant
variation in most traits studied. Spike and leaf traits had higher heritabilities than

physiological traits (CT, SPAD, and NDVI) (Table 2-1), indicating that environmental
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factors greatly influence physiological traits. As spike and leaf traits are genetically
determined, they are less influenced by the environment (Table 2-1). Selection of highly
heritable traits will be effective for widening the genetic base of wheat diversity
(Maniee et al. 2009). Highly correlated traits are likely to be inherited together,
widening the genetic base. A positive correlation between SPW and SPWg (r = 0.781
in TauLl, r =0.907 in TauL2, r = 0.843 in all accessions; Tables 2—4) indicates that an
increase in SPW increases SPWg. SPW had a greater effect on grain weight than SPL.
On average, grains in TauL.2 were heavier and larger. Moderate to strong correlations
between grain weight and size in wheat have been reported (Rasheed et al. 2014). A
mutation in TaGW2-Al increased both grain width and length in tetraploid and
hexaploid wheat, which increased 1000-grain weight (Simmonds et al. 2016). The
correlation between SPW and SPWg was highest in TauL2 (r = 0.907; Table 2-3),
indicating that TauL 2 is a more suitable source for improving grain weight. A positive
correlation between SPL and SN/SP indicates that an increase in SPL increases SN/SP.
SPL thus affects kernel number per spike and plays an essential role in improving wheat
yield (Guo et al. 2017). Moreover, the number of grains per m? and grain weight are the
most important traits for determining grain yield (Arora et al. 2017).

Among physiological traits, a significant positive correlation of NDVI with Bio
indicates that an increase in NDVI enhances Bio production and subsequently plant

production and adaptation. The negative correlation between CT and Bio indicates that

40



a decrease in CT increases Bio. In other words, plants with better cooling capacity will
maintain better Bio. A positive correlation of DH with Bio indicates that a longer
vegetative period is preferable for a higher Bio, if the environment is favorable (Tables
2-4).

2.4.2. GWAS of morpho-physiological traits in TauL1 and TaulL2

GWAS revealed that MTAs of morpho-physiological traits differed in both
chromosome name and location between TauL1 and TauL2 (Table 2-5). These findings
indicate that the traits have evolved independently in each lineage. TauLl1 had more
MTAs for SPAD, SN/SP, and Bio than TauL2 (Figs. 2-3, 2-4), indicating higher
variation in these traits in TauL1. As most of the accessions in TaulL2 originated from
Northern Iran, which has a warm and mild environment, | can speculate that these two
traits contribute to the adaptation of these accessions to their habitats. Conversely,
NDVI was found only in TauLl. TauLl could be a source for NDVI gene mining,
whereas TauL2 could be a source for CT and SPAD gene mining.

Mahjoob et al., unpublished study found that spike traits are potentially useful for
differentiating between TauLl and TauL2: SPL, SPW, and SPWg all differed
significantly. In TauL1, no significant MTA was detected for SPW, and the marker R?
for SPWg was lower in TauL1 than in TauL2. These results support our conclusion that
TaulL2 has more diversity in SPW and SPWg than TauL1. Moreover, the SPW and

SPW(g candidate genes TraesCS5D02G042200 and TraesCS5D02G041500, identified
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in TauL2, are orthologous to Arabidopsis thaliana AT2G03590, which encodes a
transmembrane transporter that increases nitrogen fixation and promotes seed
development (Carter and Tegeder 2016). Thus, TauL2 could be an essential source of
genes related to these two traits.
2.4.3. GWAS of morpho-physiological traits in all accessions

The phenotypic contribution of markers revealed by GWAS was lower in all
accessions than in TauLl1 and TauL2 (Table 2-6). These may relate to the difference in
population structures, these what reduced the contribution of markers to phenotypic
variation (R?).
2.4.4. Candidate genes revealed by GWAS in Aegilops tauschii

| found several MTAs and candidate genes associated with specific functions that
play an important role in plant growth and survival. This study is the first study to use
GWAS analysis of many morphological and physiological traits in Ae. tauschii of
important agronomic value to wheat breeding though Liu et al. (Liu et al. 2015b)
conducted GWAS in Ae. tauschii in which traits, SPL, FLL, and FLW are common. Liu
et al. (Liu et al. 2015Db) identified 18 MTAs for only 10 of the 29 traits studied. Our
study identified more MTAs, with higher R? values (0.5 — 0.23) than most of those,
because | used GWAS for two lineages independently with more molecular markers.

2.4.5. Marker traits revealed in wheat from Aegilops tauschii
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To study the usefulness of the markers revealed in Ae. tauschii and their
appearance in wheat, | reviewed previous GWAS studies of wheat (Table 2-7). Li et al.
(2019), Ward et al. (2019), Jamil et al. (2019) (Jamil et al. 2019; Li et al. 2019; Ward
et al. 2019) reported several MTAs for DH, FLL, SN/SP, and SPL on different
chromosomes. | found MTAs for DH on chromosomes 1D, 2D, 3D, 4D, 5D, and 7D
also found by Lie et al. (2019). I identified novel MTAs on chromosomes 3D and 4D
for DH; on 7D for FLL; on 2D, 3D, 4D and 6D for FLW; on 1D, 2D, 3D, 5D, and 6D
for SN/SP; and on 1D, 2D, 3D, 4D, and 6D for SPL.

In TauL1, | found novel MTAs on 5D for SN/SP; and on 6D for SPL. In TaulL2
(which supplied the D-genome of hexaploid wheat (Matsuoka et al. 2013), | identified
6 novel MTAs: one each on 6D associated with DH and SN/SP; 5 MTAs on 1D, 2D,
3D, 5D and 6D associated with SPL. Those MTAs can be easily transferred to the D-
genome of wheat where they would be expected to increase yield. Markers on 7D
associated with DH can be transferred to improve early flowering in later-flowering
variants, especially in drylands.

2.5. Conclusions

| conducted GWAS analysis of morpho-physiological traits in a diverse panel of
Ae. tauschii accessions and identified several MTAs and corresponding candidate genes.
Some of the candidate genes had exact functions related to the trait studied.

Morphological traits are more stable and less affected by environmental factors than
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physiological traits. GWAS analysis revealed that morphological traits had higher
number of MTAs compared to physiological traits (Tables 2-5, 2-6). This facilitates the
use of morphological trait selection in wheat breeding through marker-assisted selection.
Comparing our findings with other studies in wheat suggested that some of the MTAs
and genes identified here are not present in bread wheat. Our results reveal some of the
hidden diversity in Ae. tauschii and provide a basis for its use in wheat breeding through
direct and indirect crossing (Kishii 2019). The information presented here could also
help explain the mechanisms controlling the morpho-physiological traits in Ae. tauschit,
which will pave the way to a better understanding of the mechanisms in bread wheat.
Multiple-synthetic-derivative wheat lines incorporate a wide range of genetic diversity
of Ae. tauschii including both lineages. The developing these materials from both
lineages resulted to obtain heat and drought-resistant lines (Elbashir et al. 2017a; Gorafi
et al. 2018; Itam et al. 2020). These facts support the indispensable role of the D-

genome of Ae. tauschii in wheat breeding for high productivity and stress adaptation.
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Tables and Figures of chapter 2

Table 2-1. Analysis of variance (ANOVA) of 11 morpho-physiological traits measured
in 293 Aegilops tauschii accessions grown under field conditions during seasons 2016—
17 (S1) and 2017-18 (S2).

Trait  Season g:r::gzsmn Mean (P(—B\)/alue (PS;/ alueg)-value G “SED + (G)H? CV (%)
FLL S1 5.11-22.72 14.98 0.001 3.3292 0.9 21.2
(cm) S2 2.78-21.66 11.89 0.1394 3.539 6 27.6
BLUP 4.29-21.42 13.44 <0.001 <0.001 1 1.2933
FLW S1 0.41-1.14 0.80 <0.001 0.1248 0.9 17.0
(cm) S2 0.43-1.12 0.79 <0.001 0.1259 7 16.3
BLUP 0.39-1.17 0.80 <0.001 0.9996 0.9975 0.0482
SPL S1 9.89-18.70 13.94 <0.001 1.021 0.9 10.3
(cm) S2 6.92-17.03 10.66 <0.001 1.0216 8 154
BLUP 8.63-17.76 12.30 <0.001 <0.001 0.9998 0.4564
S1 0.46-0.76 0.62 <0.001 0.0436 0.9 10.8
SPW (cm)S2 0.30-0.74 0.48 <0.001 0.0386 6 16.5
BLUP 0.38-0.75 0.55 <0.001 <0.001 0.8922 0.028
S1 11.83-32.89 20.42 0.0156 3.128 0.8 18.3
SN/SP  S2 11.29-31.29 21.50 <0.001 2.3419 9 17.2
BLUP 13.15-31.83 20.95 <0.001 <0.001 0.7002 2.0166
S1 0.30-0.77 0.56 0.1799 0.1075 0.9 15.2
SPWg S2 0.29-0.74 0.47 0.0225 0.0849 0 175
BLUP 0.27-0.76 0.52 <0.001 <0.001 0.9998 0.0496
S1 134-194 170.99<0.001 1.4354 0.8 4.6
DH S2 132-196 171.76<0.001 2.6035 6 44
BLUP 147-195 171.39<0.001 0.1052 <0.001 3.89
S1 50.30-260.90 140.34<0.001 4.862 0.7 35.5
Bio S2 50.30-260.40 86.35 <0.001 2.1117 8 57.9
BLUP 42.53-260.59 113.51<0.001 <0.001 <0.001 31.766
S1 0.30-0.79 0.58 <0.001 0.0503 0.1 17.7
NDVI S2 0.28-0.82 0.66 <0.001 0.0087 3 16.8
BLUP 0.41-0.78 0.62 0.1323 <0.001 <0.001 0.0979
S1 29.10-52.40 42.82 <0.001 2.3947 0.2 10.0
SPAD S2 33.40-52.36  44.33 <0.001 0.4336 8 79
BLUP 33.10-51.19 43.58 0.0047 <0.001 <0.001 3.5841
cT S1 10.62-34.48 18.96 <0.001 1.2967 0.5 219
(°C) S2 9.40- 36.90 17.52 <0.001 0.7403 5 265
BLUP 11.14-31.73 18.25 <0.001 <0.001 <0.001 3.4195

CV: Coefficient of variation, SED: Significant error of a difference.

45



Table 2-2. Morpho-physiological correlation analysis in TauL1 performed using best

linear unbiased predictions (BLUPs) of two consecutive seasons (201617 and 2017—

18).

Trait FLL FLWSPL SPW SN/SP SPWg DH  Bio NDVI SPAD CT
FLL 0-530  264xx0.086 0.178* 0.174* -0.170% 0.026 0.151* -0.085 -0.035
0.0000.000 0.250 0.016 0019 0022 0730 0042 0253 0.641

FLW 0.196**0.241%%0.067  0.202** -0.315%*-0.088 0.092 -0.029 -0.043
0.008 0001 0367 0000 0000 0237 0219 0694 0565

SPL 0.049 0.497%* 0014 0.183* 0134 0.271°*-0.060 -0.209%*
0510 0000 0851 0014 0071 0000 0417 0.005

SPW 10.264*%0.781** -0.094 0.035 0.084 0.162* -0.057
0000 0000 0208 0637 0.260 0029 0442

SN/SP 10.224%%0239%* 0.065 0.170* -0.093 -0.152
0002 0001 0381 0022 0210 0.040

SPWg 20.177* -0.007 0.093 0.213**0.011
0017 0930 0210 0004 0.882

DH 0.631%*0.240%*0.068 -0.286**
0.000 0.001 0.364 0.000

Bio 0.460%*0.085 -0.427**
0.000 0.256 0.000

NDVI 20.050 -0.439%*
0.501 0.000

SPAD 20.022
0.772

Asterisks: Correlation is significant at *0.05 or **0.01 level. Upper values are correlation coefficients

(R?); lower values are probabilities (P).
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Table 2-3. Morpho-physiological correlation analysis in TauL2 performed using best
linear unbiased predictions (BLUPS) of two consecutive seasons (2016-17 and 2017—

18).

Trait FLLFLW SPL SPW SN/SP SPWg DH Bio NDVI SPAD CT

0.433**0.254**0.085 0.162* 0.124 0.005 0.181* 0.256**-0.091 -0.084

FLL
0000 0001 0292 0044 0.124 0950 0.024 0001 0.257 0.295
W 0.062 0.308**-0.071 0.245** -0.334**-0.097 0.053 0.128 -0.108
0442 0000 0381 0.002 0.000 0226 0507 0110 0.181
<pL -0.051 0.564** -0.108 0.137 0.151 0.180* 0.052 -0.197*
0525 0.000 0181 0088 0060 0.025 0515 0.014
- -0.285** 0.907** -0.161* 0.101 0.228**0.019 -0.096
0.000 0.000 0044 0208 0.004 0818 0.231
-0.260** 0.189%* 0.063 0.004 0.005 -0.167*
SN/SP
0.001 0.018 0434 00963 0.946 0.037
-0.106 0.083 0.222**0.001 -0.063
SPWg
0.186 0.303 0.005 0.990 0.432
o 0.574%* 0.213** 0.046 -0.003
0.000 0.008 0.566 0.970
o 0.457**-0.003 -0.163*
10
0.000 0.968 0.042
-0.003 -0.324**
NDVI
0.974 0.000
-0.116
SPAD
0.148

Asterisks: Correlation is significant at *0.05 or **0.01 level. Upper values are correlation coefficients;

lower values are probabilities (P).
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Table 2-4. Morpho-physiological correlation analysis in Aegilops tauschii performed

using best linear unbiased predictions (BLUPS) of two consecutive seasons (2016—17

and 2017-18).

Trait FLL FLW SPL SPW SN/SP SPWg DH Bio NDVI SPAD CT
FLL 0.483™ 0.268™ 0.088 0.176™ .155" -0.101 0.093 0.192™ -0.092 -0.047
0.000 0.000 0.105 0.001 0004 0061 0.085 0.000 0.088 0.390
FLW 126" 0.269™ -0.001 .265™ -0.331" -0.088 0.083 0.047 -0.074
0.020 0.000 0.986 0.000 0.000 0.102 0.125 0.383 0.172
SpL 0.005 .536™ -0.050 .147"  0.1407 .219™ -0.022 -0.183"
0.933 0.000 0.352 0.006 0.009 0.000 0.683 0.001
SPW -269™ 843" -129" 0.066 0.148™ 0.092 -0.073
0.000 0.000 0.017 0.223 0.006 0.088 0.179
SN/SP -236™ 206 0.065 0.090 -0.055 -0.149"
0.000 0.000 0.232 0.097 0.313 0.006
SPWg -144™ 0.037 0.152™ 0.107" -0.022
0.007 0.489 0.005 0.048 0.680
bH 0.594™ 215™ 0.054 -0.156"
0.000 0.000 0.321 0.004
Bio 0.4577 0.042 -0.304™
0.000 0.435 0.000
-0.025 -.388™

NDVI 0.651 0.000
-0.068

SPAD 0.209

Asterisks: Correlation is significance at *0.05 or **0.01 level. Upper values are correlation

coefficients; lower values are probabilities (P).
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Table 2-5. Marker—trait associations in TauLl and TaulL2 revealed by DArTseq

markers.
Lineage Trait Marker Chromo- Marker SNPs
some (R?)

FLL 32785848 7D 0.13 A/C

SPL 32717768 6D 0.10 A/C

SPW 32760139 7D 0.10 A/C

SN/SP 32749747 5D 0.11 A/C

SN/SP 32749753 5D 0.11 A/C

DH 32782144 5D 0.13 A/C

TauL1 DH 32765508 2D 0.12 A/C
au DH 32756332 7D 0.13 AIC
Bio 32736226|F|0-57 1D 0.19 CIT

Bio 32785723 7D 0.15 A/C

Bio 32726273 2D 0.11 A/C

Bio 32772268 7D 0.13 A/C

SPAD 32729785 4D 0.11 A/C

SPAD 32730976 4D 0.11 A/C

FLW 32784824|F|0-48 3D 0.18 CIG

SPL 32759935|F|0-24 6D 0.20 CIG

SPL 32784064|F|0-46 2D 0.20 CIG

SPL 32779458|F|0-14 5D 0.20 G/IA

SPL 32787428|F|0-35 1D 0.19 A/C

SPL 32743820|F|0-45 3D 0.20 CIA

SPL 32738139|F|0-14 1D 0.19 A/G

SPL 32765872|F|0-42 1D 0.15 TIC

TaulL2 SPW 32784172 5D 0.21 A/C
SN/SP 32713693 6D 0.18 A/C

SPWg 32734854 5D 0.16 A/C

DH 32784386|F|0-19 2D 0.21 A/G

DH 32773864|F|0-53 7D 0.22 TIC

DH 32778505|F|0-44 7D 0.10 G/IA

DH 32762941|F|0-10 6D 0.23 CIG

DH 32749704 2D 0.18 A/C

SPAD 32727677 6D 0.19 A/C
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Table 2-6. Marker—trait associations in all accessions combined revealed by DArTseq

markers.

Chromo- Marker

Lineage Trait Marker some (R?) SNPs
FLL 32785848 7D 0.08 AlIC

FLW 32718764 6D 0.07 A/C

FLW  32759292|F|0-65 4D 0.08 T/G

FLW  4308876|F|0-13 2D 007 AC

FLW  32786154|F|0-26 3D 0.07 G/C

FLW  32744997|F|0-29 6D 007 GIT

FLW  32741109|F|0-7 6D 0.07 GIA

FLW  32744675|F|0-22 3D 0.07 C/IA

All SPL  32765734|F|0-65 5D 0.09 AT

accessions

combined SPL  32783978|F|0-22 1D 009 T/C
SPL  32762629|F|0-44 4D 009 CIT

SPL  32761977|F|0-43 2D 0.09 A/C

SPL 32785020|F|0-6 1D 0.08 T/G

SPL  32783857|F|0-18 4D 008 TIC

SPL  32784064|F|0-46 2D 0.08 CIG

SPL  32759935|F|0-24 6D 0.08 CIG

SPL  32771485|F|0-17 SD 0.08 G/C

SPL  32779458|F|0-14 5D 0.08 GIA
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Table 2-6. continue Marker—trait associations in all accessions combined revealed by

DArTseq markers.

Chromo- Marker

Lineage Trait Marker some (R?) SNPs
SPL 32787428|F|0-35 1D 0.08 A/C
SPL 32781608|F|0-12 6D 0.08 G/A
SPL 32717768 6D 0.06 AIC
SPL 32776612|F|0-42 4D 0.07 TIA
SPL 32723745 6D 0.06 AIC
SPL 4313687|F|0-14 4D 0.06 CIG
SPW 32717545 6D 0.05 AIC
SN/SP 32749747 aD 0.08 AIC
SN/SP 32719710 2D 0.08 A/C
All - sN/sp 32749753 5D 007 AC
i%c;%siu:ends SN/SP 32767889 5D 008 AIC
SN/SP  32758509|F|0-48 1D 0.08 A/G
SN/SP 32752366 2D 0.07 A/C
SN/SP 32719225 2D 0.07 A/C
SN/SP 4316286 6D 0.07 AIC
SN/SP 32717034 1D 0.06 A/C
SN/SP 32767716 3D 0.06 A/C
SN/SP 32732120 2D 0.06 A/C
SN/SP 32722401 1D 0.06 A/IC
SN/SP  32765944]|F|0-5 1D 0.06 A/C
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Table 2-6. continue Marker—trait associations in all accessions combined revealed by

DArTseq markers.

Chromo- Marker

Lineage  Trait Marker some (R?) SNPs
SPWg 32734854 5D 009 A/C
SPWg 32740167 4D 006 A/C
SPWg 32728690 4D 006 A/C
SPWg 32777696 5D 007 AC
SPWg 32768696 5D 006 A/G
DH 32782144 5D 009 A/C
DH 32765508 2D 009 A/C
DH 32756332 7D 009 A/C

All DH 32736226|F|0-57 1D 0.08 CIT

accessions

combined DH 32732332 2D 006 A/C
DH 32788932 7D 007 A/C
DH 32784386|F|0-19 2D 007 A/G
DH 32778000|F|0-41 3D 007 GIA
DH 32748170 5D 006 A/C
DH 32738692|F|0-21 5D 006 TI/G
DH 32743805|F|0-13 4D 007 CIT
Bio  32736226|F|0-57 1D 009 CIT
Bio 32729301 3D 007 AC
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Table 2-6. continue Marker—trait associations in all accessions combined revealed by

DArTseq markers.

Chromo- Marker

Lineage  Trait Marker some (R?) SNPs
Bio 3277682;1'||'F>|(()3-6:T>G- D 0.09 T/G
Bio 32785173|F|0-32 7D 009 A/G
Bio 4301634|F|0-37 4D 0.06 AlG
Bio 32774257 7D 0.07 A/IC
Bio 32711185 6D 0.06 A/C
Bio 32748250 sD 0.07 A/C
Bio 32752563|F|0-27 3D 0.07 CIG
Bio 32730781 3D 0.06 A/C
Bio 32783241 3D 0.06 AlIC
Bio 32729873 2D 0.06 A/C
All Bio 4323592 3D 0.06 A/C
accessions  NDv/| 32785664 7D 007 AC
combined
NDVI 4329000 6D 0.06 A/C
NDVI 32764127 3D 0.06 AlIC
NDVI 32754805 2D 0.06 A/C
NDVI 32751192 sD 0.06 AlIC
NDVI 32781729 1D 0.06 A/C
SPAD 32727677 6D 0.08 A/C
SPAD 32753001|F|0-8 5D 007 GIC
CT 32729931 6D 0.08 A/C
CT 32788658|F|0-19 2D 0.08 A/G
CT 32784004|F|0-7 3D 0.08 T/IC
CT 32787808|F|0-25 7D 0.08 CIT
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Table 2-7. Comparison of MTAs in bread wheat reported previously and those

identified in this study in Aegilops tauschii

. . Chromosome
Reference Species Trait 1D 120 13D 12D 50 TeD 17D
Lietal. (2019) T. aestivum DH
Ward et al. (2019) T. aestivum DH X X
Jami et al. (2019) T. aestivum DH X X X
Current study Taull DH X X X
Current study Taul.2 DH X X X
Current study All DH X X X X X X
Li et al. (2019) T. aestivum FLL X
Current study Taul 1 FLL X
Current study Taul.2 FLL
Current study All FLL X
Lietal. (2019) T. aestivum FLW
Current study Taul 1 FLW
Current study Taul.2 FLW X
Current study All FLW X X X X
Ward et al. (2019) T. aestivum SN/SP X
Current study TaulLl SN/SP X
Current study Taul.2 SN/SP X
Current study All SN/SP X X X X X
Li et al. (2019) T. aestivum SPL X
Current study TaulLl SPL X
Current study Taul.2 SPL X X X X X
Current study All SPL X X X X X X

Bold x: Marker identified in previous studies.
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Table 2-8. Morpho-physiological traits measured, their abbreviations and definitions.

Trait

Abbreviation

Measurement/Definition

Flag leaf length
Flag leaf width

Spike length

Spike width

Seed
number/Spike
Seed
weight/Spike

Days to heading

Biomass weight

Normalized
Difference
Vegetation Index

Canopy
temperature

Chlorophyli
content

FLL (cm)
FLW (cm)

SPL (cm)
SPW (cm)
SN/SP

SPWg (9)

DH

Bio (g)

NDVI

CT (°C)

SPAD

Measured from three tillers of each accession.

Measured from three tillers of each accession.
Measured at the middle spike after maturity stage in five
spikes.

Measured at the middle of five spikes after maturity
stage in five spikes.

Counted from five spikes at harvesting.

Measured using five spikes one from each tiller using a
sensitive scale.

Recorded when the whole spike above the flag leaf
position fully emerged on the earliest tiller in each plant
of each accession.

Measured after harvesting and drying in a glasshouse
from five plants were counted.

A vegetative index that compares reflectance in the red
and near infrared regions. Measured during flowering
using a handheld optical sensor unit (Green Seeker),
2012 NTech Industries, Inc., Ukiah, CA, USA.
Measured during flowering using an
thermometer AD-5611A.

Measured at the flowering stage from the middle of the
flag leaf of three tillers using A Minolta brand
chlorophyll meter (Model SPAD-502; Spectrum
Technologies Inc. Plainfield, IL).

inferred
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Supplementary Table 2-1. Phenotypic traits analyzed.

Origin TauL1 Taul2 Taul3
Syria AE 1069  1G 47259 1G 46623
KU-2131 KU-2132  KU-2133 = KU-2136  KU-2137 [ PI486267 PI 486274
Turkey KU-2138 = KU-2140  KU-2141  PI486270 PI486277
P1554319
AE 254 AE 461 GE12-28-O-2 KU-20-2 KU-2826 | AE1037 GE12-14-O-1 KU-2827 KU-2835B AE929 AE 454
Georgia KU-2828 = KU-2834 KU-2829A KU-2832
AE 929a
AE 245 AE 253 AE 476 AE721 CGN 10734 AE229 AE 231 AE 940 AE941  1G 126991
Armenia 1G126273 1G 126280 1G126293 1G126353 1G48748 |1G 127015 KU-2811
IG 48758 KU-2809  KU-2810 KU-2814 KU-2816
KU-2821 KU-2822A KU-2823  KU-2824
AE 143 AE 220 AE 251 AE 723 AE 724 AE 144 AE 191 AE 194 AE 195 AE 197
AE 725 AE 1055 1G 47196 AE 198 AE 199 AE 200 AE 202 AE 203
AE 204 AE 205 AE 206 AE 207 AE 210
AE 211 AE 216 AE 217 AE 218 AE 219
Azerbaijan AE 221 AE 222 AE 223 AE 224 AE 226
AE 230 AE 255 AE 260 AE 261 AE 262
AE 263 AE 264 AE 267 AE 270 AE 272
AE 273 AK 228 1G 47182 1G47186 1G 47188
IG 47193 1G47199 1G 47202 1G47203 KU-2801
KU-2806
D AE 234 AE 498 IG 120863 1G 120866 IG 48274 KU-20-1
agestan
AE 183 AE 184 AE 541 IG 49095  KU-2082 | AE525* AE 526 KU-20-8 KU-20-9* KU-20-10
KU-2109 KU-2113  KU-2115  KU-2116 KU-2120 [ KU-2069 KU-2075* KU-2079* KU-2080* KU-2083
KU-2121 KU-2142  KU-2143  KU-2144 KU-2148 [ KU-2086 KU-2088* KU-2090* KU-2092* KU-2093*
Iran KU-2152 = KU-2153  KU-2154 = KU-2157  KU-2158 | KU-2096 @ KU-2097 KU-2098 KU-2100 KU-2101
KU-2102  KU-2103 KU-2104 KU-2105 KU-2106
KU-2110  KU-2111 KU-2112 KU-2118 KU-2124
KU-2126 =~ KU-2155  KU-2156 KU-2159  KU-2160
AE 141 AE 146 AE 242 AE 248 AE 249 AE 192 AE 213 AE250 CGN 10733 IG 120735
Turkmenistan AE 291 AE 398 AE 472 AE 473 AE 499
AE 637 AE 964 1G 126387 1G 126489 IG 48508
1G 48518
AE 193 AE 275 AE 276 AE 277 AE 279
AE 280 AE 281 AE 1087 KU-2010 = KU-2012
KU-2016 =~ KU-2018 = KU-2022  KU-2025 KU-2027
Afghanistan KU-2035 = KU-2039  KU-2042  KU-2043 = KU-2044
KU-2050 = KU-2051 KU-2056 =~ KU-2059 = KU-2061
KU-2063 = KU-2066  KU-2616 KU-2617  KU-2619
KU-2621 KU-2624  KU-2630 KU-2632  KU-2633
KU-2635 = KU-2636  KU-2638 = KU-2639  PI1476874
Pakistan CGN 10767 CGN 10768 CGN 10769 CGN 10771 1G 108561
IG 46663  1G 46666  KU-2003  KU-2006  KU-2008
AE 189 AE 233 AE 647 AE 817 AE 858
Tajikistan AE 955 AE 956 AE1038 AE 1039 AE 1040
IG 48554 1G 48559  1G 48564
Uzbekistan AE3 AE 239 AE 469 AE 560 IG 120736 | AE 692*
1G 123910 1IG 48539  1G 48565  1G 48567
Kyrgyzstan AE 256 AE 257 AE 1180 1G 131606
Kazakhstan AE 1090
China AT 55 AT 60 AT 76 PI499262 PI508262
Unknown AE 26 AE 32 AE 67 AE 147 AE 150 AE 426* AE 428* AE 429*  AE 430* AE 431
location site AE 422 AE 427 AE 433 AE 594 AE 432 AE 434*

Roman accessions are known from Matsuoka et al. (2009) (Matsuoka et al. 2009). AE accessions were

received from the Institut fir Pflanzengenetik und Kulturpflanzenforschung (IPK), Germany; AT

accessions from the Faculty of Agriculture, Okayama University, Japan; CGN accessions from the

Instituut Voor Planten Veredeling, Landbouwhoge School, Wageningen, the Netherlands; 1G

accessions from the International Center for Agricultural Research in the Dry Areas (ICARDA), Syria;
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KU accessions from the Germplasm Institute, Faculty of Agriculture, Kyoto University, Japan; and Pl

accessions from the US Department of Agriculture. * Ssp. strangulata.
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Figure 2-1. Methodology of spike measurements in Ae. tauschii. (A) Spike length was measured from
the base of the lowest spikelet to the top of the highest spikelet. (B) Spike width was measured from

the widest part of the spikelet.
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Figure 2-2. Morpho-physiological variation in Aegilops tauschii accessions in m season 1 and O
season 2. FLL, flag leaf length; FLW, flag leaf width; SPL, spike length; SPW, spike width; SN/SP,
seed number per spike; SPWg, spike weight; DH, days to heading; Bio, biomass weight; NDVI,

normalized difference vegetative index; CT, canopy temperature; SPAD, chlorophyll content.
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Figure 2-3. Manhattan plots representing seven chromosomes carrying significant markers detected
by Mixed Linear Model using BLUP values in TauLl. FLL, flag leaf length; FLW, flag leaf width;
SPL, spike length; SPW, spike width; SN/SP, seed number per spike; SPW(g, spike weight; DH, days
to heading; Bio, biomass weight; NDVI, normalized difference vegetative index; CT, canopy
temperature; SPAD, chlorophyll content. Genomic coordinates are displayed along the X-axis, with
the negative logarithm of the association p-value for each single nucleotide polymorphism (SNP)
displayed on the Y-axis, meaning that each dot on the Manhattan plot signifies a SNP. Black rules

indicate the significance threshold.

61



3
[y

'
I
I
I
I
'
!
I
I
I
I
]
I
I
]
I
!
I
I
I
I
]
!
I
I
I
I
]
!
I
I
I
I
'
!
I
I
I
I

-

_mo;om. ol—

SPWg

SN.SP

<

e

S

dpr====

.m3owmo_

D 70

4D 5D

3D

20

Chr 1D

Figure 2-4. Manhattan plots representing seven chromosomes carrying significant markers detected

by Mixed Linear Model using BLUP values in TauL2. FLL, flag leaf length; FLW, flag leaf width;
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SPL, spike length; SPW, spike width; SN/SP, seed number per spike; SPWg, spike weight; DH, days
to heading; Bio, biomass weight; NDVI, normalized difference vegetative index; CT, canopy
temperature; SPAD, chlorophyll content. Genomic coordinates are displayed along the X-axis, with
the negative logarithm of the association p-value for each single nucleotide polymorphism (SNP)
displayed on the Y-axis, meaning that each dot on the Manhattan plot signifies a SNP. Black rules

indicate the significance threshold.
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Figure 2-5. Manhattan plots representing seven chromosomes carrying the significant markers

detected by Mixed Linear Model using BLUP values in all accessions. FLL, flag leaf length; FLW,
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flag leaf width; SPL, spike length; SPW, spike width; SN/SP, seed number per spike; SPWg, spike
weight; DH, days to heading; Bio, biomass weight; NDVI, normalized difference vegetative index;
CT, canopy temperature; SPAD, chlorophyll content. Genomic coordinates are displayed along the X-
axis, with the negative logarithm of the association p-value for each single nucleotide polymorphism
(SNP) displayed on the Y-axis, meaning that each dot on the Manhattan plot signifies a SNP. Black

rules indicate the significance threshold.
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General discussion and conclusion

In this dissertation, phenotypic and genetic analyses provided new insight about
genetic diversity in Ae. tauschii. Although it is one species, the TauL1 and TaulL2 are
different. Though wheat breeders should consider the diversity of each lineage
independently for wheat breeding. In Chapter 1, I revealed that Ae. tauschii has wide
range of morpho-physiological variation and spike traits significantly different between
the two main lineages TauL1 and TauL 2, and between ssp. tauschii and ssp. strangulata
although the range of values overlapped between them. Our result indicated that there
is high level of phenotypic convergency presented in Ae. tauschii. Genomic analysis
showed that three independent lineages are existed; TauL 1 and TauL3 include only ssp.
tauschii, whereas TauL 2 includes both ssp. tauschii and ssp. strangulata. This result is
consisting with previous results (Matsuoka et al. 2009, Mizuo 2010). Using DArTseq
platform | could allocate 124 accessions previously lacking the passport data, 66 were
to TaulLl, 57 to TauL2, and one to TauL3. This study identified the genomic and
phenotypic diversity of three lineages and two subspecies. This will significantly
improve the utilization of Ae. tauschii in wheat breeding and increase the outcome of
breeding values for different breeding targets.

In chapter 2, | studied allelic diversity in Ae. tauschii for agronomically important
traits to widen the genetic base of wheat. | revealed 79 marker—trait associations

(MTAS) in all accessions, 14 specific to TauL1 and 17 specific to TaulL2, suggesting
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independent evolution in each lineage. Some of the MTAs could be novel and have not
been reported in bread wheat. The markers or genes revealed in this study will help
reveal the genes controlling the morpho-physiological traits in Ae. tauschii, and hence
in bread wheat even if the plant morphology is different. In conclusion, I clarified the
phylogenetic of Ae. tauschii, through DArTseq markers and studied the phenotypic
variation of agronomically important traits for intraspecific species and lineages. In
addition, genome-wide association revealed novel genetic loci for agronomically
important traits. These analyses revealed some genetic loci are related to TauL 1l and
others are related to TauL2. These markers can contribute to improve bread wheat
greatly for different breeding purposes.

From thesis studies, | revealed that, although the Ae. tauschii is one genome
incorporate different lineages with high phenotypic convergency among them. These
different lineages contribute to increase the genetic diversity in wheat independently.
Thus, breeders should consider these lineages are different genome. In another study
(not included in this dissertation), we revealed a similar result, where each lineage was
contributing independently to control leaf hair density. Multiple-synthetic-derivative
lines developed from both lineages showed a wide genetic diversity for heat, drought,

and phosphorus use efficiency.
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Summary (In English)

The germplasm of related wild species attracts increasing attention because they
can provide characters related to adaptation to cultivated species by breeding. The genus
Aegilops L. (Poaceae) has been intensively studied because of its close relationship with
cultivated wheats. The phylogenetic relationship between genera Aegilops and Triticum
L. is widely reported, and on a world scale, the genus Aegilops includes 23 wild annual
species, of which 11 are diploids and 12 are allopolyploids.

About 8000 to 10,000 years ago, the ancestor of the current bread wheat appeared
as a result of natural hybridization between cultivated tetraploid wheat (Triticum
turgidum L., 2n = 4x = 28, AABB) and Ae. tauschii. Inside this last species, two
subspecies were first described by Eig (1929) as Ae. squarrosa ssp. eusquarrosa and
ssp. strangulata and their nomenclature was revised by Hammer (1980) as Ae. tauschii
ssp. tauschii and ssp. strangulata. Ae. tauschii is genetically and morphologically
diverse, and the ssp. tauschii has elongated cylindrical spikelets, whereas ssp.
strangulata has quadrate spikelets and empty glumes. The ssp. tauschii has a wide
distribution throughout the species range, whereas ssp. strangulata is limited to the
south-eastern Caspian coastal region and the Caucasus.

The genetic diversity in Ae. tauschii has been studied at the molecular level

including isozymes, random amplified polymorphic DNA (RAPD), chloroplast DNA,
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amplified fragment length polymorphisms (AFLPs), simple sequence repeats (SSRs)
and DArT array markers. Most of these studies classified Ae. tauschii into three lineages,
TaulL1l, TauL2 and TauL3: TauL1l including only ssp. tauschii, TauL2 including both
ssp. tauschii and ssp. strangulata and TauL.3 with intermediate forms.

Ae. tauschii is the easiest species in this genus to utilize in wheat breeding, because
there is little to no inhibition to meiotic chromosome pairing with the D genome
chromosomes of bread wheat. There is a few research proposed that TauL 2 is closer to
the D genome of bread wheat compare to TauLl. Furthermore, a few studies have
assumed that the D genome of bread wheat was donated to common wheat by the ssp.
strangulata. This was revealed by several isozyme polymorphism such as NADP-
dependent aromatic alcohol dehydrogenase and alcohol dehydrogenase isoenzymes.

It has been confirmed that Ae. tauschii have useful traits widely used over the past
60 years for wheat breeding for biotic and abiotic stresses tolerance. It has been utilized
via synthetic hexaploid wheat as bridge crossing and direct crossing however, both of
these methods have limitation. To use the genetic diversity in Ae. tauschii effectively
in wheat breeding, a precise genomic and morpho-physiological analysis is needed.

In the first part of this dissertation, | clarified the phylogeny of Ae. tauschii using
5,880 high-quality SNPs derived from DArTseq and further measured the traits that
significantly different between TaulL1, TauL2 and TauL3, or between ssp. tauschii and

ssp. strangulata. Genetic and 11 morpho-physiological diversity was examined in 293
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accessions covering the entire range of Ae. tauschii, including lines that previously
lacked passport data. As a result, we were able to allocate 175, 113 and 5 to TaulL.l,
TaulL2 and TauL3, respectively. Of 124 lines lacking passport data were assigned 66 to
Taull, 57 to TauL2 and 1 to TauL3. To study the morpho-physiological variation, |
measured two leaf parameters (flag leaf length; flag leaf width), four spike parameters
(spike length; spike width; seed number per spike; spike weight), days to heading
biomass weight and three physiological traits (Normalized Difference Vegetative
Index; canopy temperature; and chlorophyll content).

As a result, | observed wide morpho-physiological variation in each lineage and
subspecies. Although some of the spike related traits examined differed significantly
between the lineages and subspecies, the range of the variation was overlapped. These
similarities may resulted due to adaptive convergence which possibly have originated
between the different lineages after the geographical isolation under similar
environmental condition

In the second part of this dissertation, | identified allelic diversity in Ae. tauschii
which is of utmost importance for efficient breeding and widening of the genetic base
of wheat. Here | identified markers or genes associated with morpho-physiological
traits in Ae. tauschii, and understood the difference in genetic diversity between the two
main lineages. | performed genome-wide association studies of the same 11 morpho-

physiological traits used the first part of this dissertation for 293 Ae. tauschii accessions
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representing the entire range of natural species range to cover most genetic diversity
that existed in Ae. tauschii using 34,920 DArTseq markers. | observed a wide range of
morpho-physiological variation among all accessions. | identified 79 marker-trait
associations (MTAS) in all accessions, 14 specifics to TauL.1 and 17 specifics to TaulL 2,
suggesting independent evolution in each lineage. Some of the MTAs are novel and
have not been reported in bread wheat. The MTAs identified in each lineage are
different from each other, which mean both lineages have highly adopted different
genes. This should be considered when we use Ae. tauschii in wheat breeding. The
markers or genes identified in this study will help to reveal the genes controlling the
morpho-physiological traits in Ae. tauschii, and thus in bread wheat even if the plant
morphology is different.

From the phylogenetic study, | have revealed the most traits to discriminate
between and subspecies are spike-related traits (spike shape). Also, it is difficult to
discriminate between lineage with plant phenology, and the easiest and accurate method
is genomic analysis. Also, | have confirmed that genotyping by the DArTseq platform
IS an accurate platform to study genomic analysis of plant species. Using this platform,
| could give an accurate taxonomy for 124 accessions lacked data on their lineages and
subspecies. Furthermore, | could propose the geographical origin of these accessions.
These findings will largely facilitate the utilization of Ae. tauschii in wheat breeding.

From and GWAS analysis, | have revealed that there is intraspecific lineages
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variation excited in both lineages. This variation must be utilized efficiently to transfer
most genetic variation to bread wheat. Furthermore, | have discovered that each lineage
has contributed differently to enhance specific traits. This mean breeder must utilize the
specific lineage according to the breeding targets. In another word, developing new
germplasm from both lineages could transfer a large variation of D-genome diversity
compare with using one lineage. A number of studies on different traits and in different
environments are needed to gain a better understanding of the genetic diversity present
in Ae. tauschii. It is also necessary to employ advanced genome analysis so that the
large and complex genomes can be easily analyzed and a large number of genetic

markers can be generated.
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Summary (In Japanese)

VAR BT AERR L, @GR IR IR T s s TE 2D, BHICE
WT, T EITHEAEZED WS, =¥ u 7 2E (Aegilops L.. 4 A8H) 1.
R LF EFREGBEARED 2720, BRI INTERL, =¥ TR
@& a s ¥g (Triticum L) & OO RHFHEGRIIFEMICIE I N TEHH, HHE
IR TH, =¥ e 7 AEICII2IMOIE—FAEMMB G TN, TD I b1
DR2MERTH O 12 REERIETH 5,

#8000~ 1 4EHT, WAED Vv a A X oMt BHEF4E R 2 L F (Triticum
turgidum L., 2n = 4x = 28, AABB) & XLk a L ¥ & DD HARMDFER & L
THIT-, 2k L FiE, Eig (1929)iC X - TAe. squarrosa & iy % L, %
DHIT, eusquarrosadfifii & strangulata®fifli D20 O HFM T 5 & & D Ef]
ICREE I L7z, f2I1C, Hammer (1980)1%., & vk L F % Ae. tauschii &ttt
L. 20> T, 25T tauschiidfiff & strangulataffifii & v 5 LR ICERET

INTz, 2K L FILEEGIICOIEEMIC S L MR K Z <, tauschiidfifi
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TR VCHERO/NMEZ RO DXt L, strangulataffifi id U o /NMEs L O
Y% DD, Tauschiiffiffilx, oA EIRICHMAL TV DITH L,
strangulata#fifd (X 77 X IR ER RS & 2 — A3 A IC RS v Twv 5,

ANF A LFOBLBMNLEMNIZIT A Y 94 L, RAPD, FEFR{IADNA,
AFLP, SSR¥ X UDArTarray~—#7 —7 &0 FL_ATHE I N TS, 21
5D D%  [FAT %230 DR, TauLlRAHE. TauL2 R ifitds L O
TauL3AMAFIC 7 E L T %, TauLlRfiht idtauschiififdH o & % & A, Taul2
FARHE (2 tauschii FifE & strangulataffifl O ] /5 % & &, Taul3# 8 13 R iEA %
et

AVFEILAFIE, NI AFXD DY/ LYK E OB ZLG AR D Xt
ENEEAEHESR LG, X7 AROTTIE 3 4 X0 FHEW A
LXdTWHETH 2. Tauk RHHF 1 & LB L T Tauk2 REFEHL > T L F¥D D

AT EWBIRIEOLS Db B, SH52. XA LFD D 7/ LD

strangulata TRfED L 5 & Lo o & T 2T H 2. 2D &I NADP KA
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PERWET IV A — VK ER R T L I — UV KERED 7 A VYA LDLZH

WMTEHHesmEL > T B,

Zovdka LFIE, BEEOEMRICHEY . AV - IFAEVIRI R b L R =
LE¥FBRICASHHAINTEGRARBELZR O LRI N T D, X
VR T LAF L, FEE L RECHEER R & o N TN A mRefFka 2 ¥ %20 L
THHEINTE R, WTNOFECHBARD -7, Xrda L FOERR
L RkIEZ N v 2 AFBREICHRNICHH ST 2 7201Cld. EERT ) LB K
VI REAE BRI TR T DS 0BT B

A5 D HTHTld, DArTseqiC Hi2k 9 % 55,8801 @ & it E — Hi b % U % ]
WT, 2R AFORMEABREHS 2L, & 512, TauLl&#HE, Taul2
RAEHE. Taul3RAEHE. % 7 (Xtauschiidfifi & strangulatadfifi O] CHEIC R %
LIE R R L, 2k a aX 0% H N —F 52930 RHICD 0T,

INFTCARRAEFE—FTFT—ZEZROTWEZEEZED T, BB L N110TE

4\

A

REAMA N 2R 7z, ZofER,. 175, 113, 5% Z 1% N Taull,

Y
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TauL2., Taul3iCEIY ¥ TR LR TE/, NAKR— T — X%~ \n124

D FRiEld. 66% TauLliC, 57 % Taul2iC, 1% TauL3iCHIY 4 T2E Z &L 3 TE 7z,

JERRAB A 2 SR 2N 5 72012, 220 0EREPE (ILER. 1LEEE) |

4o OFEBERE (R, iR, a2 v Er8. HE) | FfEE% 320

ALY (NDVIL EmRE., ERRaeE) 2HEL -,

Z DFER, KRB B L OHEICE T, BRAEEAICIELWERD

5T EPMERTET, £z, MTHBEEPE O HIC 3, R HifEH

THEICELRALDL D o728, FOLERIFIZFELR > Tz, Z OFELIEIX

WIGE T, BRI ®RIC, FRARESRFICErNE ZLICX YV ELR S

FRAREDIE LS 2, EIoETORRTH 2 LEZ LN,

KX DB TlE, RN REECa L FOEBELRHEBOILKD -9 I

ROEETHL, ZAFaLFONVEBELEFOEHEZHOIC L, ZC

Tlt., 2Nt a X ORRRAEHPNIEE ICBEET 2 ~— N —EE T ZFE

L. 2200 FEZHEEB OBEHZREEDECEZIAL 72, X2 & a2 LFITHF

76



T 2138 A EDBGINEHIEER HN—F 372010, BRI DLEFH 5
fR&EFT 2293%MMD XNk a LFZNRIC, Rim XL OHIFERD CHEMA LD &
[ C11 DT RBAEHAZE IC DT, 34,9200DAITseq~w —H —Z HWTr /
L7 A FPREEMRZTo 72, ZOME., TXTORMICET VT, IELWIERE
AHENGERPBE INT, ZOFE, T90BEME~ —7— (MTA) 28
ERMCHER SN, 2D 9 H14ARTauLLRAREAICR RN 2 D D, 1713 Taul2%

TAEICRF RN D DT, ZNENDRGFHRETHIZL 2 E&EMLZZXRITFTwE L

~

PRIEBI N, MTAOHICIE, Sy asFXFciEINTWHHO L @

bHotre BERMECHREINEZMTARAWVICER>TEY ., ZNITWARK

BICBWTEALAZEBLET2EEICERLTWARZ L2EKRT L, 20 &,

AN LFea AXOFMEICHMAT 2PRICERTETH 5, AWK TH

EINTz~v—N—CELTIE. HYDOIEENRER > T ThH, Xk alF,

OWTiEty a s XoORRREMANIEE 2 XX 2 BT 2o 21350

RSO LEZ NS,
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KIZE D ZRAIWFGE D &, HifE & IR b LR 12, FEEE
DG (FOIK) TH2 L ZWbhich-72, T/, HEYOEXEMCH
TREZHA T 2 C L I3EEL <, B CE#ERGEET /7 Lot ch bl
DHEBHL 72, 72, DArTseq 7 7 v F 7+ — Ll X 3¥ /) 24 v 73,
WD 7 ) LR %2 T 2720 DIEER T Ty b7+ —LTHB L %
R Lo TOT Ty P 7x—20%ffi5 LT, RHECHED T — X4
RLTWI24R I LT, IEMERDFEZIT) S LD REL oz, T DT,
INOLDRKOEIFHDIREST 22 LA THHEE o2y TN L DIFREE
X, 2LFOBEMICEIT 2 v FasXFORHERE(EET S LEBbNS,
FAlZ. GWAS T2 6, MiIRFMEEICIIENER LD 5 2 & L HIT L 7z,
NV A LFICBIENERDO RNV ZEEET 2701013, 2 OERZHRNICH]
M3 208X D5, IHIC, ZNENDRFRICE T, FEDEEN
27291, B3 EEFSEGLTWEILE2HKALE, 2F0., BEKIZ

B EARICIG U CRE O Rificht 2 pEC A 5~ 2 D B 3 F 037 2> o Tz
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Sz X, W7 ORGSO H L WAEE 2R TIE, 100 RKE
ZERT 258 LHIRL T, D7/ LDSREDORE LR %2 a ¥ 1T
ZEeNTES, ZAFa X IEET 2 BENEHRIEL X 0 ECHRT 572
DITIE, BR2WERPEAZBRETTCO4 OMELABETH L, T/, K
B CEMER T ) LA BB L. 2BOBIET~—h—2FKT 5L

BTEB LI, MERT/ LW EERAT 205 1D 5,
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