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Resumo

DA ROSA, Mariana Peil. Introgressdes de Triticum timopheevii em germoplasma
brasileiro de trigo. 2018. 94p. Tese (Doutorado) — Programa de Pds-graduagcdo em
Agronomia. Universidade Federal de Pelotas, Pelotas, 2018.

O aumento da producdo no Brasil, assim como no mundo, é uma estratégia para
seguranca alimentar. No entanto, uma estagnacdao nos aumentos de produtividade
devido, entre outros fatores, a reducdo da variabilidade genética através da selecéo
ao passar dos anos. Triticum timopheevii Zhuk. (2n = 28, composicdo gendémica
A'A'GG) é um trigo tetraploide e possui alelos desejaveis, principalmente para
resisténcia a doencas, e ele pode ser usado para ampliar variabilidade genética no
trigo. Este estudo prop0s realizar a introgressdo de segmentos de DNA de T.
timopheevii. em uma cultivar elite de trigo brasileira. Linhas de T. aestivum/T.
timopheevii na geracdo RC: foram polinizadas com TBIO Sinuelo (TBIO) e um
arranjo de genotipagem Affymetrix Axiom Array juntamente com hibridizagao
genbmica in situ (GISH) foram utilizados para detectar e caracterizar as
introgressdes. No total, 548 cruzamentos foram realizados, e 4.579 sementes foram
produzidas possibilitando a geracdo de um mapa de ligacdo do T. timopheevii. Este
mapa foi usado para identificar 316 introgressdes putativas nos hibridos trigo/T.
Timopheevii. Foram encontradas introgressées dos grupos de ligacdo. A analise
comparativa confirmou as translocacdes 4A'L/5A'L herdadas do T. urartu e ja
reportadas no T. timopheevii e as translocacdes especificas da espécie 6A!S/1GS
3A'L/AAL presentes no T. timopheevii. Os dados obtidos aqui mostram que T.
timopheevii tem um grande potencial para ser usado em programas de
melhoramento porque suas linhas de introgressdo apresentam altas taxas de
germinacao alta fertilidade e boa produg¢ao de sementes.

Palavras-chave: variabilidade genética, biotecnologia, resisténcia a doencas, SNPs



Abstract

DA ROSA, Mariana Peil. Triticum timopheevii introgressions into a Brazilian
wheat germplasm. 2018. 94p. Thesis (Doctoral degree) — Programa de Pés-
graduacdo em Agronomia. Universidade Federal de Pelotas, Pelotas, 2018.

Increasing wheat yield in Brazil, as well as in the world, is a strategy for food security.
However, a stagnation has been observed, due to, among other things, the reduction
of genetic variability through selection over the decades. Triticum timopheevii Zhuk.
(2n = 28, genome composition A'A'GG) is a tetraploid wheat which has desirable
alleles, mainly for disease resistance, and it can be used to increase genetic
variability in wheat. This study proposed performing the introgression of DNA
segments from T. timopheevii lines into a Brazilian elite cultivar. Wheat/T. timopheevii
lines in BC2 generation were pollinated with TBIO Sinuelo (TBIO) and Affymetrix
Axiom Array along with genomic in situ hybridisation (GISH) were used to detect and
characterize introgressions. In total, 548 crosses were performed, and 4,579 seeds
were produced enabling the generation of a linkage map of T. timopheevii. This was
used to identify 316 T. aestivum/T. timopheevii putative introgressions. Introgressions
of all 14 groups of T. timopheevii were found. Comparative analysis showed that T.
timopheevii has the 4A'L/5A'L translocations inherited from T. urartu and the species-
specific 6A'S/1GS, 3A'LL/4AL already reported in T. timopheevii. From the data
obtained T. timopheevii has good potential to be used in introgression programs
because its introgression lines present high germination rates, fertility level and good
seed production.

Key-words: genetic diversity, biotechnology, disease resistance, SNPs
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1. Introduction

Global population is growing and it is expected to reach at least 9 billion
people (FAO, 2017; FISCHER; BYERLEE; EDMEADES, 2014). It is suggested that
an increase of at least 60% of food demand will be needed by 2050 to feed the
world’s population (OECD/FAO, 2012; TILMAN et al., 2011) . Wheat is the major
staple crop worldwide (REYNOLDS et al., 2012) as it is the most widely grown and is
also the main source of nutrients for the world population (CURTIS; RAJARAM,;
MACPHERSON, 2002; DUBCOVSKY; DVORAK, 2014). Increasing wheat yield in
Brazil, as well as in the world, is a strategy for food security. However, a plateau in
wheat productivity has been observed (BRISSON et al., 2010; RAY et al., 2013).

Common wheat (Triticum aestivum, 2n = 6x = 42, genome AABBDD) is an
allohexaploid species originated from two natural interspecific hybridisation events,
involving three diploid ancestors (KIHARA, 1919, 1954; KIHARA; YAMASHITA,
TANAKA, 1959; SAKAMURA, 1918; SAX, 1922). Thus, since its origin, wheat is a
narrow species as it descended from a very small number of interspecific
hybridisations (COX, 1996), in addition, domestication, extensive plant breeding and
intensive selection probably have reduced diversity among cultivars, narrowing
variability for the future breeding advances (TANKSLEY; MCCOUCH, 1997).

Wild relatives have been used to introduce allelic variation into wheat
germplasm as an alternative to increase variability. Wide hybridisation enables the
introduction of genes for many agronomical important traits, and they can be really
useful for plant breeders to develop superior cultivars with high yield and adapted to
different environments (ABLE; LANGRIDGE; MILLIGAN, 2007; WANG, 2009).

Triticum timopheevii Zhuk. is an allotetraploid wheat (genome formula A'A'GG)
and it belongs to the secondary gene pool of wheat (CHAUDHARY; KAILA,;
RATHER, 2013), its Alis similar to the A from T. turgidum (AABB) and T. aestivum
(AABBDD), (ABROUK et al., 2017; ALLABY; BROWN, 2000; DVORAK et al., 1993;
KILIAN et al., 2007, TAKUMI et al., 1993). Genes from timopheevii can be
transferred to wheat either by direct hybridisation or through the development of
amphiploids (MIKO et al., 2014).
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Wheats from Timopheevii group carry resistance for fungal diseases
(LEONOVA et al.,, 2011) and they have been used over the years in crosses with
other species in order to transfer immunity genes. Up to date, twelve genes
controlling resistance to disease were transferred from T. timopheevii genome into
common wheat (MCINTOSH et al., 2013).

South of Brazil is the main producer region of wheat but the environment is
quite unstable, the occurrence of rain and high temperatures during heading time
contributes to the spread of diseases, posing the major challenges that affect the
growing seasons. Fungi are main pathogens responsible for decreasing yield gain
and grain quality in wheat (BOREM; SCHEEREN, 2017).

Some examples of the diseases affecting wheat production are powdery
mildew (Blumeria graminis f. sp. Tritici), leaf rust (Puccinia triticina Eriks.), fusarium
head blight (Fusarium graminearum), septoria (Mycosphaerella graminicola), wheat
head blast (Magnaporthe oryzae Triticum pathotype), helminthosporium blight
(Bipolaris sorokiniana) and the reduction of yield gain can reach 62, 63, 38, 38, 50
and 80% respectively (CASA; REIS, 2014). The preferential method for controlling
diseases is the usage of resistant varieties, unfortunately this resistance may not last
and new races of pathogens can appear (BARCELLOS; MORAES-FERNANDES;
ROELFS, 1997).

Many genes conferring resistance from the timopheevii group were already
identified and transferred to common wheat, however this group may carry other
unknown genes which can be used to transfer not only resistance to disease but
other desirable traits. Also, the introduction of alleles from this species into a
Brazilian wheat genotype was not accomplished yet and this study could bring many

benefits for wheat breeding in Brazil.

The main aims of this research are to transfer chromosome segments from T.
timopheevii into a Brazilian hexaploid wheat cv. TBIO Sinuelo, to detect and
characterize the introgressions via a wheat/wild relative SNP array; to validate the
genotyping with the use of genomic in situ hybridisation and to analyse the synteny

between T. timopheevii and hexaploid wheat.
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2. Literature review

2.1 Wheat in the world

World’s population is growing, and it is estimated that by 2050 it could reach
more than 9 billion people (FAO, 2017). To feed the world, global agriculture
production may need to be increased by 60% - 110% (OECD/FAO, 2012; TILMAN et
al., 2011), and around 2.4 % per year rate of yield gains will be needed to reach it
(RAY et al.,, 2013). Maize, rice, wheat, and soybean are the most representative
crops, together their production represents two-third of current harvested global crop
calories (CASSMAN, 1999; TILMAN et al., 2011). Unfortunately, the global average
rates of yield increase for these crops are 1.6%, 1.0%, 0.9% and 1.3%, respectively
(RAY et al., 2013), and at the current rates, it seems the yield gain will not be

achieved.

Wheat was one of the first domesticated crops and it has been a staple food
for the major civilizations over the years. It is cultivated from the equator to temperate
lands and it can be grown at high latitudes, the land area occupied with wheat is
more than any other crop, around 220 million hectares representing 17% of all
world’s cultivated land (CURTIS; RAJARAM; MACPHERSON, 2002; FAO, 2016).
About 20% of the calories consumed by humans is provided from wheat, and 95% it
is from bread wheat (DUBCOVSKY; DVORAK, 2014; FAO, 2006), which represents
the main source of income for millions of small-scale farmers living in developed
countries. Increasing wheat yield gain will have more influence on global food
security than that of any other crop (REYNOLDS et al., 2012).

In Brazil, hexaploid wheat occupies the third position among the most
produced cereals, the annual production is around 5 million tonnes, with an average
yield of 2.5 tonnes per hectare (CONAB, 2018). The national wheat consumption is
around 12 million tonnes, and almost half of the wheat is imported (ABITRIGO,
2018). The Southern Region is the main producer, although there was an attempt of
increasing wheat production area in the Cerrado region. Unfortunately, the need for
irrigation increases the production costs, making farmers switch to more profitable
crops. Increasing wheat yield should be the best alternative to increase national

production.
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Production can be increased by improving the yield gain per area, something
that can be achieved with plant breeding and with reduction of pre and post-harvest
losses. Based on genetic potential, it has been suggested the absolute yield of wheat
would be 20 t ha! (HANSON; BORLAUG; ANDERSON, 1982). The current highest
commercial attainable yield record is 16.79 t ha' in New Zealand (GUINNESS,
2017). Unfortunately, the wheat yield average for the world during the last ten years
was just 3.3 t ha! (FAO, 2016). Closing the yield gap must be one of the major goals

of organizations involved with world food policy and wheat research for the future.

Current research to improve wheat yields covers a broad strategies including
the mixture of germplasms through crossing, interspecific and intergeneric crosses,
biotechnology techniques, hybrid wheat, studies on the physiology of the wheat plant
and on the host-plant relationships of various pests that attack it and humerous other
important research avenues (CURTIS; RAJARAM; MACPHERSON, 2002).

The main aims of this research are to transfer chromosome segments from T.
timopheevii into a Brazilian hexaploid wheat cv. TBIO Sinuelo, to detect and
characterize the introgressions via a wheat/wild relative SNP array; to validate the
genotyping with the use of genomic in situ hybridisation and to analyse the synteny

between T. timopheevii and hexaploid wheat.

2.2 Wheat origin and evolution

The genus Triticum consists of six domesticated species: Triticum
monococcum L. (AMA™ genome); Triticum urartu Tumanian ex Gandilyan (AA
genome); Triticum turgidum L. (AABB genome); Triticum timopheevii (Zhuk.) Zhuk.
(A'A'GG genome); Triticum aestivum L. (AABBDD genome); and Triticum zhukovskyi
Menabde & Ericz. (AMAMA'A'GG genome), and they are present at the diploid,
tetraploid and hexaploid levels (figure 1). The diploid AA genome species, T.
monococcum, and T. urartu diverged less than one million years ago (HUANG et al.,
2002).
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After that, less than 0.5 million years ago, the tetraploid species T. turgidum
(AABB genome) and T. timopheevii (A'A'GG genome) evolved through two
independent hybridisation events between (diphyletic origin): the A genome from T.
urartu (ABROUK et al.,, 2017; ALLABY; BROWN, 2000; DVORAK et al., 1993;
KILIAN et al.,, 2007a; TAKUMI et al., 1993) the B and G genomes from a species
closely related to Aegilops speltoides Tausch (SS genome) (DVORAK, 2001;
MATSUOKA, 2011; SEARS, 1969). A monophyletic hypothesis exists suggesting
that both species arose from a single hybridisation event (GILL; CHEN, 1987;
WAGENAAR, 1961), however a number of studies show strong evidence supporting

the diphyletic origin.

T. monococcum ATA™

] T. zhukovskyi AAGG MA™
T urartu AA

T. timopheevii AAGG
T. turgidum AABB

— T. aestivum AABBDD
Ae. speltoides SS

Ae. tauschii DD

Figure 1 - Evolution of wheat.
Source: DVORAK, J., 2001.

During the development of agriculture around 10,000 years ago, T. turgidum
and T. timopheevii were domesticated and their cultivated forms T. turgidum subsp.
durum and T. timopheevii subsp. timopheevii, respectively, appeared (FELDMAN,
2001; SALAMINI et al., 2002). The diploid T. monococcum also was domesticated in
the same area (KILIAN et al., 2007b; TANNO; WILCOX, 2006).

After this period, the hexaploid Triticum wheats emerged through natural
hybridisation between the tetraploid cultivars and diploid Aegilops and Triticum

species. T. zhukovskyi (AMAMA'A'GG genome) is thought to be originated through
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hybridisation of T. timopheevii with cultivated einkorn T. monococcum. T. aestivum
(AABBDD genome) is thought to have arisen through hybridisation of T. turgidum
with the wild wheat species Aegilops tauschii Coss. (DD genome) (KIHARA, 1944;
MCFADDEN; SEARS, 1944). Common wheat is an allohexaploid species originated
from two natural interspecific hybridisation events, involving three ancestors, followed
by chromosome doubling enabling, the production of fertile plants (KIHARA, 1919,
1954; KIHARA; YAMASHITA; TANAKA, 1959; SAKAMURA, 1918; SAX, 1922).

2.3 Genetic variability in wheat

Allopolyploids arise from processes of interspecific hybridisation and
chromosome doubling, then containing the entire genome of two or more species in
homozygous condition. Common wheat is a species with narrow genetic bases since
its origin because its germplasm has descended from a very small number of
interspecific hybridisations resulted from two amphiploidisation events involving tree
ancestors (COX, 1998; KIHARA, 1919, 1954; KIHARA; YAMASHITA; TANAKA,
1959; SAKAMURA, 1918; SAX, 1922).

The frequent use of few genotypes as genetic resources in wheat breeding
programs and the monotonous usage of a limited number of varieties have caused
serious genetic erosion in cultivated wheat (REIF et al., 2005). The polyploidisation,
subsequent domestication, and inbreeding have reduced the genetic diversity in
cultivated wheat compared with its wild ancestors (HAUDRY et al., 2007;
TANKSLEY; MCCOUCH, 1997).

The lack of genetic diversity is a major issue for wheat breeders and it limits
their ability to produce new varieties (ROUSSEL et al., 2004; WHITE et al., 2008)
Cultivation of germplasm with a narrow genetic base has risks, such as mutations in
pest populations or changes in environmental conditions that may bring about
stresses that the cultivar could not cope with and, therefore, could lead to severe
losses (REIF et al., 2005).
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2.4 Homology, recombination and genome structure

Meiotic recombination is central to evolution, speciation, breeding and crop
improvement. It results in the formation of chiasma at the sites of genetic crossovers,
at least one chiasma between homologous chromosomes is essential for genetic
recombination and accurate chromosome segregation at the first meiotic division
(JONES, 1984; JONES; FRANKLIN, 2006). Polyploid organisms with multiple sets of
chromosomes have additional mechanisms for distinguishing between homologous
and homoeologous pairing and recombination (BREIMAN; GRAUR, 1995).

Hexaploid wheat is composed of three related ancestral genomes (A, B and
D), each containing seven pairs of homologous chromosomes. (KIHARA, 1924;
SAKAMURA, 1918). For hexaploid wheat to be highly fertile, it needs to have a
diploid-like behavior, thus only true homologs may pair with each other, for example,
1A must pair with 1A and not with its homeologous 1B or 1D (KOO et al., 2017). The
major locus controlling this pairing behavior in wheat is Phl (pairing homeologous),
which is a single dominant locus located on the long arm of the chromosome 5B
(RILEY; CHAPMAN, 1958).

Mutants carrying a deletion of the Phl locus exhibit a degree of pairing of
related (homoeologous) chromosomes and hence multivalent formation at
metaphase | (ROBERTS et al., 1999; SEARS, 1977). New deletion analysis defined
the Phl effect to a 2.5 Mb interstitial region inside the locus of 5BL wheat
chromosome (AL-KAFF et al., 2008; GRIFFITHS et al., 2006; MARTIN et al., 2017),
and its absence delays homologous pairing allowing homoeologous instead
(MARTIN et al., 2017; REY et al., 2017).

The lack of Phl effect in diploid relatives of wheat suggests that Phl locus
arose after polyploidisation (CHAPMAN; RILEY 1970). Restriction of pairing between
homeologous ensures regular segregation, high fertility and genetic stability. Also,
amphypolyploids have a buffer effect, they can tolerate structural changes e.g.,
translocation, that diploid cannot tolerate. Diploid mechanism of polyploids provided
an abundance of redundant genes, that could diverge to achieve new functions,
however, many genes become silenced and the number of functional genes was
greatly reduced, so the polyploid does not necessary has more expressed genes
than a diploid (BREIMAN; GRAUR, 1995).
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Hexaploid wheat genome size is around 17 Gb, but each subgenome has
around 5,5 Gb, with more than 80% of highly repetitive transposable elements
(EILAM et al., 2007; IWGSC, 2014; WICKER et al., 2011).

2.5 Use of wild relatives to increase genetic diversity

Increasing genetic diversity in wheat depends on the genetic distance of the
wild relative species from wheat genome donors. Interspecific hybridisation, also
called wide hybridisation, enables the introduction of genes for many agronomically
important traits, and it has been widely used by plant breeders to develop superior
cultivars with high yield and adapted to different environments (ABLE; LANGRIDGE;
MILLIGAN, 2007; WANG, 2009). For several decades, these wide crosses have

been a reservoir of novel variation for wheat improvement.

Genetic diversity is paramount for cultivated crops. The diversity of wheat
resides in three gene pools of the Triticeae structured based on the genomic
constitution of the related species (Figure 2). The Primary gene pool includes the
hexaploid landraces, cultivated tetraploids, wild T. dicoccoides and diploid donors of
the A and D genomes of hexaploid wheat. The secondary gene pool consists of the
polyploid Triticum and Aegilops species which share at least one genome with wheat.
Wild relatives with genomes that are non-homologous to wheat reside in the tertiary
gene pool that includes diploid and polyploid species of Triticeae-carrying genomes
other than A, B and D. (CHAUDHARY; KAILA; RATHER, 2014; HARLAN; WET,
1971).

Gene transfer from these species to wheat will depend on the level of
homology they share since the chromosome pairing and recombination is controlled
by Ph1 locus (RILEY; CHAPMAN, 1958). For species comprising the primary gene
pool, standard breeding methods like hybridisation, backcrossing and selection are
efficient (GILL; RAUPP, 1987; MCFADDEN; SEARS, 1946). For species from the
second, gene transfer requires cytogenetic manipulations to enhance the
recombination between alien and wheat homoeologous chromosomes. And for the
third, physical and genetic methods that cause random chromosome breaks and
promote recombination have been used in engineering transfers from the tertiary
gene pool into the genetic background of cultivated wheat species (CHAUDHARY;
KAILA; RATHER, 2014).
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Wheat Gene Pool

1° Gene pool I 2° Gene pool W 3° Gene pool
Complete homologous genomes Partial or at least one homologous No homologous genomes
genomes
T. spelta (AABBDD) Secale cereale (RR)
T. turgidum (AABB) T. timopheevii (NA'GG) Th. elongatum (EE)
T. monococcum (AA) T. zhukovskyi (ATATA'AGG) Elymus spp. (SSHHYY)
Ae. tauschii (DD) ||| Aesosioies (BB) || Th. intermedium (JJEESS)

Figure 2 - Wheat gene pools and some examples.
Source: Adapted from Chaudhary et al. (2013).

Some wide species, such as Amblyopyrum muticum [(Boiss.) Eig. (Aegilops
mutica Boiss.) (2n = 2x = 14; genome TT)] carry genes which suppress the Phl
locus, and in this case, even if they are not from the primary gene pool,
recombination between homeologous can occur, thus direct crosses are efficient to
transfer genes to wheat (DOVER; RILEY, 1972; KING et al., 2017). In an
introgression program, understanding the species are you going to work with, is of

great importance to decide the best approach to increase variability.

2.6 The use of Triticum timopheevii as a source of variation

Triticum timopheevii Zhuk. is an allotetraploid wheat (genome formula
A'A'GG), it belongs to the Timopheevii group. Its At genome has some similarity with
the A from T. turgidum (AABB) and T. aestivum (AABBDD), according to strong
evidence that they derived from the same ancestral T. monoccoccum L. ssp. urartu
(ALLABY; BROWN, 2000; DVORAK et al., 1993; KILIAN et al., 2007b; TAKUMI et
al., 1993). Although it does not have their B genome, (SEARS, 1969), it is suggested
that its G genome is also originated from Ae. speltoides Tausch. or an ancestral
close to it (DVORAK; ZHANG, 1990; MIYASHITA; MORI; TSUNEWAKI, 1994;
OGIHARA; TSUNEWAKI, 1988; SASANUMA; MIYASHITA; TSUNEWAKI, 1996).
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Wheats form Timopheevii group are part of the secondary gene pool of wheat
(CHAUDHARY; KAILA; RATHER, 2014), and they can be transferred into by direct
hybridisation or with the use of Phl mutants to enhance recombination (MIKO et al.,
2014). Wheats from Timopheevii group carry resistance for fungal diseases
(LEONOVA et al., 2011) and they have been used over the years in crosses with

other species in order to transfer immunity genes.

Up to date, genes controlling resistance to: stem rust, Sr36 (2BS), Sr37 (4BL)
(GYARFAS, 1978; MCINTOSH; GYARFAS, 1971), and Sr40 (2BS) (DYCK, 1992;
WU; PUMPHREY; BAI, 2009) to leaf rust, Lr18 (5BL) (DYCK; SAMBORSKI, 1968;
FRIEBE et al., 1996; MCINTOSH, 1983; YAMAMORI, 1994), Lr50 (2BL) (BROWN-
GUEDIRA; SINGH; FRITZ, 2003; LEONOVA et al., 2010), LrTtl1 (2A) (LEONOVA et
al., 2004), and LrTt2 (5BL); to powdery mildew, Pm6 (2B) (HELMSJPRGENSEN;
JENSEN, 1973), Pm27 (6B) (JARVE et al., 2000), Pm37 (7AL) (PERUGINI et al.,
2008), and MIAG12 (7AL) (MAXWELL; LYERLY; MURPHY, 2009); and to winter
wheat leaf blotch, SnbTM (3AL) (MA; HUGHES, 1995) were transferred from T.
timopheevii genome into common wheat (MCINTOSH et al., 2013).

2.7 Strategies for gene transfer

There are some strategies to introduce desired traits from wild relatives into
wheat. Whole genome approach is used when the whole genome of the relative
species is desired, it is accomplished by crossing wheat with the relative and
doubling chromosome number with colchicine to produce amphiploids. One of the
best examples is Triticale the first cereal developed by human in a cross between
wheat and rye, however, the hybrid was generated in Scotland in 1876, the first fertile
hybrid was produced in 1938 (FEUILLET; LANGRIDGE; WAUGH, 2008; OETTLER,
2005). Nowadays, Triticale is widely used in the world, mainly for animal feed, since

grain quality from bread wheat was not transferred.

Synthetic hexaploid wheat is another example developed to increase genetic
variability, in order to rescue diversity already present in the wild forms, the first
synthetic was developed by crossing the wheat ancestors T. turgidum (AABB) and
Ae. tauschii (DD) (GILL; RAUPP, 1987). These synthetic lines are quite useful to
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transfer desired genes to wheat because the synthetic hybrid will easily recombine
due to the homology (CHAUDHARY; KAILA; RATHER, 2014).

Due to the genome composition of hexaploid wheat, it tolerates addition,
substitution or deletion of a pair of chromosomes, single chromosomes, or part of it,
thus addition, substitution, and deletions stocks can be developed to transfer traits
from alien species. These lines are useful in pre-breeding programs, however, they
often exhibit sterility, a repeated backcross of the amphiploid with the wheat parent
can overcome this (FELDMAN; LEVY, 2005; SEARS, 1981).

Unfortunately, alien introgression always comes with the linkage drag, in
general, the transfers should be as small as possible to exclude any flanking loci
carrying genes with negative impact. Chromosome engineering, developed by Sears
(1981), are cytogenetic manipulative approaches used to overcome the linkage drag
and reduce the sizes of alien introgression. Induction of homeologous pairing is used
to enhance the pairing between non-homologous chromosomes. The use of the 5B-
deficient stocks (SEARS, 1981) or the recessive mutant Phl (RILEY; CHAPMAN,
1958; ZHANG et al., 2004) have been used to promote homeologous pairing and
recombination. And, as described before, the use of species suppressing Phl is also

an alternative to enhance recombination.

lonizing Irradiation is used to induce centromeric breaks and spontaneous
fusion between alien and wheat chromatin, however, the breaks are random leading
to translocations among non-homeologous chromosomes resulting in duplications, or
deficiencies in the progeny. Gametocidal induction is a method used transfer small
alien segments and it is based on the capacity of gametocidal genes (Gc) to induce
chromosome breaking in gametes where they are absent, ensuring that only
gametes containing Gc genes are transmitted. However, ionizing radiation (SEARS;
GUSTAFSON, 1993) and Gc (MASOUDI-NEJAD et al., 2002) have been used to
transfer segments into wheat, in general, they seem do not compensate due to the

genomic changes that often leads to a agronomically undesirable.

In an introgression program, the first step is to choose the wheat variety and
the related species desired for the interspecific or intergeneric crosses, or choose the
related species needed to make the synthetic. Then, if the goal is to produce

addition, substitution or translocation lines, the lines should be screened for it, but if
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the goal is to transfer small segments from the donor and keep most of the
background from the chosen wheat, it is necessary to reduce the size of the
segments, mainly due the linkage drag, and that can be accomplished by repeated

backcrossing.

Even if a large scale phenotyping platform is available, and lines can be
screened for the desirable traits, it is of huge importance to know what makes those
lines genetically different, and where the differences are placed on, then evaluation

of these introgressions is an important step in this kind of program.

2.8 Detection of introgressions

One of the major problems in an introgression-based breeding program is to
detect these. Some approaches have been used in the past years. At the beginning
chromosome recombination used to be detected using morphological markers and
pairing behaviour during meiosis (SEARS, 1981). Then, differential staining started to
be used mainly the C-banding, allowing the accurate identification of homeologous
pairing in metaphase | and characterization of changes in chromosome structure
based on the heterochromatin (FRIEBE; GILL, 1996; GILL; SEARS, 1988).

In situ hybridisation technique was first described by GALL and PARDUE
(1969), and the procedure consists of using fluorescent probes to detect DNA
sequences on the chromosomes. Fluorescence in situ hybridisation (FISH) is used to
detect site-specific probes while genomic in situ hybridisation is used to detect whole
genomes in a cell. Both techniques are used to detect alien chromosomes in

interspecific hybrids.

However, the usage of in situ hybridisation to physically map alien
introgression is limited to the size of the inserted segment, they must be large
enough to be detected on the host chromosome (GUSTAFSON; DERA, 1989). The
usage of GISH for the detection of alien chromosomes or recombinant segments in
progenies among wheat and related species may be difficult due to the high degree

of homology among them.

Besides these issues, cytogenetic techniques are laborious and time-

consuming limiting the usage on a large scale, they are quite useful when combined
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with  molecular markers. Restriction fragment length polymorphisms (RFLP),
amplified fragment length polymorphisms (AFLP), random amplified polymorphic
DNA (RAPD), and mainly single sequence repeat (SSR) markers have been widely
used to tag and map resistance genes, however, they are cost-ineffective for

genotyping and laborious and time-consuming.

The development of next-generation sequencing technologies and high-
throughput single nucleotide polymorphism (SNP) markers and corresponding SNP-
arrays, has enabled faster more accurate detections of introgression from wild
relatives into wheat (KING et al., 2017; TIWARI et al., 2014, 2015). That beginning
with DArT (diversity array technology) (AKBARI et al., 2006), and following
genotyping SNPs array platforms such as lllumina® 9K iSelect Beadchip Assay
(CAVANAGH et al., 2013), lllumina® iSelect 90K SNP Assay (WANG et al., 2014) e
Axiom® 820K SNP array (WINFIELD et al., 2016) were developed. Genotyping by
sequencing (GBS) has been also used to generate maps with thousand loci
(POLAND et al., 2012; SAINTENAC et al., 2013).

This high-throughput genotyping approach have been used to detect
introgressions among wheat and relate species however they may be complemented
by cytogenetic techniques, which allows the direct visualization of alien chromatin
(GREWAL et al., 2018; SCHWARZACHER et al., 1992) and validate the SNPs that

can be used to detect each of the wide species.

2.9 The use of Triticum timopheevii as a source of disease resistance

Triticum timopheevii Zhuk. is an allotetraploid wheat (genome formula
A'A'GG), it belongs to the Timopheevii group. Its At genome has some similarity with
the A from T. turgidum (AABB) and T. aestivum (AABBDD), according to strong
evidence that they derived from the same ancestral T. monoccoccum L. ssp. urartu
(ALLABY; BROWN, 2000; DVORAK et al., 1993; KILIAN et al., 2007b; TAKUMI et
al., 1993). Although it does not have their B genome, (SEARS, 1969), it is suggested
that its G genome is also originated from Ae. speltoides Tausch. or an ancestral
close to it (DVORAK; ZHANG, 1990; MIYASHITA; MORI; TSUNEWAKI, 1994;
OGIHARA; TSUNEWAKI, 1988; SASANUMA; MIYASHITA; TSUNEWAKI, 1996).
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Wheats form Timopheevii group are part of the secondary gene pool of wheat
(CHAUDHARY; KAILA; RATHER, 2014), and they can be transferred into by direct
hybridisation or with the use of Phl mutants to enhance recombination (MIKO et al.,
2014). Wheats from Timopheevii group carry resistance for fungal diseases
(LEONOVA et al., 2011) and they have been used over the years in crosses with

other species in order to transfer immunity genes.

Up to date, genes controlling resistance to: stem rust, Sr36 (2BS), Sr37 (4BL)
(GYARFAS, 1978; MCINTOSH; GYARFAS, 1971), and Sr40 (2BS) (DYCK, 1992;
WU; PUMPHREY; BAI, 2009) to leaf rust, Lr18 (5BL) (DYCK; SAMBORSKI, 1968;
FRIEBE et al., 1996; MCINTOSH, 1983; YAMAMORI, 1994), Lr50 (2BL) (BROWN-
GUEDIRA; SINGH; FRITZ, 2003; LEONOVA et al., 2010), LrTtl1 (2A) (LEONOVA et
al., 2004), and LrTt2 (5BL); to powdery mildew, Pm6 (2B) (HELMSJPRGENSEN;
JENSEN, 1973), Pm27 (6B) (JARVE et al., 2000), Pm37 (7AL) (PERUGINI et al.,
2008), and MIAG12 (7AL) (MAXWELL; LYERLY; MURPHY, 2009); and to winter
wheat leaf blotch, SnbTM (3AL) (MA; HUGHES, 1995) were transferred from T.
timopheevii genome into common wheat (MCINTOSH et al., 2013).

3. Material and Methods

The experiment was conducted at The University of Nottingham / BBSRC
Wheat Research Centre placed on the Sutton Bonington Campus in United Kingdom
from 2014 to 2017.

3.1 Plant Material

Wheat lines carrying introgressions of chromosome segments of T.
timopheevii in the BC2 generation were pollinated with the wheat cv. TBIO Sinuelo.
The BC: lines used as the donor parent were originally generated at the
Nottingham/BBSRC Wheat Research Centre as part of the BBSRC funded WISP

collaboration.

The Brazilian cultivar TBIO Sinuelo (protected by MAPA, n° 1085) used as the
recurrent parent, was generously provided by its owner, Biotrigo Genética Ltd. This
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genotype was chosen because it has been widely used in Brazil, due to its high
adaptability and high yield. The crossing program is detailed in Figure 3.

3.2 Crossing program

3.2.1 Generation of BC2 introgression lines accomplished by
Nottingham/BBSRC Wheat Research Centre

In order to generate introgressions, mutant hexaploid wheat (ph1l/phl) either,
Paragon or Chinese Spring varieties, were pollinated with Triticum timopheevii
(accessions P95-99.1-1, 289752, 427414, 427998, 538512, 355452) to produce F1
hybrids. Nottingham/BBSRC Wheat Research Centre obtained all accessions from
the United States Department of Agriculture (USDA).

The F1 hybrids were grown until maturity and backcrossed as the female with
the euploid wheat parent, Paragon, to generate BC1 populations. The BCi individuals

were pollinated again with the wheat parent Paragon, to produce BC:2 populations.
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Figure 3 - Crossing scheme used to transfer introgressions from T. timopheevii into a Brazilian wheat
cultivar (TBIO Sinuelo). 1. Steps accomplished by Nottingham/BBSRC WRC; 2. Steps accomplished

by Brazilian group (CGF) at Nottingham. 3. Further steps to finish the program at UFPel.

Source: adapted from King et al. (2017).



31

3.2.2 Introduction of the Brazilian genotype

Thirty-two wheat lines carrying introgressions of chromosome segments of T.
timopheevii in the BC2 generation and their progenies were pollinated with the
hexaploid wheat cv. TBIO Sinuelo to produce BCs, BC4, BCs and BCs populations.
After the crossing between BC: introgression lines and the Brazilian wheat parent,
the progeny was considered as a Fi1 hybrid, and not as a BC3s generation, so the BCs,
BC4, BCs and BCs populations were named as BCs (F1), BCs4 (BC1), BCs (BCz2), and
BCs (BCs) respectively.

The decision of using both nomination was made because the Brazilian
genotype was quite different from the previous wheat parents used, so more
backcrosses would be needed to recover the desired genotype which is already
adapted to the Brazilian environment, but the understanding of the real backcross

generation is important for discussing some results obtained here.

3.3 Crossing procedure

The crossing experiment was conducted in a glasshouse at The University of
Nottingham (UK). The first spike that emerged from every BC:2 plant was covered with
a plastic bag to guarantee self-pollination to produce selfed seeds. Emasculation of
spikelets from the BC: introgression lines was carried out when anthers were still
immature, to avoid self-pollination and every emasculated head was covered with a

plastic bag (Figure 4).

Florets were pollinated once stigmas seemed receptive, i.e. fluffy, about 3
days after emasculation and covered again with a plastic bag. To enhance the rate of
fertilization, anthers from TBIO Sinuelo were collected and florets were pollinated one
by one gently touching the ovary. Emasculation and pollination dates were recorded.
Generally, four heads per plant were crossed. Backcrosses from further generations
were accomplished the same way. When seeds were mature each head was
harvested individually (figure 4). The heads were threshed manually. The seeds were

kept in a cold chamber until the next crossing season.
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Figure 4 - Crossing procedure. a. Trays with seedling; b. vernalisation; c. TBIO Sinuelo plants at the
glasshouse; d. head ready to emasculate; e. emasculated head; f. head with produced seeds; g. plant
with self-fertilised and pollinated heads covered with plastic bag; h. crossing block.

3.4  Vernalisation and grown

Produced seeds were sown in Petri dishes and seedlings were transferred to
trays with specific substrate (Figure 4). Trays were transferred to a vernalisation
room when plants were grown enough to endure the cold (Figure 4). Backcrossed
seedlings were vernalised at 6°C from 4 to 8 weeks, depending on the generation.
TBIO Sinuelo is a spring variety and it did not need vernalisation (Figure 4). At the
end of the vernalisation treatment, the lines were potted individually in 2 litres pots
with organic substrate and maintained in a glasshouse 16 hours of light at 20°C and
8 hours of dark at 15°C.
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35 Selection of seeds

The first generations seeds were randomly selected for germination because
at that time genotyping was not available. It was aimed to select as many plants as
possible, considering the space available at the glasshouse and hands to deal with
the crossing. For the later generations only seeds carrying introgressions were
selected.

3.6 Seasons

BC: lines were pollinated with TBIO Sinuelo in January 2015 producing Fi
hybrids. 66 F1 hybrids were selected at random and backcrossed with TBIO Sinuelo
to produce the BCi individuals, two seasons were accomplished, one was made in
august 2015 and an extra was made in January 2016 aiming to increase the number
of BCi individuals. In June of 2016, 50 BC: individuals were selected and
backcrossed again. December 2016, 28 BC: individuals were selected and

backcrossed with TBIO Sinuelo producing BCs seeds.

3.7 Variables observed

Below are listed the variables observed in this program and how they were

measured.
Seeds Sown: number of seeds sown

Germination rate (%): total number of seeds germinated x 100

total number of seed sown

Crosses made: number of crosses made

Cross fertility: _number of crosses producing seeds x 100

total number of crosses made

Seed production: number of seeds produced from crosses

Seeds per cross: number of seed per crossing producing seeds
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Self-fertilised seeds: number of self-fertilised seeds produced

3.8 DNA extraction

The lines were grown in organic substrate in 2 litres pots and maintained in a
glasshouse 16 hours of light at 20°C and 8 hours of dark at 15°C. Leaf tissue was
harvested from young plants, immediately frozen on liquid nitrogen and then stored

at - 20 °C prior to DNA extraction.

DNAs from young leaves were isolated using extraction buffer [0.1 M Tris—HCI
(pH 7.5), 0.05 M EDTA (pH 8.0), 1.25% SDS]. Samples were incubated at 65 °C for 1
h before being placed on ice and mixed with ice cold 6 M NH4C2H3O for 15 min. The
samples were then spun down, the supernatant mixed with isopropanol to pellet the
DNA and the isolated DNA was re-suspended in dH20.

DNA for Genomic in situ hibridisation were further purified with
phenol/chloroform. DNA concentrations were checked and for the Affymetrix, sample
dilutions were made in order to have DNA with 60 ng pL 1, (desired concentration for
the chip).

3.9 Genomic in situ hybridisation

The protocol for genomic in situ hybridisation (GISH) was as described in
(KATO; LAMB; BIRCHLER, 2004; ZHANG et al., 2013) with the modifications of
Grewal et al. (2018) and King et al. (2017).

Genomic DNA was isolated (see DNA extraction section) from young leaves of
the three putative diploid progenitors of bread wheat, that is T. urartu (A genome),
Ae. speltoides (B genome) and Ae. tauschii (D genome), and from Ae. sharonensis

(related to B genome) and T. timopheevii (A'AIGG).

The genomic DNA of T. timopheevii, Ae. speltoides, Ae. sharonensis was
labelled by nick translation with Chroma Tide Alexa Fluor 488-5-dUTP (Invitrogen;
C11397; green). Genomic DNA of T. urartu was labelled with Alexa Fluor 594-5-
dUTP (Invitrogen; C11400, red). Genomic DNA of Ae. tauschii and T. aestivum cv.
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TBIO Sinuelo were fragmented to 300 - 500 bp in boiling water at 110 °C for 15 min,
detailed protocol for preparation of probes is in Attachment A.

Seeds from every selected introgression line were germinated in Petri dishes
for 2-3 days, when roots were 2 cm longer they were excised and treated with nitrous
oxide gas at 10 bar for 2 h. Treated roots were fixed in 90% acetic acid for 10 min
and then washed three times in water on ice. After the root collection seedlings were

potted and send to vernalisation.

The root tip was dissected and digested in 20 puL of 1% pectolyase Y23 and
2% cellulase Onozuka R-10 (Yakult Pharmaceutical, Tokyo) solution for 50 min at 37
°C and then washed three times in 70% ethanol. The root tips were crushed against
the tube wall in 70% ethanol, and the cells collected by centrifugation at 3000 x g for
1 min, briefly dried and then resuspended in 30 - 40 pL of 100% acetic acid before

being placed on ice.

The cell suspension was dropped onto glass slides (6 - 7 pL per slide) in a
moist box and dried slowly under cover. Chromosome spreads were checked in
microscope and selected slides were initially probed for single GISH using labelled
genomic DNA of T. timopheevii (100 ng) and fragmented genomic DNA of TBIO
Sinuelo (3000 ng) as blocker to detect the T. timopheevii segments. Probe to block
was in a ratio of 1:30 (the hybridisation solution was made up to 10 pL with 2 x SSC
in1xTE).

A multicolour GISH was also performed as an attempt to detect introgressions.
The slides were probed with labelled DNAs (T. urartu, Ae. spelotides, Ae.
sharonensis) and fragmented DNA of Ae. tauschii as blocker in the ratio 1:30. The

different hibridisation solutions are presented in table 1.

All slides were counterstained with DAPI and analysed using a Leica
DM5500B epifluorescence microscope (Leica Microsystems, Wetzlar, Germany) with
filters for DAPI (blue), Alexa Fluor 488 (green) and Alexa Fluor 594 (red).
Photographs were taken using a Leica DFC 350FX digital camera.
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Table 1 — Different hybridisation solutions used for single and multi-colour GISH technique in spreads
of TBIO Sinuelo, T. timophevii and BC lines using different genomes as probe and Ae. tauschii used
as blocker

Probe Blocker
Spread HL
T. T. Ae. Ae.
timopheevii urartu speltoides Ae. sharonensis tauschii

TBIO Sinuelo 1.0 - - - 9.0
TBIO Sinuelo 1.0 1.0 1.0 - 8.0
T. timopheevii - 1.0 1.0 - 8.0
T. timopheevii - 1.0 - 1.0 8.0
BCs (F1) line - 1.0 1.0 - 8.0
BCs (Fy) line - 1.5 - 1.0 75

3.10 Identification of introgressions via an Affymetrix SNP array

To detect introgressed chromosomes and chromosome segments from
Triticum timopheevii into wheat an array of circa 35 K SNPs (Axiom® Wheat-Relative
Genotyping Array) showing polymorphism between ten wild relatives, including T.
timopheevii, and some wheat varieties was used. This array was developed by the
Nottingham/BBSRC Wheat Research Centre (KING et al., 2017; WINFIELD et al.,
2016) and it is part of the Axiom_ 820K SNP array, (WILKINSON et al., 2012, 2016)
which data set is available from www.cerealsdb.uk.net.

3.11 Genotyping

The equipment, software, procedures and criteria detailed bellow was as
described in King et al. (2017).

The Axiom-Wheat-RelativeGenotyping Array was used to genotype 136
samples from BCi, BC2 BCs (F1), BCs (BC1) generations, using the Affymetrix
GeneTitan_system according to the procedure described by Affymetrix (Axiom_ 2.0
Assay Manual Workflow User Guide Rev3). Allele calling was carried out using the

Affymetrix proprietary software packages Affymetrix Power Tools (APT) and
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SNPolisherTM (http://www.affymetrix.com/estore/partners programs/programs/deve-

loper/tools/devnettools.affx).

A custom software pipeline ADAP (Axiom Data Analysis Pipeline) was used,
following the AxiomBest Practices Genotyping Workflow

(http://media.affymetrix.com/support/downloads/manuals/axiom genotyping solutio

analysis quide.pdf). A variant call rate threshold of 80% was used to account for the

lower call rates typically obtained from hybridising wheat relatives and progenitors to

the array.

The aptprobeset-genotype program within Affymetrix Power Tools determines
genotype calls from Affymetrix SNP microarrays. Following this, the SNPolisher R
package calculates SNP performance metrics, such as call rate, cluster separation
and deviation from expected cluster position. It then classifies the SNPs into
performance categories. Polymorphic high resolution (PHR) is a category where calls
which were considered to give good cluster resolution with at least two examples of
the minor alleles for genetic mapping purposes. Only the PHR SNPs were used as
they provide good cluster resolution where each SNP essentially behaves like a
diploid.

3.12 Genetic Mapping of T. timopheevii chromosomes

Individuals from a backcross population between T. aestivum and T.
timopheevii were genotyped with the Axiom® Wheat-Relative Genotyping Array.
Along with duplicates of the parental lines, 136 lines comprising BC1, BC2, BCs (F1),
BC4 (BC1) populations of T. aestivum/T. timopheevii were genotyped. As stated
above, only the PHR SNP markers were used for genetic mapping. SNP markers
which showed heterozygous calls for either T. timopheevii or wheat parent(s), no
polymorphism between the wheat parents and T. timopheevii and/or no calls for
either parent(s) were removed using FlapjackTM v.1.14.09.24 (MILNE et al., 2010).

The resulting markers were sorted into linkage groups in JoinMap 4.1 (VAN
OOIJEN, 2011) with a LOD score of 40 and a recombination frequency threshold of
0.1 using the Haldane mapping function (HALDANE, 1919). All markers that did not

show any heterozygous call or were unlinked were ignored and only the highest
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ranking linkage groups with more than 30 markers were selected for map

construction.

These were exported and assigned to chromosomes using information from
the AxiomWheat HD Genotyping Array (WINFIELD et al., 2016). Where
chromosomes were split into multiple linkage groups. Erroneous markers that had
more than 20% missing data or showed a unique pattern of segregation that was
either not observed in the previous backcross generation or not consistent with the
recombination of neighbouring markers in the group, in different samples, were also

removed.

The markers of each chromosome were aligned with the wheat genome from
the IWGSC wheat survey sequence (https://wheat-
urgi.versailles.inra.fr/morgoth/Tools/BLAST), and they were reordered according to
the marker position at the wheat genome. At genome was aligned to wheat A, and G
was aligned to wheat B genome. Final map reordering was conducted with JoinMap
4.1 (VAN OOIJEN, 2011) and genetic maps produced through MapChart 2.3
(VOORRIPS, 2002). In some cases, physical map information was employed to order
loci. Graphical genotype visualization was performed using Graphical GenoTypes 2.0
(VAN BERLOO, 2008).

3.13 Comparative analysis

Synteny analysis was carried out using sequence information of the markers
located on the present map of T. timopheevii. The sequences of the mapped markers
were compared using BLAST (e-value cut-off of 1e%) against the wheat genome
(IWGS) to obtain the orthologous map positions of the top hits in the A, B and D
genomes of wheat. For the synteny observation the software Circos v.0.69-6
(KRZYWINSKI, 2009) was used. To generate the figures, cM distances on the
linkage groups of the present map of T. timophevii were scaled up by a factor of 108

to match similar base pair lengths of the chromosomes of the wheat genome.
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4. Results and discussion

4.1 Generation of germplasm

A total of 548 crosses were made between brazilian wheat (cv. TBIO Sinuelo)
and T. timopheevii (via BC: introgression lines) in all backcross generations, 4,579
seeds were obtained from crossed ears, and additionally 3,890 self-fertilised seeds
were produced. The germination rate, number of crosses made, cross fertility rate,
seed production, number of seeds per cross and number of self-fertilised seeds are

detailed by generation in table 2.

Table 2 - Number of seeds produced and germinated in relation to the number of crosses carried out
and number of self-fertilised seeds for each generation of the introgression program for T. timopheevii
and Brazilian wheat (cv. TBIO Sinuelo)

Seeds Germination Crosses Cross Seed Seeds Self-
Sown rate made  fertility production per fertilised
(n°) (%) (n°) (%) (n°) cross Seeds (n°)
BC2 TTIL - - 67 100 722 10.78 -
x Sinuelo
F1 73 90 275 87.6 2,164 7.87 1,088
BC: 55 91 178 87.1 1,609 9.04 2,781
BC: 27 89 28 75 84 3 21
Total 155 - 548 - 4,579 - 3,890

TTIL: Triticum timopheevii introgression lines; Sinuelo: TBIO Sinuelo

Thirty-two introgression lines in BC2 generation were pollinated with TBIO
Sinuelo, 67 crosses were made and 722 Fi seeds were obtained from them. 66 F1
plants were selected at random and backcrossed with TBIO Sinuelo, resulting in a
total of 2,164 BC1 seeds from 275 crosses. 50 BC: individuals were selected and
backcrossed again, resulting in a total of 1,609 BC: seeds from 178 crosses. 24 BC:

plants were also backcrossed resulting in a total of 84 BCs seeds from 28 crosses.

All the generations showed a high rate of germination of over 90% for F1 and
BC1 generations and 89% for BCz, although germination rate was not a 100%, all the

germinated seedlings survived until maturity. In order to estimate the cross fertility of
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all backcross generations, the number of crossed ears that produced seeds were
recorded, and high fertility levels of 87.6%, 87% and 75% for; F1, BC1 and BC:
generations, respectively, were observed. High fertility level means that most of the

crosses produced seeds.

Even with the high fertility for BC2 plants the value was lower than the other
generations, this is an unexpected result since fertility rate is expected to increase
over the generations. In addition, the proportion of self-fertilised seeds per plant
producing seed for this season was really low, 0.85:1 comparing to 16.48:1 (F1) and
55.62:1 (BCas), it indicates that environmental issues could have affected seed
production in that generation and is most likely since a different glasshouse was used

to grow the BC:2 plants.

T. timopheevii is an important source of genes for resistance to disease
(LEONOVA et al.,, 2011) and up to date twelve genes conferring resistance have
already been transferred into wheat (MCINTOSH et al, 2013). A genome
transference approach was used via BC: lines carrying chromosome additions,
substitutions and introgressed segments. An elite Brazilian wheat genotype, cultivar
TBIO Sinuelo was used as recurrent parent due to its wide grain yield and
adaptability.

Gene introgression occurs when at meiosis related chromosomes from the two
parental species recombine resulting in the generation of inter-specific recombinant
chromosomes, which is the F1 hybrid. The recombinant chromosomes are then
transmitted to the next generation through the gametes (REYNOLDS et al., 2012). In
this work, the thirty-two BC: lines used to transfer segments from T. timopheewvii
came from fifteen BCa1 lines carrying segments previously developed by WRC (data
not shown). Thus the number of introgressions that could be generated in this work
was limited to the 15 female F1 gametes which originated the 15 BCi plants, if no
further recombination occurred in later generations, so that would be the gametes

present in BC1, BC2 and BCs generations.

The repeated backcrossing of the Fi hybrid to the wheat genotype will result in
the generation of lines which carry the majority of wheat genome but also carry one
or more chromosome segments from the other parental species (REYNOLDS et al.,
2012). F1 hybrids between T. timopheevii and wheat are self-sterile, and self-fertility
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is usually restored after a couple of backcrosses (JARVE; JAKOBSON, 2002). The
F1 hybrids obtained by crossing the BC: introgression lines (see material and
methods) and the Brazilian wheat were self-fertile, which means they produced self-
fertilised seeds, that occurred because they are actually BCs lines considering wheat

background, i.e., the backcrossing strategy has already restored its fertility.

Comparing the F1 (BCs) generation produced in this work using T. timopheevii
as the wild relative with the BCs generation produced in other programs using the
same approach (GREWAL et al., 2018; KING et al., 2017, 2018; VENSKE, 2017), T.
timopheevii shows a better potential to be used in such programs. Cross fertility and
number of seeds per cross were considerably high and quite similar with
wheat/Thinopyrum bessarabicum (GREWAL et al., 2018) and wheat/Amblyopyrum
muticum (KING et al., 2018) BCs lines.

4.2 Genomic in situ hybridisation

To confirm SNP analysis, genotyped individuals were selected and analysed
via single and multicolour GISH. Many attempts were made trying to identify
introgressions but a clear signal was not detected in most of the chromosome
spreads and this will be discussed later in this section. Together with the wheat/T.
timopheevii lines, metaphase spreads of parental lines, TBIO Sinuelo and T.
timopheevii, were probed to visualise the genome constitution at the whole

chromosome level.

The multicolour GISH technigue enabled the identification of the genome three
genomes of wheat (A genome - pink, B genome - green and D genome - purple) and
the arrows in figure 5 show the already identified 4A/5A/7B wheat translocation (LIU
et al., 1992; NARANJO et al., 1987). This technique also helped identifying the two
genomes of T. timopheevii (A' genome - red/pink and G - genome green) and, the
arrows in figure 6b show a AYG translocation which could be 6A!S/1GS translocations
previously reported (BROWN-GUEDIRA et al., 1996). Although GISH has been
widely used to identify alien chromosomes in interspecific hybrids i.e. wheat/Ae.
speltoides (KING et al., 2018; VENSKE, 2017), wheat/Am. muticum (KING et al.,
2017) and wheat/Th. bessarabicum (GREWAL et al., 2018), for T. timopheevii the
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attempt used in this study did not work well. Figure 7 shows on the left side a spread
of the wheat cv. TBIO Sinuelo probed with labelled T. timopheevii genomic DNA
(green) and blocked with Ae. tauschii (blue), of the 42 wheat chromosomes, 28 are
presenting green signals. On the right side there is a spread of wheat/T. timopheevii
line probed with labelled genomic DNA of T. timopheevii (green) in this case the
genomic DNA of wheat cv. TBIO Sinuelo was used as blocker (blue), no green

signals are observed.

Figure 5 - Genomic in situ hybridisation images show two metaphase spread of the wheat cv. TBIO
Sinuelo probed with labelled genomic DNA of T. urartu (pink), Ae. speltoides (green). Ae. tauschii
genomic DNA was used as blocker (purple).
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Figure 6 - Genomic in situ hybridisation image shows two metaphase spreads of the T. timopheevii.
The left was probed with labelled genomic DNA of T. urartu (red) and Ae. sharonensis (green). The
right was probed with labelled genomic DNA of T. urartu (pink) and Ae. speltoides (green).
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Figure 7 - Genomic in situ hybridisation images show: on the left wheat cv. TBIO Sinuelo spread
probed with labelled genomic DNA of T. timopheevii (green). Ae. tauschii genomic DNA was used as
blocker (blue). On the right wheat/ T. timopheevii line probed with labelled genomic DNA of
Timopheevii (green). TBIO Sinuelo genomic DNA was used as blocker (blue)

The presence of a signal in the wheat spread when T. timopheevii genomic
DNA is used as the probe and Ae. tauschii as the blocker, and a absence signal in T.
timopheevii with the same probe but wheat as the blocker, indicates that there is a
high degree of shared sequence homology between the two, making it difficult to
identify alien chromosomes and recombinant segments in interspecific hybrids in the

recipient progenies using the GISH approach.

To date, there are no published data describing the use of GISH to detect
alien chromosomes in the recipient progenies between T. aestivum and T.
timopheevii. N and C-banding (BADAEVA et al., 1991; BROWN-GUEDIRA et al.,
1996; MAESTRA; NARANJO, 1999) or Fluorescent in situ hybridisation (DEVI, 2017)

have been used.

However, mc-GISH could be effective in detecting introgressions in wheat/T.
timopheevii hybrids using Ae. tauschii as blocking if the recombination takes place
with the D genome of wheat. Figure 8, shows one spread of wheat/T. timopheevii
line in BC3 (F1) generation, and the arrow shows one recombinant event, the green
signal at the D genome. The green probe represents the Ae. speltoides genome, the
closest related species to the B genome of wheat, and the G genome of T.
timopheevii. Figure 5, shows a TBIO Sinuelo spread and it does not present that

event in any of its D chromosomes, thus the segment may have come from T.
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timopheevii. SNP analysis of the same individual (Figure 8) showed a putative
introgression coming from the linkage group (LG) 5AY, therefore, the visualised
signals should be red, since T. urartu (donor of the A genome present in both

species), was labelled with a red colour.

Substitution as a rule, happened among the related genomes A-A! and B-G,
and it can be explained because A-A' and B-G genome chromosomes are less
genetically divergent and pair at meiosis of Fi1 interspecific hybrids (GILL; CHEN,
1987; GILL; SEARS, 1988), but exceptions occur and substitutions of the G for D

genome chromosome has previously reported (BADAEVA et al., 1991).

Figure 8 - Genomic in situ hybridisation image shows a metaphase spread of the wheat/T.timopheevii
line probed with labelled genomic DNA of T. urartu (pink), Ae. speltoides (green). Ae. tauschii genomic
DNA was used as blocker (purple).

The putative introgression from the 5A! LG, probably followed that rule, and
happened to the related A genome, and as discussed before, it could not be detected
via GISH analysis due to the high homology between the genomes, but a segment
related to the Ae. speltoides (B/G) was detected at the D genome, either that
segment came from G genome of T. timopheevii and the markers corresponding to
that region were not available or excluded during the SNP analysis, or they came

from a recombinant event between B and D genome of wheat.
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Slides of metaphase spreads were prepared for every BC line used for
crossing. After the genotyping analysis, some lines having whole chromosome
substitution were submitted to the mc-GISH approach, they were probed with
different labels and with different probe/blocking proportions and only one showed

signals of introgressions in the D genome.

4.3 Genotyping and genetic mapping

Of the 35 thousand SNPs on the Axiom® Wheat-Relative Genotyping Array,
5,334 (15.2%) were considered polymorphic between wheat and T. timopheevii with
high resolution (PHR). As stated before, only the PHR SNPs were used to create the
genetic map as these are considered to be optimum quality. They were used to
construct the genetic map allowing the formation of the T. timopheevii linkage groups
(Table 3, Figures 9 and 10).

PHR calls were exported to Flapjack ™ v.1.14.09.24 (MILNE et al., 2010) and
markers showing heterozygous call for either parents, no polymorphism between the
wheat parents and T. timopheevii and no calls for either parents were removed. Of
the 5,334 PHR markers, 748 were removed and the left over 4,586 were exported to
JoinMap® 4.1 (VAN OOIJEN, 2011) for map construction and it resulted in fourteen

chromosomes representing T. timopheeuvii.

In total 1,432 SNP markers were mapped in the population across all the 14
chromosomes, the LOD scores used varied from 13 to 25. Table 3 shows that 421
SNPs were assigned to At genome and 1,011 to G genome. The cM lengths of At
linkage group 1 — 7 were 105, 108.3, 94.7, 89.7, 162, 125 and 57.5, respectively. The
total length of A! frame was 742.2 cM and the average length by chromosome was
105 cM. For the G linkage group, the cM length of 1 — 7 were 58.5, 112.6, 44.6,
103.6, 94.2, 84.1 and 59.5, respectively. The total length of the G frame was 557 cM

with an average 84.08 cM per chromosome.
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Table 3 - Number of polymorphic SNPs between T. timopheevii and Brazilian hexaploid wheat based
on the Affymetrix 35K array. Relative Genotyping Array for each linkage group of the At and G
genomes and final number of SNP markers mapped onto the physical map of the T. timopheevii
obtained through Poly High Resolution (PHR) calling

Linkage group

1At 2A! 3A 4A! 5A! BA! TA! Total Average
No. of SNPs 74 72 72 31 43 65 64 421 65
Lengh (cM) 105 108.3 947 89.7 162  125.0 575 742.2 105
LOD score 15 13 21 22 15 18 17 - 17

Linkage group

1G 2G 3G 4G 5G 6G 7G Total Average

No. of SNPs 72 256 108 121 279 22 153 1,011 121
Lengh (cM) 585 1126 446 1036 942 841 595  557.0 84.08
LOD score 15 20 22 13 19 16 25 - 19

The level of interspecific recombination detected by the genetic mapping was
such that it was possible to assemble the fourteen linkage groups of T. timopheevii.
SNP markers were well distributed over 7 linkage groups of the both genomes, the
marker names and cM distances for each 14 linkage groups are shown in Appendix
A.

The T. timopheevii genetic map constructed here, allowed the characterization
of putative introgressions. In order to have enough number of individuals, the
mapping populations consisted of different backcross generations, thus, the cM
distances of the linkage groups, should be treated with caution since it is not a proper
mapping population, wild species have some mechanism which favoured the
transmissions of some chromosomes causing mendelian distortions affecting and the
statistical analysis used to detect the linkage (ENDO, 1990; NIRANJANA, 2017).

Comprising all generations, including the ones previously developed for
Nottingham Wheat Research Centre, 631 putative introgressions were found via
genotyping using genetic linkage map of T. timopheevii. However, 316 putative
introgressions were found in the generations backcrossed to TBIO Sinuelo (Table 4).
All the linkage groups presented putative segments, only one plant in BCs (BC1)
generation did not show any segment. SNP analysis revealed that 10 plants
presented putative single introgression transferred to the Brazilian genotype, and
they were originated from 4A!, 1G, 2G, 5G, 6G and 7G linkage groups.
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Table 4 - Number of putative introgressed segments from T. timopheevii transferred to the Brazilian
genotype TBIO Sinuelo, in BCs (F1) and BCs (BC1) plants detected by SNP genotyping. The T.
timopheevii have been assigned to linkage groups via the comparative analysis of the SNPs with
wheat

Family Generation Code No segm. N(;'e\grr:fle Origigezfn:gitvsvhole
BCs (F1) 1A 3
BCs (F1) 1B 6 3 1G  3At  4A
BCs (F1) 2A 7 1 1G
1 BCs (F1) 2B 7 3 1G  3At  4A
BCs (F1) 3 5
BC4 (BCy) 1 3
BC4 (BCy) 123 4
BCs (F1) 4 4
BC4 (BCy) 2 1
BCs (F1) 116A 6 2 3AL 4A!
BCs (F1) 116B 4 1 5G
BCs (F1) 5A 3 1 7A!
2 BCs (F1) 5B 5 2 3AL TA
BCs (F1) 6 4 1 7A
BCa (BC1) 5 4 1 7A!
BC4 (BCy) 6 3
BCs (F1) 6B 2 1 3A!
BCs (F1) 7 6 2 6G 7G
BC4 (BCy) 9 3
BC4 (BCy) 10 4 1 6G
BCa4 (BC1) 14 1
BCs (F1) 7C 5 4 3A! 4A 6G 7G
BCs (F1) 9 3 2G
BCa4 (BC1) 17 1 1 2G
BC4 (BCy) 18 2
3 F1 (BCs) 9B 4
F1 (BCs) 10 3
BC4 (BCy) 20 3
BC4 (BCy) 22 3
BCs (Fa) 11 2
BC4 (BCy) 24 2
BC4 (BCy) 25 1
BCs (F1) 11B 1 1 7G
BCs (F1) 12A 3 1 7G



BC4 (BCy) 34 1

BC4 (BCy) 35 2 1 7G

BCs (F1) 12B 2 1 6G

BC4 (BCy) 39 2 1 6G

BC4 (BCy) 42 2 1 6G

BCs (F1) 13 11 4 1At 1G 4G TG
BC4 (BCy) 46 8 3 1At 4G 7G
BCs (F1) 14 7

BC4 (BCy) 50 4

BCs (F1) 15A 6 3 2At  3At 4A
BCs (F1) 158 6 2 3AU 4A

BCs (F1) 66 4 2 3AU 4A

BC4 (BC1) 54 2 1 3A

BCs (F1) 16 4 2 4N BA

BCs (F1) 17A 5 1 4A

BCs (F1) 17B 3

BC4 (BCy) 56 2

BC4 (BCy) 60 2

BCs (F1) 17C 4 2 3G 7G

BCs (F1) 17D 3 1 3G

BCs (F1) 18 5 2 3G 7G
BC1(BC4) 61 5 2 3G 7G
BC1(BC4) 65 2 1 7G

BCs (F1) 18B 4 1 7G

BCs (F1) 19 2 1 3G

BC4 (BC1) 71 1

BCs (F1) 20 4 1 2G

BC4 (BC1) 74 4

BCs (F1) 21 2

BC4 (BC1) 75 1

BCs (F1) 21B 4

BC.4 (BCy) 119 2

BCs (F1) 24 2 1 2G

BC1(BCa4) 81 2 1 2G

BC4 (BCy) 83 1 1 2G

BCs (F1) 26A 4 3 2G  7At TG
BCs (F1) 28 3

BC4 (BCy) 85 0

48
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BCa (BCy) 87 3 1 4G
BC1(BCa) 88 2
BCa (BCy) 28B 2 1 5A!
BCs (F1) 30A 5 3 1At 2G  5G
BCs (F1) 31A 2 2 1At 2G
7 BCs (F1) 32A 2 1 2G
BCs (F1) 33A 1 1 2G
BCs (F1) 34A 5 1 3G
8 BCs (F1) 36A 3 1 2G
BCs (F1) 69A 3
9 BCs (F1) 72A 4
BCs (F1) 73A 4 2 1At BA!
10 BCs (F1) 74A 6 1 4A
BCs (F1) 75A 2
11 BCs (F1) 77A 3 1 1At
BCs (F1) 78A 2
12 BCs (F1) 79A 4 2 2At  2G
13 BCs (F1) 82A 4 1 2G
BCz (F1) 86A 5 3 3G 4At  6G
BCs (F1) 91A
14 BCs (F1) 91B 2
BCs (F1) 92A 2
BC:4 (BCy) 48 4 2 1At 1G
Total 316 89

The problems to exploit wild relatives has been the absence of appropriate
high-throughput technologies to screen for, and specifically identify, introgression
events (KING et al.,, 2017). The Affymetrix wheat/wild relative array used here
enabled the identification and characterization of genome-wide putative
introgressions of various sizes. The ability to detect these introgressions is a direct
result of using the SNP array, that is large numbers of markers to detect genomewide

introgressions have not been previously available.



50

The WRC have successfully used Affymetrix Array to detec introgression from
wild relatives of wheat within a wheat background. The advantage of this approach is
that we are able to use the one dedicated array to identify and characterize
introgressions from all ten of the wild relative species we are currently working with,
without the need for a reference genome (GREWAL et al., 2018; KING et al., 2017,
2018). To date, wheat Research Centre have screened approximately 3,800
individual genotypes via the array. The WRC from UoN is converting some the SNP
markers from this Array into KASP markers thus it will allow us to track individual
introgressions quickly and cost effectively, through the process of backcrossing and
selfing through marker-assisted selection.

SNP analysis during genetic mapping should be validated with cytological
approach, even though as stated before, GISH analysis was not efficient at detecting
introgression in T. aestivum/T. timopheevii hybrids. The high homology between the
A'G genomes of T. timopheevii and AB genomes of hexaploid wheat affects the
specificity of the probes and the blocking DNA and thus, prevents any meaningful
cytological detection (SCHNEIDER; MOLNAR; MOLNAR-LANG, 2008).

Devi (2017) also used Axiom® Wheat-Relative Genotyping Array for
genotyping from T. aestivum/T. timopheevii hybrids, and she was able to validate
SNP analysis from 10 lines using a combination of DNA probes with FISH technique.
Afa-family and pSc119.2 were used to identify At and G chromosomes, respectively
(MIKO et al., 2014). Unfortunately, to detect small segments the introgression should
be located in the region presenting signals, therefore only lines having whole
introgressed segments were used for FISH analysis.

From 347 genotyped individuals, (DEVI, 2017), only validated 10 lines using
FISH. Badaeva et al. (1991) analysed 35 T. aestivum/T. timopheevii hybrids with C-
banding. C-banding, N-banding or FISH techniques, as discussed in the introduction
section, allowing us to identify single introgressions, even though the cytological
analysis are technically demanding and time consuming and they are not cost

effective for using on a large-scale.

This program has generated 4,579 seeds having a Brazilian genotype from the
cultivar TBIO Sinuelo in their background, 96 individuals were genotyped and they

present T. timopheevii segments. A number of molecular markers were identified and



51

they can be used to characterise T. aestivum/T. timopheevii introgression lines and
maybe translocation lines involving Timopheevii wheats. The linkage map generated
here allows the identification of 316 putative introgressions, to be characterised and

available to be used in wheat breeding programs in Brazil.
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Figure 9 - Genetic linkage map of the Atgenome of T. timopheevii. SNP marker names and cM distances for each of the seven linkage groups are also shown

in appendix A.



Figure 10 - Genetic linkage map of the G genome of T. timopheevii. SNP marker names and cM distances for each of the seven linkage groups are also
in appendix A.
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4.4 Preferential transmission

The data obtained from SNP analysis was used to determine the transmission
frequency of chromosome segments (Table 5) from each of the fourteen T.
timopheevii linkage groups to the female gametes of the BCi, BC2, BCs (F1), BCa
(BC2) generations. The number of introgressions was mostly higher for the At
genome than the G genome, excepted for 2G and 6G. The Linkage groups 2G and
5A! showed the highest rates of transmission and this pattern was maintained from
BC: to BCa generations. Chromosome segments from linkage group 5A! were
observed in 100% of the BCa1 plants but it decreased over the generations reaching
49% at the BC4 generation. The same happened for the 2G linkage group, that was
presented on 93% of the BC1 and reached 57% at the BC4 generation.

Table 5 - Transmission frequencies of the fourteen linkage groups of T. timopheevii in the backcross
populations analysed by SNP genotyping

BC1 BC2 BCs (F1) BC4(BCy) Total
Number of plants genotyped 14 (%) 27 (%) 60 (%) 35 (%) 136 (%)
Linkage group 1At 10 71 13 48 15 25 3 9 41 30
Linkage group 1G 5 36 5 19 7 12 1 3 18 13
Linkage group 2A! 9 64 6 22 5 8 1 3 21 15
Linkage group 2G 13 93 23 85 38 63 20 57 94 69
Linkage group 3At 7 50 11 41 15 25 5 14 38 29
Linkage group 3G 9 64 4 15 8 13 2 23 17
Linkage group 4At 12 86 14 52 16 27 3 9 45 33
Linkage group 4G 11 79 9 33 13 22 5 14 38 28
Linkage group 5A 14 100 23 85 38 63 17 49 92 68
Linkage group 5G 11 79 12 44 17 28 9 26 49 36
Linkage group 6A! 13 93 15 56 17 28 5 14 50 37
Linkage group 6G 10 71 15 56 19 32 14 40 58 43
Linkage group 7A! 10 71 10 37 14 23 2 6 36 26

Linkage group 7G 10 71 7 26 8 13 3 9 28 21
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In general, the number of putative introgressions/segments decreased over
the generations, which was expected since a backcross approach was used to
recover most of the genotype from the recurrent parent, and to reduce the genotype
from the donor. However, the number of backcrosses needed to recover the
recurrent parent is unpredictable, the heritability of the desired characters has to be
considered but also the linkage drag which may increase the number of backcrosses.
Many factors influence the preferential transmission of segments in interspecific

hybrids including, the homology between the related species.

The degree of divergence between the A' an A genomes is less than that
between the G and B genomes (HUANG et al., 2002; RODRIGUEZ et al., 2000;
SALINA et al., 2006). That explains why most of the introgressions come from
linkage group A! as they have higher level of recombination with the A genome of
wheat. However, an exception is observed for linkage group 2G, which is the most
frequent after four backcrosses. Brown-guedira et al. (1996) analysed hybrids
between a T. timopheevii-Ae. tauschii amphiploid and CS nulisomic-tetrasomic lines
and they found that after one to four backcrosses to wheat, chromosome 2G was
detected in 68% of the lines, our data shows similar frequency, after four
backcrosses linkage group 2G was detected in 57% of the lines. The chromosome
2G has a gametocidal gene resulting in its preferential transmission (NYQUIST,
1962; TIMONOVA et al., 2013),

Badaeva et al. (1991) compared hybrids between different combination of T.
aestivum cultivars with T. timopheevii and they found that the pattern of chromosome
substitutions and rearrangements were unequal and depended on the genotype of T.
aestivum parental cultivar, so they confirmed the influence of wheat background on
the introgression process (SHKUTINA; KALININA; USOVA, 1988).

The SNP analysis does not reveal which wheat chromosome has been
involved in introgressions with T. timopheevii, thus the work described here does not
allow to detect in which wheat genome the introgressions are happening. The Wheat
Research Centre at UoN is developing KASP markers with the aim of rectifying this
problem. KASP marker will be wheat chromosome specific allowing to detect in which

wheat chromosome the recombination event is happening.
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4.5 Syntenic relationship between wheat and T. timopheevii

A total of 1,432 markers based on the genetic map of T. timopheevii were
used in BLAST against wheat Chinese Spring genome assembly to obtain the

orthologous map positions of the top hits in the A, B and D genomes of wheat.

Figure 11 - Synteny of T. timopheevii (genetic position in cM) with hexaploid wheat (physical position
in Mb).
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Figure 11 shows the syntenic relationships between the seven linkage groups
of each of the two genomes of T. timopheevi and the seven linkage groups of each of
the three genomes of wheat with large ‘ribbons’ showing significant synteny. Some
gene rearrangements are indicated in the diagram where usually single markers

cross map to non-collinear positions on the wheat chromosomes.

SNP analysis showed a close syntenic relationship between the three
genomes of wheat and the At and G genomes of T. timopheevii. Syntenic analysis
performed here was able to show the disruption of synteny between T. aestivum and
T. timopheevii, since the species-specific 4A-5A-7B cyclic translocation presented in
durum (T. turgidum) and common wheat (T. aestivum) (LIU et al., 1992; NARANJO et
al., 1987) is lacking in T. timophevii.

According to the diphyletic origin T. timopheevii and T. turgidum (genome
AABB, species involved in the T. aestivum origin) arose from two different
hibridisation events. The presence of the 4A-5A-7B translocation in durum and
commom wheat and its absence in T. timopheevii is one evidence that supports this
hypothesis, and the markers used for the syntenic analysis in this study were able
show it, since no markers from 7B were mapped on chromosome 4A! of T.
timopheevii. However, no significant markers from 7G of T. timopheevvi were

mapped to 4A of wheat, the green line crossing 4A/7G at the Circos plot.

As stated before, it is suggested that an ancestral form of T. urartu was the
donor of A and A! genome, and the divergence between them is about 0.5 MYA. T.
urartu presents a 4AL/5AL translocation (KING et al., 1994), which was transmitted to
T. turgidum and T. aestivum (NARANJO et al., 1987) and it was also reported in T.
timopheevii. A conserved order of markers in the 4AL/5AL translocation region was
found in 4A'L/5AL.

The donors of A, B/G, and D genomes of the polyploid wheats diverged about
2.5-45 MYA (HUANG et al., 2002; LEVY, 2002). The tetraploid wheats T.
dicoccoides (AABB) and T. timopheevii (A'A'GG) appeared about 0.5 MYA. T.
timpophevii carry a 3A'L/4A'L translocation and which is not present in T. turgidum
(MAESTRA; NARANJO, 1999; RODRIGUEZ et al., 2000). Our genetic mapping and
comparative analysis showed a few markers from 3A mapped to 4A". We also found

on chromosome 4A!, markers from 5A, 3A and 6A of wheat, which are reported to be
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part of 4At chromosome after a sequence of translocations (MAESTRA; NARANJO,
1999; RODRIGUEZ et al., 2000).

Syntenic analysis performed here was able to show the 6A!S/1GS cyclic
translocation reported before (GILL; CHEN, 1987; MAESTRA; NARANJO, 1999;
RODRIGUEZ et al., 2000). A significant number of markers from short arm of
chromosome 1G where mapped onto group 6 of wheat, and markers from
chromosome 6A! where mapped onto group 1 of wheat (Figure 11). The mc-GISH
analysis in Figure 6b shows a AYG translocation and thus, this result confirms that

the translocation is actually 6A'S/1GS as previously reported.

Thus, this analysis represents a close syntenic relationship between T.
timopheevii and the A, B and D genomes of wheat, it also shows a series of species-
specific translocations that happen over the years and according to Maestra and
Naranjo (1999), were most likely produced at early tetraploid stages, i.e., after the
split from T. urartu, as a way to genome organisation immediately after polyploidy

formation.

5. Conclusions

From the data obtained here T. timopheevii shows a good potential to be used
in introgression programs because its introgression lines present high germination
rates, fertility level and good seed production, compared to other wild species

normally used in such programs.

The number of individuals and frequency of recombination enabled the
construction of a genetic map of T. timopheevii, with a large number of markers well
distributed along the whole the chromosome, and that could be used to identify T.

timopheevii introgression in a wheat background.

The markers used in the comparative analysis showed a close syntenic

relationship between Triticum timopheevii and Triticum aestivum .
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Appendix A — Markers used for T. timopheevii mapping

Markers of the At genome of T. timopheevii with the corresponded cM positions
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Chr 3At
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cM

Chr 7At

cM
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AX-94836654
AX-94730241
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AX-95014575
AX-94684631
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AX-94510917
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37.3
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43.4
44.1
45.6
46.4
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AX-94804880
AX-95259382
AX-94538364
AX-95176938
AX-95257613
AX-95216598
AX-94695159
AX-94486514
AX-94896111
AX-94756243
AX-95008724
AX-95072207
AX-95223335
AX-94485513
AX-94906814
AX-94638064
AX-94799340
AX-94823845
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3.0
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9.8
9.8
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11.3
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AX-94577446
AX-94730838
AX-94699879
AX-94786019
AX-94424299
AX-95215678
AX-95197676
AX-95199148
AX-94910882
AX-95138423
AX-94980915
AX-94563936
AX-94746124
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AX-94674861

49.8
55.2
55.2
61.5
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67.6
82.0
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97.7
97.7
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97.7
97.7
97.7
97.7
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AX-94565319
AX-95115516
AX-94695508
AX-94442494
AX-94416597
AX-95130767
AX-94437464
AX-94389087
AX-94694628
AX-95079348
AX-94391320
AX-94538964
AX-94389323
AX-94839659
AX-94779311
AX-94976796
AX-94417359
AX-94787236
AX-94682902
AX-94505780
AX-94751167
AX-95189111
AX-94387074
AX-94972900
AX-94638909

13.4
134
13.4
134
13.4
14.2
14.9
14.9
14.9
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194
20.2
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21.6
22.4
22.4
22.4
24.6
26.9
26.9
26.9
26.9
26.9
315
315
32.3
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AX-94775110
AX-95082893
AX-94461267
AX-94993961
AX-94870541
AX-94490465
AX-94400275
AX-94411374
AX-94694335
AX-95182380
AX-94905532
AX-94778336
AX-94528863
AX-94619761
AX-94478936
AX-94620755
AX-94862780
AX-94978926
AX-94530188
AX-94809993
AX-94590927
AX-94498696
AX-95180111
AX-94990974
AX-94473649
AX-95005100

63.6
64.3
65.1
65.1
65.1
65.1
65.1
65.1
65.1
65.8
66.5
66.5
66.5
66.5
69.6
69.6
73.4
77.2
77.2
77.9
82.6
84.8
90.7
94.4
101.2
105.0

AX-94394578
AX-95188312
AX-94423793
AX-94636452
AX-94697318
AX-95131782
AX-94409581
AX-95183011
AX-94460418
AX-94623199
AX-94613797
AX-94657384
AX-94464916
AX-95169440
AX-94818415
AX-95136834
AX-94488606
AX-94921756
AX-95129278
AX-94470676
AX-94872303
AX-94427576
AX-94992596
AX-95168254
AX-94459270
AX-94941367

60.3
62.5
64.8
64.8
66.3
66.3
67.8
68.9
70.0
71.5
72.6
73.7
74.4
75.2
80.3
85.0
86.7
86.7
89.0
89.7
90.5
92.7
95.0
97.2
97.2
99.5

AX-95123927
AX-94852279
AX-94866868
AX-94495556
AX-95234197
AX-94541427
AX-94688017
AX-94812241
AX-94995240
AX-94983046
AX-94568176
AX-95006927
AX-94771453
AX-94493067
AX-95218076
AX-94720408
AX-95201257
AX-94813670
AX-94831084
AX-95070910
AX-94829627
AX-94663948
AX-94485226
AX-94678869
AX-86176361
AX-95081840

53.5
54.4
55.2
58.8
61.8
65.7
68.7
69.4
73.3
79.3
80.9
81.7
83.2
83.2
84.0
84.0
84.4
84.7
84.9
85.1
85.2
85.4
86.2
87.7
88.4
94.7

AX-94598684
AX-94433552
AX-94560350
AX-94472595
AX-94776871
AX-94536138
AX-94563888
AX-95204598
AX-94934454
AX-94618325
AX-94488716
AX-95220252
AX-94468806
AX-95189832
AX-95100089
AX-94457159
AX-95025699
AX-94863938
AX-94926949
AX-94735786

100.7
100.7
100.7
100.7
100.7
103.0
103.0
103.0
103.0
103.0
103.0
103.0
103.0
103.0
103.7
103.7
109.1
109.1
123.5
125.0

AX-94602262
AX-94486555
AX-95094492
AX-95248497
AX-95120206
AX-94837407
AX-94434698
AX-94522885
AX-94912175
AX-94384726
AX-94470543
AX-86176910
AX-94547905
AX-94436934
AX-94495956
AX-94468226
AX-94986625
AX-94889187
AX-94747132

35.3
35.3
35.3
35.3
37.5
375
37.5
375
37.5
39.0
40.0
42.0
44.3
45.0
52.1
52.1
55.2
55.2
57.4
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AX-94982575
AX-95093988
AX-95202547

105.0 AX-94742725
105.0
105.0

108.3 AX-95024572

94.7
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Markers of the G genome of T. timopheevii with the corresponded cM positions

ChrlG

cM

Chr 2G

cM

Chr 3G

cM

Chr 4G

cM

Chr 5G

cM

Chr 6G

cM

Chr 7G

cM

AX-94460938
AX-94711679
AX-94645609
AX-94524812
AX-94885606
AX-94418372
AX-94657479
AX-94757643
AX-94802682
AX-94700304
AX-94683105
AX-94762865
AX-94415591
AX-95116095
AX-94561589
AX-94585755
AX-95154690
AX-94614192
AX-94460759
AX-95255108
AX-95188674
AX-94614812
AX-94592111
AX-94527933
AX-94509407

0
0.7
0.7
2.2
4.5
5.2
6.7
8.2
9.0
9.7
9.7

10.5
11.2
11.2
11.2
11.2
13.5
15.7
16.4
17.2
17.2
17.2
17.2
17.2
17.2

AX-94828386
AX-94698374
AX-94463791
AX-94897568
AX-94793912
AX-94517516
AX-94601079
AX-94649867
AX-94896890
AX-94628011
AX-94491351
AX-94790617
AX-94642607
AX-94884817
AX-95204758
AX-94510765
AX-95142559
AX-94477217
AX-94742600
AX-95225623
AX-94802300
AX-94835581
AX-94770692
AX-94628088
AX-94585204

0
0.7
10.4
345
345
38.4
39.1
39.1
43.7
48.3
48.3
48.3
48.3
48.3
48.3
49.1
49.8
49.8
66.2
66.2
66.2
66.2
66.2
66.2
66.2

AX-94519442
AX-94470995
AX-94792222
AX-94655585
AX-94743899
AX-94412171
AX-94523038
AX-95186328
AX-95127154
AX-95231401
AX-94840232
AX-94759675
AX-94739231
AX-94525262
AX-95002760
AX-95114368
AX-94392142
AX-95102903
AX-94773596
AX-95241340
AX-94588325
AX-94551787
AX-94742844
AX-94878840
AX-95167675

o O O o o

0.7
0.7
2.2
3.0
3.7
3.7
6.0
7.5
7.5
7.5
7.5
8.2
8.2
8.2
8.9
10.4
11.2
11.9
11.9

AX-86167869
AX-94603489
AX-95162453
AX-95241638
AX-95130149
AX-95232028
AX-94589541
AX-94824449
AX-94663013
AX-94744972
AX-95005286
AX-94995879
AX-95189434
AX-94661544
AX-94519609
AX-94646391
AX-94797205
AX-95005995
AX-94769935
AX-94834923
AX-94603548
AX-94598750
AX-95204902
AX-95094283
AX-94388894

AX-95015550
AX-94833651
AX-95158641
AX-94637263
AX-95102702
AX-95210844
AX-94610861
AX-94999851
AX-94499088
AX-95022135
AX-95196211
AX-95141719
AX-95149626
AX-94390361
AX-94731801
AX-95229293
AX-95179297
AX-94438942
AX-94596869
AX-94644008
AX-94797492
AX-94468422
AX-94643290
AX-94682707
AX-94609579

0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

AX-95256407
AX-94745890
AX-95102445
AX-94905905
AX-95142186
AX-94414937
AX-95122886
AX-95010034
AX-95198819
AX-95070251
AX-94833113
AX-94813039
AX-94864700
AX-94404996
AX-94446593
AX-95118964
AX-94664517
AX-94697250
AX-94802770
AX-94988458
AX-94404191
AX-94842838

0
0
2.3
6.9
14.8
211
21.8
25.6
26.4
271
294
30.1
30.9
31.6
38.7
46.7
57.3
75.7
80.4
81.1
82.6
84.1

AX-95159346
AX-95223512
AX-94711978
AX-94657427
AX-95190773
AX-95080006
AX-94608702
AX-95239692
AX-94924124
AX-94973270
AX-94945900
AX-94541333
AX-94574308
AX-94485553
AX-94400417
AX-94886229
AX-94534396
AX-94517409
AX-94477496
AX-94893631
AX-94523935
AX-94974292
AX-94631639
AX-94496296
AX-95211609

0.7
0.7
0.7
15
3.0
4.5
4.5
6.0
7.5
7.5
8.9
10.4
10.4
11.9
11.9
11.9
11.9
11.9
13.4
15.7
15.7
15.7
15.7
15.7



AX-94427980
AX-94395009
AX-94879002
AX-94809557
AX-95248891
AX-94692179
AX-95243490
AX-94714832
AX-94959080
AX-94459935
AX-95215437
AX-94962111
AX-95114845
AX-95126278
AX-95202546
AX-94482529
AX-94539098
AX-94425479
AX-94762500
AX-94449858
AX-94648380
AX-94407682
AX-94419566
AX-94578143
AX-95096429
AX-94595844
AX-94846017

17.2
17.9
18.7
194
20.2
20.2
20.2
20.9
21.6
21.6
21.6
23.9
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.9
27.6
27.6
29.1
29.1
29.1

AX-94848912
AX-94927151
AX-94507054
AX-94879237
AX-94679951
AX-95000163
AX-94996041
AX-94442882
AX-94636247
AX-94799451
AX-94893069
AX-94606624
AX-95257444
AX-94612317
AX-94643588
AX-94704889
AX-94652455
AX-95078567
AX-95202412
AX-94468729
AX-94547484
AX-94945142
AX-94970323
AX-94716050
AX-94686387
AX-95145587
AX-94707926

66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
66.2
69.2
69.2

AX-94737201
AX-94761734
AX-94990863
AX-94936012
AX-95629843
AX-95147365
AX-94686804
AX-95071605
AX-94703467
AX-95013828
AX-94455449
AX-94803281
AX-94786270
AX-94874294
AX-95116911
AX-94652746
AX-95167574
AX-95147238
AX-95254701
AX-94700657
AX-94905582
AX-94478227
AX-95113387
AX-94585873
AX-94709533
AX-95128117
AX-94939903

11.9
12.7
13.4
13.8
141
141
14.9
14.9
15.6
16.4
16.4
16.4
171
17.8
17.8
17.8
17.8
18.6
20.1
20.1
20.8
21.6
23.1
23.8
23.8
23.8
23.8

AX-94647347
AX-94934430
AX-94504379
AX-94933195
AX-94893516
AX-94998878
AX-94423611
AX-94759063
AX-95247827
AX-94565472
AX-94494882
AX-94725008
AX-94737285
AX-95209170
AX-95124640
AX-95232031
AX-94609301
AX-94382560
AX-94889202
AX-94618564
AX-95078354
AX-94384455
AX-94752140
AX-94693037
AX-95175309
AX-94830400
AX-95242684

30.6
32.1
32.1
32.1
32.1
33.6
351
351
35.1
35.1
35.1
35.8
36.6
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1
38.1

AX-94750851
AX-95161666
AX-95017659
AX-94820343
AX-95204866
AX-94461272
AX-94814295
AX-94581018
AX-94850339
AX-86171537
AX-94712402
AX-95068792
AX-95016611
AX-94547824
AX-94772679
AX-94557209
AX-94438521
AX-94537388
AX-94943750
AX-94610447
AX-94449783
AX-94474447
AX-94666199
AX-95209083
AX-95203559
AX-95005781
AX-94602564

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.7
3.7

AX-95025999
AX-94795609
AX-95098801
AX-95146011
AX-94513417
AX-95105411
AX-95142169
AX-94404550
AX-94899627
AX-94461995
AX-94703386
AX-94842305
AX-95140865
AX-94477009
AX-94770243
AX-94757080
AX-95185374
AX-95069098
AX-94813599
AX-94591682
AX-94730822
AX-94722175
AX-95171374
AX-94710682
AX-94409734
AX-94989197
AX-94966693

16.4
16.4
16.4
21.0
21.0
21.0
21.0
21.0
25.7
25.7
25.7
26.4
26.4
26.4
26.4
27.1
27.1
27.1
27.1
27.1
30.2
30.2
30.2
30.2
30.2
30.9
33.2
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AX-94811680
AX-95106563
AX-94400504
AX-94524256
AX-94606820
AX-94461345
AX-94577493
AX-94434085
AX-94608614
AX-95134864
AX-94797466
AX-95232857
AX-94795738
AX-95091170
AX-94813554
AX-94890407
AX-95116693
AX-95233264
AX-94519279
AX-94680841

29.9
30.6
30.6
30.6
315
34.4
35.9
37.4
40.4
42.7
44.1
47.2
50.2
53.0
54.7
54.7
55.5
56.2
57.0
58.5

AX-94957758
AX-94926150
AX-94391492
AX-94424985
AX-94479933
AX-94922568
AX-94795175
AX-94766642
AX-95170542
AX-94394259
AX-94717270
AX-94463476
AX-95244410
AX-94520053
AX-94565835
AX-94622361
AX-94511653
AX-94729799
AX-94968250
AX-94545989
AX-95164398
AX-94691125
AX-95200031
AX-95104036
AX-94835321
AX-94483430
AX-94560877

69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2

AX-94440176
AX-94422471
AX-94723317
AX-94628555
AX-95182852
AX-95127800
AX-94602505
AX-95194831
AX-94532509
AX-94546095
AX-94563863
AX-94609310
AX-95161158
AX-94557285
AX-94824180
AX-95235149
AX-94876768
AX-94748734
AX-95108449
AX-94851178
AX-94945430
AX-95076840
AX-94650068
AX-94490571
AX-95179710
AX-94481701
AX-94420283

245
25.3
253
253
253
26.0
26.8
26.8
26.8
26.8
26.8
275
28.2
28.2
29.0
29.7
29.7
29.7
30.5
32.0
32.7
32.7
33.1
33.4
33.8
34.2
34.9

AX-94471690
AX-94584608
AX-94530066
AX-94508701
AX-94393357
AX-95241651
AX-94883286
AX-94744874
AX-94531979
AX-94520898
AX-95181779
AX-94881260
AX-95101430
AX-94561861
AX-94751291
AX-94437486
AX-94700104
AX-95101360
AX-94651716
AX-94818645
AX-94790289
AX-95206487
AX-94950768
AX-94653077
AX-94705196
AX-94503439
AX-94515235

38.1
38.1
38.1
38.1
38.1
38.1
41.1
44.1
45.6
45.6
47.1
49.4
51.6
51.6
51.6
51.6
54.6
54.6
54.6
54.6
54.6
55.4
56.1
56.1
56.1
57.6
59.1

AX-94547737
AX-94695126
AX-94995549
AX-94796373
AX-94576796
AX-94416133
AX-94954394
AX-94727515
AX-94686719
AX-94954491
AX-94944074
AX-94713628
AX-95123935
AX-94949904
AX-94928627
AX-94500976
AX-94568793
AX-94716792
AX-95173607
AX-94830255
AX-94795467
AX-94621613
AX-95166240
AX-94456888
AX-94992905
AX-94540905
AX-94519425

3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
45
6.0
6.0
6.0
6.0
6.0

AX-94573994
AX-94887274
AX-94393939
AX-95259590
AX-95249077
AX-94555114
AX-94951234
AX-94944928
AX-94729128
AX-95188286
AX-94826187
AX-94533947
AX-95025990
AX-94709622
AX-94528618
AX-94637583
AX-94629085
AX-94692932
AX-94409225
AX-95193034
AX-94795562
AX-94464494
AX-94632874
AX-95080177
AX-94917345
AX-94422255
AX-94464859

33.2
33.2
33.2
33.2
33.2
33.2
33.2
33.2
33.2
33.2
33.2
33.2
37.8
37.8
37.8
37.8
37.8
37.8
37.8
37.8
40.8
40.8
40.8
40.8
40.8
41.6
41.6
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AX-94975938
AX-95103321
AX-94648891
AX-94525888
AX-95107419
AX-94888719
AX-94662232
AX-94496446
AX-94675290
AX-94607025
AX-94461688
AX-95079052
AX-94465410
AX-94657090
AX-95000720
AX-94682692
AX-94433918
AX-94426164
AX-94569544
AX-94799088
AX-94717863
AX-95020358
AX-95210221
AX-94518817
AX-94401625
AX-94680070
AX-94811232

69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2

AX-94650081
AX-94758785
AX-94828085
AX-94573954
AX-94640102
AX-94607640
AX-94565228
AX-95168786
AX-94432825
AX-94568705
AX-94502622
AX-94462783
AX-94696831
AX-94703979
AX-94900033
AX-94907804
AX-94438849
AX-94522506
AX-94914189
AX-95220331
AX-95251983
AX-94445008
AX-94527536
AX-94987336
AX-94536828
AX-94514763
AX-95222926

35.7
35.7
35.7
36.4
37.1
37.9
38.6
39.7
40.9
41.6
42.3
43.1
43.1
43.1
43.1
43.1
43.1
43.1
435
43.8
44.6
44.6
44.6
44.6
44.6
44.6
44.6

AX-94568397
AX-94403122
AX-95078142
AX-94806523
AX-94570846
AX-95078506
AX-95087500
AX-95184640
AX-95079832
AX-94436194
AX-95176204
AX-94394417
AX-94510113
AX-94895095
AX-94447649
AX-94894402
AX-94839802
AX-94996428
AX-94669430
AX-95008348
AX-95160280
AX-94809047
AX-94429994
AX-94938754
AX-94452650
AX-94593455
AX-94830126

60.6
62.1
62.1
63.6
65.1
66.6
68.8
68.8
68.8
68.8
68.8
68.8
70.3
71.8
71.8
71.8
71.8
71.8
71.8
71.8
71.8
71.8
73.3
74.8
74.8
74.8
76.3

AX-95073074
AX-95147670
AX-95142969
AX-94731226
AX-94639902
AX-94873783
AX-95095077
AX-95123476
AX-94924509
AX-94650952
AX-94545064
AX-95191670
AX-95213137
AX-95109770
AX-95127568
AX-95104768
AX-94636684
AX-94662560
AX-94749585
AX-94567546
AX-95137982
AX-95242243
AX-94753890
AX-94533870
AX-94763368
AX-94410375
AX-94838552

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0

AX-94804415
AX-94506247
AX-95006440
AX-94599966
AX-94494567
AX-94527347
AX-94614609
AX-94759866
AX-94702512
AX-94864559
AX-94700303
AX-94413444
AX-94428847
AX-95078053
AX-94534847
AX-94415990
AX-94622655
AX-94606213
AX-95183704
AX-94498447
AX-94899308
AX-94649688
AX-94430614
AX-94452619
AX-95239412
AX-95235263
AX-95127764

43.1
43.8
45.3
453
45.3
46.0
46.0
46.0
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
48.3
49.8
49.8
49.8
49.8
51.3
51.3
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AX-94633053
AX-94811003
AX-94697054
AX-95235428
AX-95201233
AX-94571673
AX-95073495
AX-94967696
AX-94960878
AX-94395832
AX-94678354
AX-94783812
AX-94984163
AX-94886208
AX-94797457
AX-94548192
AX-94866401
AX-94659686
AX-95143980
AX-95101757
AX-95236664
AX-95160157
AX-95099068
AX-94905415
AX-94531805
AX-94855299
AX-94948817

69.2 AX-94796806 44.6 AX-94448481
69.2 AX-95630213 44.6 AX-94418873

69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2

AX-94950648
AX-94448881
AX-94418120
AX-94510143
AX-94493621
AX-95178063
AX-95215789
AX-94389401
AX-95245247
AX-94788550
AX-95139769
AX-94630146
AX-94615215

76.3
77.8
77.8
77.8
77.8
79.3
80.8
80.8
90.5
90.5
92.0
92.0
94.2
96.5
103.6

AX-94991733
AX-94594333
AX-94481435
AX-94544042
AX-94465047
AX-94847038
AX-95255472
AX-94734889
AX-94556216
AX-94928650
AX-95017218
AX-94394032
AX-94786565
AX-95248802
AX-94934909
AX-94978617
AX-95256409
AX-94840798
AX-95080399
AX-94768745
AX-94539430
AX-94867557
AX-94489313
AX-94876980
AX-95163495
AX-94525198
AX-94498254

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
8.2
8.2

AX-95124586
AX-94652768
AX-94500405
AX-95198132
AX-94711379
AX-94837838
AX-94951115
AX-94981071
AX-94617538
AX-94838069
AX-94704090
AX-94526306
AX-95240436
AX-94734620
AX-94878214
AX-94406645
AX-94697848
AX-95226247
AX-95105700
AX-94998504
AX-95158386
AX-94468312
AX-94701595
AX-94492797
AX-95121884
AX-95186131
AX-94440464

51.3
51.3
51.3
51.3
51.3
51.3
51.3
53.5
53.5
53.5
54.3
54.3
54.3
54.3
55.0
55.0
55.0
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
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AX-94522633
AX-94434218
AX-94489323
AX-94989547
AX-95223122
AX-94598955
AX-94432299
AX-95243696
AX-95070414
AX-94867768
AX-94765952
AX-94815377
AX-95091800
AX-94534667
AX-95252468
AX-95254487
AX-94793623
AX-95134214
AX-94567777
AX-94724796
AX-95075203
AX-94633421
AX-94845400
AX-94651446
AX-94776911
AX-94522936
AX-94897254

69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2

AX-95208153
AX-94922739
AX-95105528
AX-94475918
AX-94536128
AX-94407767
AX-94409635
AX-94783912
AX-95008433
AX-94483563
AX-95155507
AX-94445027
AX-95206034
AX-94632506
AX-94985905
AX-94773977
AX-94571981
AX-94509671
AX-95010818
AX-94424457
AX-95082926
AX-94944134
AX-94999407
AX-94595799
AX-95086675
AX-94420960
AX-94482526

8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
10.5
10.5
10.5
10.5
10.5
10.5
10.5
13.5
13.5
13.5

AX-94501715
AX-94718151
AX-94451716
AX-95154545
AX-94757715
AX-94702397
AX-94487721
AX-94889553
AX-94617441
AX-94686819
AX-94513629
AX-94679028
AX-95081313
AX-94477806
AX-94777873
AX-95138960
AX-94987166
AX-94385002
AX-94845103
AX-95208168

55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
55.7
57.2
58.7
59.5
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AX-95121754
AX-94573713
AX-94777307
AX-94522494
AX-95014563
AX-94965918
AX-94716659
AX-94586782
AX-94494284
AX-94386926
AX-95238464
AX-95192669
AX-95021781
AX-95013279
AX-94387158
AX-95101788
AX-94662597
AX-94890976
AX-95233044
AX-94474518
AX-95073758
AX-94557494
AX-95119484
AX-94894594
AX-95218981
AX-94767875
AX-94636073

69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2

AX-95185499
AX-94932813
AX-94583653
AX-94541108
AX-94687517
AX-94830054
AX-95175236
AX-94608425
AX-94619669
AX-94468234
AX-94515428
AX-95244062
AX-94474213
AX-94478225
AX-95092667
AX-94541972
AX-94585720
AX-95181941
AX-94539192
AX-94924130
AX-94540523
AX-94641760
AX-94487480
AX-94656240
AX-94445430
AX-94576337
AX-94781016

135
18.1
18.1
18.1
18.1
18.1
18.1
18.1
18.1
18.1
18.1
26.1
28.3
28.3
28.3
28.3
28.3
28.3
28.3
28.3
28.3
30.6
30.6
30.6
30.6
30.6
30.6
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AX-95141943
AX-94557958
AX-95097794
AX-94768754
AX-94982210
AX-94602367
AX-95248125
AX-94410030
AX-94572902
AX-95080268
AX-94802872
AX-94442171
AX-94690295
AX-95108183
AX-94791652
AX-94416047
AX-94928608
AX-94638838
AX-94761974
AX-94805775
AX-94382232
AX-94557592
AX-94600934
AX-94614828
AX-95126627
AX-94390156
AX-94746152

69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
78.9
78.9
79.7
79.7
79.7
79.7
79.7
79.7
79.7

AX-94718281
AX-94471407
AX-94844464
AX-94461707
AX-94456002
AX-95240372
AX-94655721
AX-94649106
AX-94671630
AX-94412685
AX-95194904
AX-95007739
AX-95117413
AX-94983233
AX-94428806
AX-94724199
AX-94399413
AX-94748768
AX-94617079
AX-94650553
AX-94573573
AX-95208581
AX-95169718
AX-94915329
AX-94749233
AX-94691860
AX-95228735

32.1
32.1
32.1
32.1
32.1
32.1
32.1
32.1
32.1
32.1
36.7
36.7
38.2
38.2
38.2
42.8
42.8
42.8
42.8
42.8
44.3
44.3
44.3
44.3
44.3
44.3
44.3
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AX-94619747
AX-94955055
AX-94876632
AX-94680690
AX-94990750
AX-94427674
AX-94913838
AX-94587803
AX-94554755
AX-94446606
AX-94937792
AX-94441780
AX-94868919
AX-94774515
AX-86176865
AX-95123223
AX-94413948
AX-94554552
AX-94789346
AX-94933159
AX-94805502
AX-86184819
AX-94436745
AX-94565831
AX-95220774
AX-95231491
AX-94394454

79.7
79.7
79.7
79.7
79.7
79.7
79.7
79.7
79.7
79.7
79.7
79.7
79.7
79.7
79.7
85.1
85.1
85.1
85.1
85.1
85.1
85.1
85.1
86.6
88.1
88.1
88.1

AX-94777098
AX-95242385
AX-94637076
AX-94878787
AX-95107195
AX-94656806
AX-94557518
AX-95178859
AX-95163981
AX-95137082
AX-86177094
AX-94737123
AX-95168832
AX-94790093
AX-95001464
AX-94501718
AX-94473466
AX-95132630
AX-95115211
AX-95157769
AX-94696479
AX-94893504
AX-95080756
AX-94926022
AX-94633885
AX-94727436
AX-94852732

44.3
44.3
44.3
44.3
45.1
45.1
45.1
45.1
45.1
45.1
45.1
45.1
45.1
45.1
45.1
45.1
45.1
45.1
45.1
45.8
45.8
45.8
45.8
48.1
48.1
48.1
48.1
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AX-86179234
AX-94430439
AX-95124055
AX-95220018
AX-94734382
AX-94417218
AX-94459718
AX-95630025
AX-86165433
AX-95189895
AX-94466347
AX-94642747
AX-94593471
AX-94410588
AX-94427642

88.1
88.1
88.1
88.1
88.1
88.1
88.1
88.1
88.1
88.1
88.1
88.1
90.4
108.8
112.6

AX-94833133
AX-94831861
AX-94973664
AX-94651710
AX-94567614
AX-94868420
AX-94819717
AX-95162146
AX-94401947
AX-94890341
AX-95150557
AX-94491624
AX-95128602
AX-95178296
AX-94764219
AX-94925161
AX-94828316
AX-94601452
AX-95096574
AX-94571628
AX-95215143
AX-94780862
AX-94401980
AX-95098994
AX-94441150
AX-94613805
AX-95188538

48.1
48.1
54.3
54.3
54.3
54.3
54.3
54.3
55.1
55.1
55.1
55.1
55.1
55.1
55.1
55.1
55.1
55.1
55.8
56.5
56.5
56.5
57.3
57.3
57.3
57.3
57.3
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AX-94508002
AX-94430374
AX-94705918
AX-94919470
AX-94613238
AX-94566857
AX-94922814
AX-94572247
AX-94925625
AX-94570956
AX-94901051

57.3
58.8
58.8
58.8
58.8
58.8
62.6
62.6
62.6
90.4
94.2
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Attachment A — Protocols

Nick translation reaction 20 uL in 1.5 mL tube: Amount
DNA (gDNA > 200 ng pL™?) 2-3ug
10 x Nick translation buffer or 10 x buffer2 2.0 uL
Non-labeled dNTPs (2 mM each, mixed) 2.0 yuL
Labeled dNTP (1 mM) 0.5 uL
DNA polymerase | (10 U/ pL) 5.0 uL
DNase (100 mU/ L) diluted (prepare just before using) 0.8 uL

(5 uL of 2 U/uL DNase add 95 pL of 50 % glycerol)
Mix well by pipetting.

Incubate at 16 °C for 2 h in dark or covered by foil.

Ethanol Precipitation of the probe

1. Add 8 x of the reaction volume of fragmented (autoclaved) 140 ng uL* SS
DNA working solution: 160 uL (over 20 ng SS DNA). Vortex.

2. Add 25 x of the reaction volume of 9:1 (V/V 100 % ethanol: 3 M sodium
acetate pH 5.2) precipitation solution: 500 uL, mix well.

3. Incubate at - 20 °C overnight
4. Spin at 12,000 rpm for 30 min at 4 °C
5. Wash the probe pellet with 70 % ethanol; spin down for 5 min.
Repeat 70 % ethanol wash; spin down, discard ethanol.
6. Air-dry the probe in dark for 5 -10 min. Make sure no ethanol left.
7. Dissolve the pellet in 20 pL of 2 x SSC + 1 x TE buffer pH 7.6 (~200 ng
uL™?) on ice (4 °C) in dark for 30 min - 1 h, mix by tapping the tube and spin

down briefly.

8. Store at - 20 °C.
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Preparation of blocking genomic DNA

Aliguot 500 ~ 700 pL of gDNA (=2 pg pLtin TE or dH20) into a 1.5 mL tube,
seal its cap tightly with NASCO film and treat the DNA by one of the ways:

1. in boiling water for 30 - 40 min;
2. in 100 - 110 °C heat block for 15 min;
3. in apressure cooker at 115 °C for 8 min.

Check the sizes of DNA on a gel. The DNA should be broken into 300 bp to
500 bp. Store the blocking DNA at — 20 °C.

Preparation of Enzyme solution Amount

To make 10 g of the enzyme solution on ice:

Pectolyase Y-23 (1 % w/w) 0.1g
Cellulase Onozuka R-10 (2 % w/w) 0.2¢g
1X Citric Buffer (pH 5.5) 9.7¢9

Mix above and dispense 15 - 20 pL aliquot into each 0.5 mL tube on ice and
store at - 20 °C.

Citric Buffer Stock Amount
5x Citric Buffer pH 5.5 50 mL
dH20 30 mL

50 mM trisodium citrate, dihydrate CeHsO7Naz*2H20 FW = 294.12) 0.735¢g
50 mM EDTA 0.5M 5mL

Adjust the solution to pH 5.5 using citric acid monohydrate
(CeHsO7*H20 FW = 210.14)

Add the solution with dH20 up to 50 mL; dissolve and mix well.

Sterilize the solution by using syringe with filter and store at RT/Fridge.



Preparation of metaphase spreads from root tips
[Nitrous oxide-enzymatic maceration method (Kato, 1999) modified]

1. Germinate seeds for 2 - 3 days on wet tissue when roots grow 2 - 3 cm
long.

2. Make a 0.5 mL tube with a hole on the lid, spread a thin lay of dH20 to the
opening tube, put the wet tube on ice

3. Cut off 1 - 3 roots about 1 cm in length, put them into the tube
immediately.

4. Put all sample tubes in the Nitrous oxide sample chamber; close it
properly and connect it to the Nitrous oxide gas unit.

5. Release Nitrous oxide gas at 10 bar for 30 s to 1 min; turn off the gas to
the chamber, release the pressure between the connected part and
disconnected the gas unit from the sample chamber.

6. Keep the samples in the chamber with N2O for 2 h. Release the gas
pressure and put the samples on ice.

7. Fill the sample tube with 90 % acetic acid to fix the treated roots for at
least 10 min on ice.

8. Pipette out the acetic acid using a glass pipette; fill the tube with dH20
and wash the roots with dH20 three times by pipetting up and down
(make them dance and leave them soaking a few minutes in between
washes) with care to avoid the root missing.

e If the roots will be stored for late use, then transfer the roots into a
new 0.5 mL tube with ~150 pL of 70 % ethanol. Store the sample
tube in the storage box at — 20 °C.

BEST TO CARRY STRAIGHT ON IF YOU HAVE TIME.

e Wash the roots with dH20 three times (at least 10 min per wash;
better keep in the last dH20 for 0.5 h or so); make sure no any
ethanol in the root tips before using enzyme for preparation of
metaphase spreads:

9. Put the roots on a filter paper, remove extra dH20 but do not dry them
out.

10.Cut the root tip ~ 1 mm in length (white bit) which contains the active
dividing region and transfer the root tip into a 0.5 mL tube containing ~ 20



pL of enzyme solution (Pectolyase 1 % and Cellulase 2 %).

11. Incubate at 37 °C for 45 - 50 min depending on sizes and species of the
roots (need to be optimized first), then put the sample tubes on ice.

12. Add 150 pL of 70 % ethanol to wash off the enzyme from the root tips 2
times with care (again make them dance in the ethanol to wash off all the
enzyme); and keep the root tips in ~100 uL of 70 % ethanol on ice.

13. Break (press) the root tips with a bit ethanol against the tube wall into
very fine cell suspension with a dissection needle carefully.

14. Tap the tube genteelly several times to suspend the cells.

15. Centrifuge the tube at 5000 rpm for 30 s and remove the ethanol
carefully; do not disturb the cell pellet.

16. Dry the cell pellet briefly on a piece of tissue on the table with the lid
open (a few minutes, do not over dry!), add 25 - 40 pL (dependent on size
of pellet) of 100 % acetic acid; keep the tube on ice for 10 min to 2 h.

17.Prepare a cardboard box laid with a few layer of wet tissue on a water
proof film and put the labelled slides on a plastic supporter

18. Vortex the tube briefly, take 6 - 7 pL of cell suspension and drop on to a
slide at the distance above the slide 5 — 10 cm,

19.Close the cardboard box and let the slide gradually drying out for over 10
min.

GISH and Multi-color GISH detections (Avoid direct light)

Selected chromosome spread slides and circle the sample area on other side
of slide by using mark pen; place the slide with chromosome spread up on a
slide holder

Treat the slide by UV light at 0.125 Joules two times for cross link the
chromatins on the slide.
Single probe- GISH

Probe: labeled gDNA with Alexa Fluor-488 (Green) 5-dUTP or other
fluorophores

AA BB DD genome blocking gDNA - CS gDNA fragmented (300 bp - 500 bp)

GISH Probe mixture 10 pL per slide
2xSSCinl1xTE X UL up to 10 pL
Probe gDNA(green) (100 ng pLt) 05-1 L
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Blocking gDNA (fragmented 1000 ng pL™?) 2-4 uL
(added blocking DNA needs over 20 — 40 x of the probe DNA)
Mix by pipetting (avoid air-bubbles) and carry on hybridisation .

Hybridisation

1. UV Cross link the slides at 0.125 Joules for 2 times.

2. Heat up half container of deionized water covered with foil by induction
hot plate.

3. Add the probe mix onto the cross linked samples.
4. Cover with a plastic cover slip (22 mm x 22 mm), avoid air bubbles.

5. Place the slide on wet tissue firmly in a stainless tray and cover the
slides with a tip box lid.

6. Switch off the hob when the water is boiling, then put the slide tray in
and covered the whole container with foil for 5 min.

7. Place the denatured the slide on slide holder in a container with wet
tissue, closed with a lid.

8. Incubate the slide container at 55 °C for overnight.

9. Dip the slide into 2 x SSC to make the cover slip fall off from the slide.
Use blue roll on the side of slides to absorb excess 2 x SCC and steam
from the incubator overnight.

10.Add a drop of Vectashield mounting medium with DAPI (or 1:2 diluted
with 1 x PBS), put a 24 x 50 mm glass cover slip carefully-avoid avoid
air bubbles. Again allow to dry/use blue roll on edges to absorb excess
liquid before viewing/storage.

11.0bserve with multi-filter microscopy for DAPI, Alexa Fluor-488 (Green)
and Alexa Fluor-594 (Red).
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Vitae

Mariana Peil da Rosa nasceu em 16 de janeiro de 1988, em Pelotas — RS, filha de
Maria Cristina Machado Peil (advogada) e Carlos Alberto Leite da Rosa
(administrador). Em 2007 ingressou no curso de Agronomia, na Faculdade de
Agronomia Eliseu Maciel — UFPel, concluindo a graduagao no segundo semestre de
2011. Durante a faculdade realizou um de estagio voluntario na area de plantas
ornamentais, sob orientacdo do Prof. PhD Paulo Roberto Grolli, apds foi estagiar no
Laboratério de Ciéncia e Tecnologia de Sementes, um como voluntaria, sob
orientacdo do Prof. PhD, Silmar Peske, e um como bolsista de iniciacdo cientifica
CNPq, sob orientacédo do Prof. PhD Leopoldo Baudet. No ultimo ano de graduacéo
estagiou no Laboratorio de Propagacdo de Frutiferas de Clima Temperado, sob
orientacdo da Prof. Dr. Marcia Schuch. No segundo semestre de 2011 realizou seu
estagio final com tratamento de sementes de trigo e cevada visando tolerancia a
estresses abioticos no “Agricultural Research Organization — Volcani Center” uma
instituicdo de pesquisa governamental em Bet Dagan - Israel, a orientacdo
académica foi do Prof. Dr. Silmar Peske e a orientacao profissional do PhD Joshua
Klein. Em margo de 2012, ingressou no curso de mestrado, com bolsa da CAPES,
no PPG em Ciéncia e Tecnologia de Sementes, cujo foco da dissertacao foi a
expressao de genes em tegumento de sementes de soja, sob orientacédo do Prof. Dr.
Paulo Dejalma Zimmer. No segundo semestre de 2014, ingressou no curso de
doutorado no PPG em Agronomia, na area de concentracdo de Fitomelhoramento,
com bolsa da CAPES, sob orientacdo do Prof. PhD. Antonio Costa de Oliveira. No
segundo semestre de 2015 até metade de 2016, realizou estagio de doutorado
sandwich na The University of Nottingham — Reino Unido, onde realizou o trabalho
de sua tese. Em marco de 2018 defendeu sua qualificagdo com o “O uso de
CRISPR como ferramenta para controle em cromossomico em cromossomico em
Triticum aestivum”.



