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Preface

This volume of proceedings is a collection of papers that were presented at the 12th
International Wheat Genetics Symposium (IWGS) held in Yokohama, Japan,
September 8—14, 2013, containing a selection of invited lectures and representative
presentations. All papers were peer-reviewed by the Local Organizing Committee.

On August 29, 1953, 26 wheat geneticists from 19 countries who got together at
the 9th International Congress of Genetics held at Bellagio, Italy, initiated the
International Organizing Committee of the 1st IWGS. In 1958, the 1st symposium,
which Hitoshi Kihara chaired, was held in Winnipeg, Canada. Since then, the IWGS
has been held every 5 years at different locations around the world. In 2013, the
IWGS turned 60 years old, an age of great traditional importance in East Asia. This
volume commemorates an occasion of special celebration.

This proceedings presents the current status of our understanding of wheat genet-
ics and its application to cultivated wheat and related plants. Importantly, it shows
that breeding wheat based on genetics has come of age. Despite the large genome
size and complexity, molecular breeding has become much more realistic than ever
in wheat mainly through development in genomics research. In addition, the global
food crisis and the impact of climate change on the food chain have become press-
ing problems. Consequently, improved production of cereals including wheat is
urgently required in order to increase yields for human consumption. The produc-
tion of wheat is particularly important in this regard as it is the most widely grown
crop. We hope that this volume will provide a useful research reference in the field
of wheat genetics.

The editors wish to thank Dr. Shuhei Nasuda, who first suggested the idea of
preparing this book and collaborated in its initial planning. The editors are also very
grateful to Dr. Yoshihiro Matsuoka for his valuable help in the editing work.

Yokohama, Japan Yasunari Ogihara

Kobe, Japan Shigeo Takumi
Tsukuba, Japan Hirokazu Handa
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Part 1
Wheat Genetics: Past, Present, and Future



Chapter 1

Prof. H. Kihara’s Genome Concept

and Advancements in Wheat Cytogenetics
in His School

Koichiro Tsunewaki

Abstract This article introduces Kihara’s main achievements in wheat cytogenetics
and the succeeding developments in a few fields of wheat cytogenetics, which were
founded by Kihara. Following the discovery of polyploidy in wheat by Sakamura
(Bot Mag (Tokyo) 32:150-153, 1918), Kihara established the cytogenetics of inter-
ploid hybrids, clarifying the meiotic chromosome behavior as well as the chromo-
some number and genome constitution of their progeny, based on which Kihara
formulated the concept of genome. Here, evidence supporting his recognition of the
genome as a functional unit is presented. Kihara proposed the methodology for
genome analysis and determined the genome constitution of all Triticum and
Aegilops species. Ohta re-evaluated the genome relationships among the diploid
species, using the B-chromosomes of Ae. mutica. After completing the genome
analyses, Kihara’s interest was shifted to the genome-plasmon interaction that led to
the discovery of cytoplasmic male sterility in wheat. Using the nucleus substitution
method elaborated by Kihara, we carried out plasmon analysis of Triticum and
Aegilops species. We classified their plasmons into 17 major types and 5 subtypes
and determined the maternal and paternal lineages of all polyploid species. An allo-
plasmic line, (caudata)-Tve, retained male sterility induction and germless grain
production for 60 generations of backcrosses with wheat pollen. We are trying
reconstruction of the Ae. caudata plant from the genome of its native strain and the
caudata plasmon in the alloplasmic wheat. Two groups of Kihara’s school reported
paternal transmission of the mtDNA sequences in alloplasmic wheats. Their find-
ings are incompatible with the genetic autonomy of the plasmon, casting a new
challenge to the genome-plasmon interaction.

Keywords Aegilops * B-chromosomes * Genome analysis ® Genome concept ®
Maternal lineage ¢ Plasmon analysis ® Plasmon autonomy ¢ Polyploids « Wheat

K. Tsunewaki (D<)
Kyoto University, Kyoto 606-8502, Japan
e-mail: kkcqn857 @yahoo.co.jp

© The Author(s) 2015 3
Y. Ogihara et al. (eds.), Advances in Wheat Genetics:
From Genome to Field, DOI 10.1007/978-4-431-55675-6_1
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Discovery of Polyploidy and Cytogenetics of Interploid
Hybrids in Wheat

Sakamura (1918) who was a graduate student at the Faculty of Agriculture,
Hokkaido University, studied both root-tip mitosis and meiosis in PMC’s of the fol-
lowing eight Triticum species; T. aestivum, T. compactum, T. spelta, T. turgidum, T.
durum, T. polonicum, T. dicoccum, and T. monococcum, finding 2n=14 for T. mono-
coccum, 2n=28 for T. turgidum, T. durum, T. polonicum and T. dicoccum, and
2n=42 for T. aestivum, T. compactum and T. spelta. This result led him to discover
a polyploid series of the diploid, tetraploid, and hexaploid in wheat, with the basic
chromosome number of x=7. Sakamura planned a further study on chromosome
numbers of the offspring of the hybrids between different ploidies. In 1917 he made
crosses between 4x and 6x wheat in three combinations. At this point, Sakamura
was informed from the Ministry of Education, Japan, to go abroad for advanced
study. He asked Kihara who had just enrolled in the graduate school to succeed his
wheat research and handed the 5x hybrids to Kihara (1951). Because of some delay
in departure, Sakamura was able to see Kihara’s first slide of PMC’s of the 5x
hybrid, and gave a few minutes advice that determined Kihara’s later career as the
wheat researcher.

Kihara (1924) analyzed the meiotic chromosome behavior of the three 5x hybrids
of Sakamura and two 3x hybrids that he produced. The modal meiotic chromosome
configurations of the 3x and 5x hybrids were 7°+7" and 14”+7’, respectively
(Kihara 1924, 1930), based on which he assigned genome formulae AA to the dip-
loid, AABB to the tetraploid, and AABBDD to the hexaploid wheat. Later Kihara
obtained a new tetraploid wheat, T. timopheevi, and analyzed the meiotic chromo-
some behaviors of its hybrids with one diploid and two tetraploid Triticum species.
From the results, he designated genome formula AAGG to this wheat (Lilienfeld
and Kihara 1934).

Kihara’s Genome Concept and Supporting Evidence

Winkler (1920) proposed the term ‘genome’ for the haploid set of chromosomes.
Due to the discovery of polyploidy, this definition required modification, because
their gametes contain two or more chromosome sets. Kihara and Lilienfeld (1932)
and Kihara (1982) defined the genome concept as follows: (1) Homologous chro-
mosomes have homologous loci identical in sequence as well as in distance.
Therefore, when two genomes are homologous, an exchange of homologous part-
ners causes no physiological damage to either the gametes or the zygotes. Non-
homologous chromosomes have different loci or the same loci different in sequence
or in distance. As a consequence, the homologous chromosomes can synapse in the
meiotic prophase, forming bivalents in the metaphase I (MI) by exchanging their
homologous parts. On the contrary, non-homologous chromosomes fail to pair,
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becoming univalents in MI. (2) Genome has no homologous chromosomes within
it. Consequently, a zygote having two homologous genomes forms x pairs of biva-
lents with no univalents, whereas that with two non-homologous genomes forms 2x
univalents with no bivalents in meiosis. The homologous vs. non-homologous rela-
tionship between two genomes can be determined by the number of bivalents
formed in meiosis. (3) Genome is a functional unit of life. The deletion of a chromo-
some or a part of it from a genome causes the loss of life or, at least, a significant
loss of functions of the gamete and zygote. In essence, Kihara was first to define the
homology of chromosomes by their meiotic behavior, based on which he defined
genome homology, and proposed its functional role in life.

Supportive evidence of the functional role of genome in gametic and zygotic
development was obtained from the fertility of gametes and the viability of proge-
nies of the 5x hybrids, respectively. Fertility of the female and male gametes of the
5x hybrids was studied by Kihara and Wakakuwa (1935) and Matsumura (1936,
1940). The transmission rate of a D-genome chromosome was 0.440 when the 5x
hybrid was backcrossed as female to the 4x parent, and 0.673 when the 5x hybrid
was backcrossed as pollen parent to the 4x wheat. Based on these univalent trans-
mission rates, the fertility rates of female and male gametes having zero to seven
D-genome chromosomes of the 5x hybrid when backcrossed as female or male par-
ent to the 4x wheat were estimated, and compared to the observed frequencies. The
female gametes of the 5x hybrid having no D-genome chromosomes or the com-
plete set of D genome chromosomes took part in fertilization in 3.8 or 5.6 times
higher frequencies than the expected ones, whereas those with one to five D genome
chromosomes showed fertility rates nearly equal to or lower than the expected fre-
quencies (Fig. 1.1a). Similarly, the male gametes of the 5x hybrid having no D
genome chromosomes or the complete set of D genome chromosomes took part in
fertilization in 391 or 5.7 times higher frequencies, respectively, than expected,
whereas those with two to six D genome chromosomes showed fertility rates nearly
equal to or lower than the expected frequencies (Fig. 1.1b). These results showed
that complete missing or presence of the complete D genome guaranteed both sexes
of the gametes for high ability of fertilization. The effect of the genome complete-
ness on the viability of sporophytes was traced for four generations of self-
pollination of the 5x hybrid (Kihara 1924). The pedigree was converged at two
extremes, 2n=28 with 14” and 2n=42 with 217, one exception being the stable
2n=40 (20”) progenies called D-dwarfs. This convergence of the pedigrees to
2n=28 or 2n=42 plants demonstrated importance of the genome completeness for
the continuation of life even in the hexaploid wheat.

Genome Analysis and a Re-evaluation on Genome Homology

Determination of the genome homology is based on the meiotic chromosome pair-
ing between two genomes in comparison. Kihara (1930) illustrated the schemes for
genome analysis of an auto- and allotetraploid. Before their application, we need to
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Fig. 1.1 Male and female transmission rates of the D-genome univalents in the crosses between
(T. polonicum x T. spelta) F, and T. polonicum. (a) 5x F, hybrid x T. polonicum (Kihara and
Wakakuwa 1935; Matsumura 1940), (b) T. polonicum x 5x F; hybrid (Matsumura 1936)

have a set of diploids, each having a genome different from the others, which he
called genome analyzers. When the tetraploid is an autotetraploid with A genome,
its hybrid with the A genome analyzer forms x™’, whereas the F,’s with other ana-
lyzers form x”+x’, from which results genome constitution of the tetraploid is
determined as AAAA. If the tetraploid is an allotetraploid with AABB genomes, its
F, hybirds with the A and B genome analyzers form x”+x’, whereas the F,’s with
other analyzers form 3x’, thus genome constitution of the tetraploid is confirmed to
be AABB. Kihara and his collaborators determined the genome constitutions of all
Triticum and Aegilops species (Kihara 1924, 1945; Kihara and Tanaka 1970;
Lilienfeld 1951).

After Kihara’s genome analytical works, several genetic factors became known
to influence the meiotic chromosome pairing: They are a suppressor, Phl, of the
homoeologous chromosome pairing, an enhancer of the homoeologous pairing in
Ae. speltoides and a suppressor of the homoeologous pairing in B-chromosomes. To
distinguish between the homologous and homoeologous pairing, using
B-chromosomes of Ae. mutica, Ohta (1995) produced hybrids between eight diploid
species and an Ae. mutica strain having the B-chromosomes, selecting hybrids with
zero, one or two B-chromosomes. The presence of two B-chromosomes did not
affect the number of bivalents in Ae. mutica itself. The T genome of Ae. mutica was
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highly homologous to S genome of Ae. speltoides and D genome of Ae. squarrosa,
forming five bivalents in the presence of two B’s, whereas it was non-homologous
to A, C, M, S® and S! genomes of the respective species, forming no or one bivalent
with two B’s. This type of research should be extended to polyploid species for re-
evaluation of their genome relationships to the diploid species.

Plasmon Analysis as the Counter Part of Genome Analysis

Later, Kihara’s interest shifted to the genome-plasmon interaction. He produced an
alloplasmic line of a common wheat, 7. aestivum var. erythrospermum (abbrev.
‘Tve’) by repeated backcrosses of the F, hybrid, Ae. caudata var. polyathera x Tve,
with Tve as the recurrent pollen parent. This alloplasmic line, designated by
(caudata)-Tve, expressed male sterility in its SB; and later backcross generations,
leading Kihara to discover the cytoplasmic male sterility in wheat (Kihara 1959).

The pioneering works of Kihara and others suggested the presence of plasmon
diversity in the Triticum-Aegilops complex. There were three research groups
actively working on the plasmon diversity in wheat and its related genera: Maan and
Lucken in the North Dakota State Univ., USA, Panayotov and Gotsov in the Wheat
and Sunflower Institute, Bulgaria, and Suemoto and Tsunewaki in Kyoto University,
Japan. In an international cooperative work, we compared plasmons that were inde-
pendently introduced by these groups into their own wheat stocks (Mukai et al.
1978). This work showed the wide scope of plasmon diversity in this complex. I
obtained 7 plasmons from Maan, 8 plasmons from Panayotov and 15 plasmons
from other researchers to enrich our plasmon collection, totaling 46 plasmons,
including 16 of our own.

In 1963, Linitiated a program to produce alloplasmic lines using a set of 12 com-
mon wheat genotypes as the alloplasmon recipients, whose list and reasons of selec-
tion are given elsewhere (Tsunewaki et al. 1996). The aim was 10 backcross
generations of each alloplasmic line to recover the tester’s genotype in 99.9 %
purity. The total number of the alloplasmic lines in all combinations between the 12
wheat genotypes and 46 plasmons amounts to 552 NC hybrids, all of which reached
SB, or later backcross generation by 1997. A field test of all alloplasmic and 12
euplasmic lines was carried out in the crop season of 1992—-1993. By that time, 87
% of the alloplasmics reached at the SB,, or later backcross generation. With all
lines, 14 vegetative and 8 reproductive characters were observed. The genetic rela-
tionships between the 47 plasmons were analyzed (Tsunewaki et al. 2002). With the
same plasmons, RFLP analyses of ct and mtDNAs were carried with 13 and 3
restriction enzymes, respectively (Ogihara and Tsunewaki 1988; Wang et al. 2000).
Phylogenetic trees depicted from the data on the organellar DNA polymorphisms
revealed molecular differentiation between the plasmons in Triticum-Aegilops com-
plex. Combining the phenotypic effects on wheat characters and organellar DNA
differences revealed by the RFLP analyses, 47 plasmons of this complex were clas-
sified into 18 major types and five subtypes (Tsunewaki et al. 2002). The genome
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Fig. 1.2 Phylogenetic relationships between the diploid, tetraploid and hexaploid species based
on their genome-plasmon constitutions (After Tsunewaki 2009). Inner and outer circle: genome
and plasmon symbol, respectively. Modified genome: underlined

and plasmon analyses together clarified the maternal and paternal lineages of all
Triticum and Aegilops species (Fig. 1.2; Tsunewaki 2009).

Persistence of Genetic Effects of Ae. caudata Plasmon
on Wheat Phenotypes

Kihara crossed in 1949 Ae. caudata as female to a common wheat, Tve, and the F,
hybrid and its progenies were successively backcrossed with the pollen of Tve until
SB s (Kihara 1959; unpubl.). I continued the backcrosses with the same pollen par-
ent, up to the SBg, generation in 2013. Meiotic pairing was normal, forming 21
bivalents, in an SBs5 plant.

Selfed and backcrossed seed fertilities of the (caudata)-Tve were observed in the
entire backcross program. The backcrossed seed fertility (%) was highly variable,
with the mean and S. E. of 68.10+16.43. The linear regression to the backcrossed
generation calculated using the records of the SB; to SBg, generations to grasp the
tendency of improvement or depression of the backcrossed seed fertility, Y, with
progression of the backcross generations, X, turned out to be Y =0.181X+62.3 (%).
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The regression coefficient of 0.181 was non-significant at the 5 % level of probabil-
ity, meaning the female fertility of (caudata)-Tve did not change consistently dur-
ing 60 years of backcrossing. On the contrary, the selfed seed fertility was completely
zero in most backcrossed generations. These results indicated that the caudata plas-
mon induced complete male sterility in Tve wheat, which did not show any sign of
recovery by repeated backcrossing with the wheat pollen for 60 generations, prov-
ing persistence of the plasmon effect on male sterility induction.

Another prominent effect of the caudata plasmon on the wheat phenotype was
production of germless grains, which was first noticed in the SB;s generation of
(caudata)-Tve. Since then, occurrence of germless grains in (caudata)-Tve was
examined in each backcross generation. Its frequency in every ten SB generations
was 15.3 % (SB5-SBayy), 14.7 % (-SByy), 28.5 % (-SBy), 14.2 % (-SBsy) and 5.2 %
(-SBgp). Overall frequency of the germless grains was 11.8 % in (caudata)-Tve, as
compared to 0.022 % in normal Tve, indicating more than 500 times increase in its
frequency by the caudata plasmon. Genetic effect of the caudata plasmon to pro-
duce germless grains in Tve continued, at least, for 46 generations, from SB;s to
SBg. These results demonstrated that the genetic effects of the caudata plasmon on
male sterility induction and germless grain production to ‘Tve’ persistently
expressed during 60 generations of backcrossing with the Tve pollen.

Reconstitution of Ae. caudata from Its Genome and Plasmon
Separated for Half a Century and Paternal mtDNA
Transmission in Wheat

Ae. caudata (genome, CC) was reconstructed from the genome of its native strain
and the plasmon originated from it and coexisted with the genomes of Tve wheat
(AABBDD) for 50 generations of repeated backcrosses (details of the procedure
and the results will be published elsewhere). The reconstructed caudata plants
resembled those of the caudata accession that provided the plasmon to (caudata)-
Tve SBs, in general morphology and showed normal vigor and fertility. We ana-
lyzed 8 chloroplast and 5 mitochondrial simple sequence repeat (abbrev. SSR) loci
out of 45 loci reported in wheat (Ishii et al. 2001, 2006) (Yotsumoto et al. unpubl.).
The tentative results indicated that the reconstructed caudata had the same band
patterns in most SSR loci, as those of the original caudata accession and (caudata)-
Tve SBs,. These results suggested that the caudata plasmon remained unchanged
during coexistence with the wheat genomes for 50 generations.

Following the report of Laser et al. (1997) with triticale, Tsukamoto et al. (2000),
Hattori et al. (2002), Kitagawa et al. (2002) and Kawaura et al. (2011) obtained
evidence on the paternal transmission of mtDNA in alloplasmic wheats, which
included coding regions of, at least, ten mitochondrial genes. Laser et al. (1997) and
Kawaura et al. (2011) showed that the paternally transmitted mtDNAs were rarely
transcribed in the heteroplasmic plants. This is compatible with the persistence of
phenotypic effects of the caudata plasmon during the repeated backcrosses with
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wheat pollen. The constancy of mitochondrial SSR loci in the alloplasmon during
the repeated backcrosses proved here, however, is hardly compatible with the pater-
nal transmission of mtDNAs, because the majority of mtDNA molecules of an allo-
plasmic line at an advanced backcross generation is assumed to be the paternal
(wheat) molecules, but this is not the case. Further studies are needed to clarify the
cause of this discrepancy.
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Chapter 2

How a Gene from Japan Revolutionized
the World of Wheat: CIMMYT’s Quest
for Combining Genes to Mitigate Threats
to Global Food Security

Thomas A. Lumpkin

In 1935, the work of Japanese scientist Gonjiro Inazuka to cross a semi-dwarf
Japanese wheat landrace with two American varieties resulted in an improved semi-
dwarf variety, known as Norin 10. Unlike other varieties, which stood taller than
150 cm, the Rht1 and Rht2 genes present in Norin 10 reduced its height to 60—110 cm.
In the late 1940s Orville Vogel at Washington State University used Norin 10 to help
produce high-yielding, semi-dwarf winter wheat varieties. Eventually, Vogel’s vari-
eties ended up in the hands of Norman Borlaug, who was working to develop rust-
resistant wheat in Mexico.

In 1953, Borlaug began crossing Vogel’s semi-dwarf varieties with Mexican
varieties. The result was a new type of spring wheat: short and stiff-strawed varieties
that tillered profusely, produced more grain per head, and were less likely to lodge.
After a series of crosses and re-crosses, the semi-dwarf Mexican wheat progeny
began to be distributed nationally, and within 7 years, average wheat yields in
Mexico had doubled. Borlaug named two of the most successful varieties Sonora 64
and Lerma Rojo 64, and it was these two varieties that led to the Green Revolution
in India, Pakistan and other countries. This international exchange of ideas and
germplasm — starting with genetic resources from Japan — ultimately saved hun-
dreds of millions of people from starvation.

Fifty years on, farmers and societies face new challenges to feed rising popula-
tions, and wheat, along with its production and trade, epitomize the difficulties. The
world’s climate is changing; temperatures are rising in major wheat-growing areas and
extreme weather events are becoming more common; natural resources are being
depleted; new diseases are emerging; and yields are stagnating. Coupled with these
difficulties, ever-increasing demand for wheat from a growing worldwide population
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and changing diets put pressure on grain markets, pushing up prices, disrupting free
trade when drought or floods threaten crops in wheat-producing nations.

With offices and research stations in 14 countries including its headquarters in
Mexico, the International Maize and Wheat Improvement Center (CIMMYT) is
working to address these challenges through scientific research. CIMMYT’s
research is focused on sustainably increasing wheat and maize productivity, which
includes actively contributing to a better understanding of the genetic basis of yield,
as well as drought, heat and disease resistance. Through the Seeds of Discovery
(SeeD) initiative, and other collaborations, CIMMYT is also broadening genetic
variability and discovering new genes that will help increase yields and prevent crop
losses to climate change or disease.

The Origins of Norin 10

Upon hearing of Orville Vogel’s successes in incorporating the semi-dwarf genes
from the Japanese Norin 10 variety into winter wheat, Norman Borlaug wrote to
him in 1952 requesting that genetic materials containing the Norin 10 genes be used
as parental lines in the Mexican wheat breeding program. A few months later a
small number of seeds arrived in Mexico from three different F, plants originating
from the cross Norin 10 x Baart and a small number of seeds from each of the five
F, plants from the cross Norin 10 x Brevor (Reynolds and Borlaug 2006). With this
simple exchange of communication and germplasm, so began one of the most
extraordinary agricultural revolutions in history.

The journey of semi-dwarf wheat from Japan to Mexico may have begun in
Korea in the third or fourth century, where short wheat varieties may have origi-
nated (Cho et al. 1993). From East Asia, wheat breeders in Italy, the USA and else-
where began to seek and utilize dwarfing genes to breed for high yield, resistance to
lodging and ability to produce more tillers than traditional varieties.

The lineage of the Norin 10 can be traced back to Daruma, a native Japanese
short-straw variety (see Fig. 2.1) crossed with one soft “Fultz” and one hard wheat
“Turkey Red” variety from the United States. ‘Fultz’ was first introduced to Japan

Fig. 2.1 Pedigree of Norin FULTZ GILASSY FULTZ
10 (Reitz and Salmon 1968)

FULTZ~-DARUMA

Cross
made

DARUMA NORIN 10

in
1924

TURKEY RED
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from the USA around 1892. The exact year that ‘Turkey Red’ arrived in Japan is
unknown but it is thought to have been around the same time (Reitz and Salmon
1968). Fultz and Turkey Red were used in two significant crosses at the Central
Agricultural Experiment Station in Nishigahara, Tokyo during the early twentieth
century leading to the creation of Norin 10. First, in 1917 a variety called ‘Glassy
Fultz’ was isolated from the ‘Fultz’ variety, and then crossed with Daruma to create
‘Fultz-Daruma.” Then, in 1924 Fultz Daruma was crossed with Turkey Red
(Inazuku1971). Pedigree lines were then transferred to the Konosu Branch Station,
Saitama Prefecture where an F, plant was selected in 1926 and then sent to the
Iwate-Ken Prefectural Station, in northeast Japan where the F; was grown and final
selections of this lineage were made. The final selection was released in 1935 and
named Norin 10.

The term Norin is an acronym of the first letter of each word of the Japanese
Agricultural Experiment Station as spelled out using Latin letters. The successes of
Norin 10 are attributed to Mr. Gonjiro Inazuka, a Japanese wheat breeder who was
chief of the Wheat Breeding Program at Iwate from 1930-1935 (Iwanaga 2009).

According to Reitz and Salmon (1968) records from the Iwate-Ken Prefectural
Station show that Norin 10 was 55 cm tall — 13 cm shorter than the control variety
Norin 1. Despite being seeded in rows 50 cm apart and on land that was heavily
fertilized and irrigated, the plants only grew about 60 cm high and did not lodge
(Reitz and Salmon 1968).

The semi-dwarf stature of the Norin 10 cultivar is controlled by the Rht/ and
Rht2 genes (Pinthus and Levy 1983). Rhtl (Rht-B1b) and Rht2 (Rht-D1b) have been
used extensively over the last 60 years to develop high-yielding varieties that reduce
plant height and resist lodging. The Rht genes produce shorter cultivars by ‘decreas-
ing the sensitivity of reproductive and somatic tissues to endogenous gibberellin’
(Sial et al. 2002) which results in decreased internode length and reduced plant
height.

From Norin 10 to the Green Revolution

Norin 10 began to attract international attention after a visit by Salmon SD, a
renowned wheat breeder in the U.S. Department of Agriculture (USDA), to Morioka
Agriculture Research Station in Honshu (Borojevic and Borojevic 2005). Salmon
took some samples of the Norin 10 variety back to the United States, which were
sent on to a joint Washington State University (WSU) /USDA project at Pullman,
Washington (Reitz and Salmon 1968). At WSU in 1949, Dr. Vogel began to use
these semi-dwarf varieties extensively and a series of crosses were made, including
Norin 10 x Baart and Norin 10 x Brevor.

As previously mentioned, Vogel supplied the Norin 10 x Baart and Norin 10 x
Brevor crosses to Dr. Borlaug and the Mexico wheat breeding program. In 1952 and
1953, the Mexican wheat program focused its efforts on tackling the problem of
lodging (Borlaug 1981). With varieties such as Chapingo 52, Lerma Rojo 53 and
Yaqui 50, the heavy application of nitrogen fertilizer led to severe lodging and yield
loss.
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After unsuccessfully screening the entire USDA World Wheat Germplasm col-
lection to find shorter and strong varieties, Borlaug wrote to Vogel and requested
seed containing the Norin 10 dwarfing genes.

Borlaug detailed in 1981 that the first attempt at incorporating the Vogel genes
into the Mexican varieties failed. He attributes this lack of success to the fact that
the F; plants produced from Dr. Vogel’s seed were used as female parents and as a
result were highly susceptible to rust.

The second attempt was successful and a new type of wheat with higher yield
was evident in the F, and F, progeny from those crosses. So much so, that from 1957
nearly all of the Mexican wheat breeding efforts focused on the Norin 10 x Brevor
derivatives.

Not only was dwarfness of stature introduced into the crosses from the Norin 10 derivities,
but also a number of other genes had been introduced, which increased the number of fertile
florets per spikelet, the number of spikelets per head and the number of tillers per plant.
(Norman Borlaug 1981)

At first, Borlaug encountered a number of problems with progeny from the cross
Norin 10 x Brevor x Mexican varieties:

1. High degree of male sterility leading to promiscuous outcrossing
2. Poor grain that was shriveled, soft and with low gluten content
3. Susceptibility to stem and leaf rust.

The new and innovative shuttle breeding program, introduced by Borlaug,
between El Batan, located at an altitude of 2,249 m in the Central Mexican high-
lands, and Ciudad Obregén located in the irrigated desert in the Northern Sonora
Valley, meant that two generations per year could be grown to speed up selection
against the above mentioned problems. The exposure of the breeding materials to
contrasting locations and diverse environmental constraints also allowed Borlaug
and his team to select for a broader range of disease resistances (Ortiz-Garcia et al.
2006).

By 1962, 10 years after Vogel first supplied seed of the Norin 10 Japanese semi-
dwarf progeny to Borlaug, two high-yielding semi-dwarf Norin 10 derivatives, Pitic
62 and Penjamo 62, were released for commercial production (Reynolds and
Borlaug 2006). As Fig. 2.2 indicates, these wheat varieties then led to a flow of
other high-yielding wheat varieties, including Siete Cerros 66, which at its peak
was grown on over 7 million hectares in the developing world (Reynolds and
Borlaug 2006).

The Impact of the Green Revolution

Although the Green Revolution’s roots were in Mexico, South Asia’s abundant
wheat harvests were its hallmarks and key milestones in global agricultural
development.
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Fig. 2.2 Genealogy of early semi-dwarf CIMMYT wheat varieties (University of Minnesota
2012)

In the early 1960s South Asia was facing mass starvation and extreme food inse-
curity. To combat this challenge, scientists and governments in the region began
assessing the value of the Mexican semi-dwarf wheat varieties for their countries.
Trials in India and Pakistan were convincing and demonstrated high yields that
offered the potential for a dramatic breakthrough in wheat production (CIMMYT
1989).

Borlaug’s first visited the region in 1960, when he toured India and Pakistan as
part of a team of FAO-Rockefeller Foundation scientists (CIMMYT 1989).
Following the visit, Borlaug agreed to provide training for regional wheat scientists
and in response Manzoor A. Bajwa became the first Pakistani researcher to arrive in
Mexico in 1961. While working alongside Dr. Borlaug and his team in Obregon,
M.A. Bajwa identified a medium-to-hard white grain line with a high gluten content
that was ideal for making chapatis (flatbread). The new variety also showed promis-
ing resistance to rust and powdery mildew. To mark this momentous collaboration,
the line was named MexiPak — to indicate that the line selection took place in
Mexico by a Pakistani Researcher. In Pakistan, the name MexiPak is synonymous
with the successes of the Green Revolution.

Borlaug returned to the region in 1963, at the invitation of a 38-year old Indian
wheat cytogeneticist, MS Swaminathan (CIMMYT 1989). Borlaug had sent a few
dozen seeds of his high-yielding, disease-resistant semi-dwarf wheat varieties to
India to test their resistance to local rust strains. Swaminathan, who like many wheat
breeders of the time was interested in testing the semi-dwarf wheat varieties, imme-
diately grasped their potential for Indian agriculture, and wrote Borlaug, inviting
him to India. When the unexpected invitation reached him, Borlaug soon boarded a
Pan Am Boeing 707 to India.
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To accelerate the potential of Borlaug’s wheat, in 1967 Pakistan imported about
42,000 t of semi-dwarf varieties from Mexico — including 40,000 t of Indus-66,
1,500 t of MexiPak-65, 200 t of Sonora-64 and 20 t of Inia-66. At the time this was
the largest seed purchase in the history of agriculture (CIMMYT 1989).

Wheat yield improvement in both India and Pakistan was unlike anything seen
before. In just 4 years between 1963 and 1967, India’s wheat harvest doubled to 20
million tons and the nation went from dependence on wheat imports to self-
sufficiency. The trend has continued to recent times. In 2012, Indian farmers har-
vested about 95 million tons of wheat (FAO 2013). A similar effect was experienced
in Pakistan. Between 1965 and 1970, wheat production in Pakistan increased from
4.6 million tons to 6.7 million tons (CIMMYT 1989). In 2012, Pakistani farmers
harvested over 25 million tons of wheat (FAO 2013).

CIMMYT Today

In spite of these dramatic impacts the world is still facing enormous challenges in
wheat production and we must devise new ways to feed a growing population, with
less land, less water and under more difficult circumstances than ever. Production
must keep up with increasing demands from population growth and changing diets.
Extreme weather events, land scarcity, decreasing groundwater supplies, soil degra-
dation, the impact of diseases, pests and weeds, and a decline in yield improvement
are challenges facing global wheat food security.

CIMMYT’s Global Wheat Program and the CGIAR Research Program on
WHEAT are working to boost farm-level wheat productivity while fortifying
wheat’s resistance to important diseases and pests and to enhance its adaption to
climate change. To meet these challenges CIMMYT is working with national agri-
cultural institutions and the private sector to help develop and apply all appropriate
technologies, including molecular breeding, biotechnology, precision agronomy,
conservation agriculture and cellphone-based decision support tools.

CIMMYT is leading a global affiliation of top-flight scientists that aims to
increase wheat’s genetic yield potential by 50 %. Approaches being pursued include:

1. Improving photosynthesis to increase total biomass.

2. Improving the partitioning of photosynthates and resistance to lodging, while
ensuring that extra biomass is translated to greater grain yield.

3. Stabilizing the physiological and molecular improvements which allow for the
expression of agronomic traits responsible for raising wheat yield potential.

CIMMYT’s Germplasm Bank constitutes an invaluable resource for wheat
improvement. In the Bank, CIMMYT holds in trust one of the largest collections of
wheat with 137,692 accessions (CIMMYT 2013). It is a Noah’s Ark of genetic
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resources for two of the planet’s most important crops (maize and wheat) and
CIMMYT seed is made freely available to researchers, private companies and
public sector agricultural institutions around the world. The CIMMYT Germplasm
Bank is one of only three gene banks globally to achieve ISO certification (and the
first outside of Europe) and the only one that has global breeding programs directly
attached.

The SeeD project led by CIMMYT is discovering new genes that will help
increase yield and prevent crop losses from climate change or disease. Over one-
third of the Bank’s maize and wheat accessions (60,000) have been tested for heat
and drought tolerance and the genome of more than 40,000 have been characterized.
In close collaboration with Diversity Arrays Technology (DArT) and Cornell
University, the SeeD project has developed a genotyping-by-sequencing (GBS)
method for the molecular characterization of wheat varieties. Seed of genotyped
plants is then collected and multiplied for subsequent study and use.

Conclusion

In 1935, when Gonjiro Inazuka selected the semi-dwarf that became Norin 10, little
did he imagine that semi-dwarf genes would not only revolutionize the world of
wheat but that they would help save more than one billion lives from hunger and
starvation. His work has also improved food security for millions of resource-poor
farmers in developing countries.

Accepting the Nobel Peace Prize in 1970, Dr. Norman Borlaug said that “man
can and must prevent the tragedy of famine in the future instead of merely trying
with pious regret to salvage the human wreckage of the famine, as he has so often
done in the past.”

Today, CIMMYT is building on Dr. Borlaug’s vision and carrying forth ground-
breaking wheat research. Through state of the art technologies and sound agro-
nomic practices, wheat production can match demand and contribute significantly
to global food security and poverty reduction.

For 50 years CIMMYT has been working to eliminate hunger and poverty.
Humanity has the creative potential to eliminate hunger and malnutrition in spite of
climate change and rising demand, but we need research investment to empower
agricultural systems and farmers. The goal is not simply to avoid another food crisis.
The goal is to grow enough food sustainably and efficiently to feed the planet.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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Chapter 3
Genetic Resources of Triticum

Karl Hammer and Helmut Kniipffer

Abstract The political framework and the development of molecular biology and
electronic data management caused a general paradigm shift in plant genetic
resources (PGR), exemplified here for wheat. (1) In sifu versus ex sifu maintenance
of PGR. Ex situ maintenance lost predominance. Wild wheats are effectively
maintained in the wild; landraces do well on farm. New methods did not lead to the
expected progress. (2) Inclusion of neglected and underutilized crop species. Some
species are probably extinct in traditional cultivation areas, whereas landraces were
recently found for others. Wild relatives have gained importance in wheat breeding:
besides wild Triticum species, also Aegilops, Secale, Hordeum and other genera are
used. xTriticosecale reached world importance; xTritordeum will follow soon.
(3) Methods of analysing diversity within and between taxa. New technology yields
new insights in the structure and evolution of populations. (4) Genetic erosion is
a problem, also inside genebanks. (5) Landraces show complex morphological
diversity. Infraspecific classification systems are useful for their characterization
and handling, but less recognised by breeders. (6) Methods of evaluation. Molecular
markers identify genetic differences on a fairly simple level without reference to
ecological adaptation. (7) Genebanks should expand classical evaluation pro-
grammes. Pre-breeding will gain importance. (8) Storage and reproduction in
genebanks is done effectively and cost-efficiently under long-term conditions,
but strategic concepts for reproduction are needed. Traditional methods are often
neglected, and modern possibilities over-emphasized. Maintenance of landraces in
genebanks and on farm poses challenges. PGR work is conservative. Landraces
can be studied by traditional methods; molecular methods can resolve specific
questions.
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Introduction

The importance of wheat as a world crop is reflected by the large amount of wheat
accessions in the world’s genebanks. The FAO (2010) estimated that wheat has the
largest number of accessions (856,000), followed by rice (774,000) and barley
(467,000). An earlier count (Kniipffer 2009) yielded 732,000 wheat accessions.
Large collections have been brought together, especially during the period of the
Plant Genetic Resources Movement, described by Pistorius (1997) for ca. 1960-1990.
A prominent figure in this Movement has been Erna Bennett (Hanelt et al. 2012)
who organised the First Technical Conference on Plant Genetic Resources (Bennett
1967), along with Sir Otto Frankel, Jack Harlan, and Jack Hawkes.

In the beginning of the 1990s, a general paradigm shift (Hammer 2003) was
observed in the discipline of plant genetic resources (PGR). The “Convention on
Biological Diversity” (CBD 1992) substituted and partly replaced an earlier (1983)
instrument, the “International Undertaking on Plant Genetic Resources for Food
and Agriculture” of the FAO. A harmonization process between both agreements
resulted in the “International Treaty on Plant Genetic Resources” (FAO 2001),
still in a state of needing improvements (Moore and Tymowski 2005). Different
constituents of plant biodiversity were named differently and, accordingly, treated
differently.

Apart from this political framework, a second challenge for PGR arose from the
rapid development of molecular biology and of electronic data documentation,
management and exchange.

The political and scientific processes together led to a general paradigm shift in
PGR, which is here exemplified for wheat.

Paradigm Shifts

In Situ as Opposed to Ex Situ Maintenance of PGR

The ex situ maintenance in genebanks lost its predominance (Brush 2000). For wild
wheats, the in situ approach has definite advantages. But also for landraces, on-farm
maintenance is increasingly being proposed, particularly in their areas of high
diversity (Vavilovian gene centres). Since such areas sometimes are suffering from
political instability, a loss of genetic resources of wheat is possible. A complemen-
tary consideration of the different levels of diversity (infraspecific, species, and
ecosystem diversity) is necessary. Wild wheats can be most effectively maintained
and protected in the wild, whereas landraces do well on farm, but only if farmers are
interested and have the possibilities to take care of them. Here, the methods are still
developing but did not lead to the expected progress.
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Another shift took place from emphasis on collecting and rescuing landraces and
crop wild relatives (CWR), to emphasis on their preservation, evaluation and
utilization. Some genebanks still continue collecting, because of the threats of
genetic erosion and the expected loss of valuable material for future breeding and
utilization. Genetic erosion was an important argument for the Plant Genetic
Resources Movement.

Inclusion of Neglected and Underutilized Cultivated Plants

Their importance has been highlighted by Padulosi et al. (2012). Apart from
Triticum aestivum L., T. compactum Host, T. durum Desf., and T. turgidum L., all
other domesticated wheat species can be considered rare, perhaps with the excep-
tion of 7. turanicum Jakubz. (“Kamut”) and 7. polonicum L. with a slightly increas-
ing area of cultivation because of their larger grains for improved and new bakery
products. Some wheat species are probably extinct in their traditional cultivation
areas, such as 7. ispahanicum Heslot first described by Heslot (1958), also reported
by Kihara’s expedition (Kihara et al. 1965) and Kuckuck’s FAO missions in
1952-54 (Kuckuck and Schiemann 1957), but later not found again in Iran despite
intensive searches (Damania et al. 1993; Khoshbakht and Hammer 2010);
T. jakubzineri (Udachin et Shakhm.) Udachin et Shakhm., T karamyschevii Nevski,
T. macha Dekapr. et Menabde, T. parvicoccum Kislev, T. timopheevii (Zhuk.) Zhuk.,
and T. zhukovskyi Menabde et Ericzjan. Most of them are, however, maintained
in genebanks (Table 3.1). Landraces were recently found (re-discovered) for
T. sphaerococcum Percival in India (Mori et al. 2013), T. aethiopicum Jakubz. in
Yemen, Oman, and Egypt, T. dicoccon Schrank, and 7. monococcum L.

We want to provide two examples. In Italy from 1980 on, PGR have been
collected every year in a collaborative programme between the genebanks of
Gatersleben and Bari. In Basilicata province, P. Perrino and K. Hammer found relics

Table 3.1 Total number of

Secessions of Some rare Taxon Accessions | Genebanks
cultivated Triticum species in Triticum aethiopicum 909 17
genebanks, and the number T. dicoccon 4775 52
of genebanks preserving them T. ispahanicum 53 16

T. jakubzineri 5 5

T. karamyschevii 71 25

T. macha 232 28

T. monococcum 5,367 54

T. timopheevii 590 37

T. zhukovskyi 64 22

After Kniipffer 2009; Table 5
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of emmer and einkorn cultivation (Perrino et al. 1981), which had been considered
extinct in Italy. This encouraged other Italian researchers to successfully look for
these species, as well as T. spelta L., in other parts of Italy (e.g. Laghetti et al. 2009).
Discoveries of relic cultivation of hulled wheat species in other European countries
and beyond led to a workshop on “Hulled Wheats” in Italy (Padulosi et al. 1996).
Since that time, the scientific interest in traditional hulled wheats is unbroken.
Their cultivation is gradually increasing.

In the 1930s, T. aethiopicum was described as a new species from Ethiopia and
Yemen by Vavilov and co-workers. This wheat is recognized as a good species in
Flora Ethiopica (Phillips 1995), contrary to other treatments proposing infraspecific
recognition at the best. Triticum aethiopicum is not yet fully understood, being
related with T. durum and T. turgidum. A large proportion of the wheats grown in
Ethiopia still belong to this species (Teklu and Hammer 2006). It was also found in
cultivation in Oman (Hammer et al. 2009) and in Egypt, concluding from herbarium
sheets in the Vavilov Institute (St. Petersburg) that were re-classified as T. aethiopi-
cum (Gowayed 2009). The variable landraces still present in Oman (often mixtures
of T. aethiopicum, T. compactum, T. aestivum, T. durum, and T. turgidum) and in
Ethiopia deserve our special consideration.

Crop wild relatives, i.e. T. urartu Thumanjan ex Gandilyan, T boeoticum Boiss.,
T. dicoccoides (Korn. ex Asch. et Graebn.) Kérn. ex Schweinf., and T. araraticum
Jakubz., have gained importance. This is in agreement with increasing priority
attributed to CWR (cf. Maxted et al. 2008). — Aegilops (Kilian et al. 2011), Secale,
Hordeum and many other genera of the Hordeeae (formerly Triticeae) are increas-
ingly being used for improving yield, adaptation and quality characters in wheat.
The diagram (Fig. 3.1) by Bothmer et al. (1992) today needs revision and amplifica-
tion. xTriticosecale Wittm. (triticale) has already reached world importance
(Hammer et al. 2011). xTritordeum Asch. et Graecbn. (Martin et al. 1999) will follow
soon. Other grass genera have been included in crossing experiments.

Methods of Analysing Diversity Within and Between Taxa

New technologies are rapidly developing and increasingly provide results towards
the status and evolution of populations. Heterogeneity and heterozygosity have
characteristic functions inside the genetic structure of populations. Genetic erosion
is a specific problem, also inside genebanks: collected samples may be lost during
maintenance in genebanks, and the allelic composition of populations may change.
In the last 20 years, landraces have gained new interest as sources for extended
variation (Zeven 1998). They are usually characterized by complex morphological
diversity. For such variation, diagnostic infraspecific classifications have been used
(e.g. Percival 1921; Mansfeld 1951; Dorofeev et al. 1979), and they proved useful
for characterizing and handling landraces. For example, Dorofeev et al. (1979)
(Table 3.2) recognises 27 species with 17 subspecies, 32 convarieties and 1,055
botanical varieties (Kniipffer et al. 2013). If infraspecific forms are not named and
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Fig. 3.1 Genepools in Hordeeae (formerly Triticeae) (After Bothmer et al. 1992)

described systematically, their diversity is at risk of being lost. Modern cultivars
usually show only few morphologically discernible variants, since breeders selected
only a fragment from the previously existing diversity, and, therefore, they do not
see the need for traditional classification systems using botanical varieties. Scholz
(2008), for example, observed that in 7. aestivum only a single botanical variety,
var. lutescens (Alef.) Mansf., is still present in modern cultivars, with very few
exceptions.

Methods of Evaluation

Molecular markers in the form of DNA segments, even if they do not always repre-
sent functional genes, are used to identify genetic differences on a fairly simple
level without reference to ecological adaptation. Traditionally many other evalua-
tions are carried out in the breeding process. Genebanks should increase or newly
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Table 3.2 Classification of Triticum according to Dorofeev et al. (1979), with minor changes.
Authors of scientific names omitted

Different

Subgenus | Section Species group Species 2n | Genome | genomes
Triticum Urartu Small spelts T. urartu 14 [A" 1
Dicoccoidea | Emmer wheats T. dicoccoides 28 |A'B 2
T. dicoccon 28 2
T. karamyschevii |28 2
T. ispahanicum 28 2
Naked tetraploids | 7. turgidum 28 |A'B 2
T. jakubzineri 28 2
T. durum 28 2
T. turanicum 28 2
T. polonicum 28 2
T. aethiopicum 28 2
T. carthlicum 28 2
Triticum Spelt wheats T. macha 42 |A'BD 3
T. spelta 42 3
T. vavilovii 42 3
Naked hexaploids | 7. compactum 42 |A'BD 3
T. aestivum 42 3
T. sphaerococcum |42 3
T. petropavlovskyi |42 3
Boeoticum | Monococcon | Small spelts T. boeoticum 14 |A® 1
T. monococcum 14 1
Naked diploid T. sinskajae 14 |A° 1
Timopheevii | Emmer wheats T. araraticum 28 | A'G 2
T. timopheevii 28 2
T. zhukovskyi 42 | APAPG |2
Naked tetraploid | 7. militinae 28 | A'G 2
Kiharae Spelt wheat T. kiharae 42 | A®GD 3

establish the classical evaluation programmes. Screenings for disease resistance or
reaction to abiotic stresses have been carried out in Gatersleben for long time
(e.g. Nover 1962 and other publications listed by Hammer et al. 1994; Borner et al.
2006). Pre-breeding (also called germplasm enhancement) will gain importance.
It is necessary to bridge the gap between geneticists (aiming at excellent research
and high-ranking publications), breeders (aiming at developing new cultivars), and
genebanks (aiming at conserving the existing diversity). None of them has the
capacity to do pre-breeding alone. Only a combination of efforts developed by all
three players can help overcoming this situation.
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Storage and Reproduction in Genebanks

Plant genetic resources are usually preserved in genebanks effectively and cost-
efficiently under long-term conditions, although the mutation rate may increase
during storage, leading to genetic changes (Stubbe 1937). However, strategic
concepts are needed for reproduction. This seemingly simple procedure is full of
problems and needs higher scientific and technical inputs. For example, genebanks
as a rule cannot provide sufficient seed for immediate use of accessions in experi-
ments on larger plots. Perhaps this problem is closely related to pre-breeding.

Outlook

As is the case with all major methodological and technological changes, it is
dangerous to neglect the repertoire of methods formerly used and to over-emphasize
modern technologies. Landraces of crops are a challenge for maintaining in gene-
banks and on farm (Maxted et al. 2008). In genebanks, initially diverse landraces
may lose rare alleles, due to reproduction and storage conditions, but hundreds and
thousands of landraces cannot be efficiently maintained alone on-farm in their
regions of origin; costs and logistics requirements are prohibitively high. The his-
torical background and evolutionary history of landraces can be investigated in a
first step by using traditional methods. Landraces show the structures for which
the traditional methods have been developed. The work with PGR is conservative
because we have the task to conserve them. The subsequent examination with the
help of molecular methods can resolve specific questions in a satisfactory and
meaningful fashion.
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Abstract Plant genetic resources, the source of genetic diversity provides a broad
genetic foundation for plant breeding and genetic research, however, large germ-
plasm resources are difficult to preserve, evaluate and use. Construction of core and
mini core collections is an efficient method for managing genetic resources and
undertaking intensive surveys of natural variation, including the phenotyping of
complex traits and genotyping of DNA polymorphisms allowing more efficient uti-
lization of genetic resources. A mega characterization and evaluation programme of
the entire cultivated gene pool of wheat conserved in the National Genebank, India
was undertaken. Wheat accessions with limited seed quantity, were multiplied in the
off-season nursery at IARI Regional Station, Wellington during rainy season 2011
and the entire set of 22,469 wheat accessions were characterized and evaluated at
CCS HAU, Hisar, Haryana during winter season 201112 for 34 characters includ-
ing 22 highly heritable qualitative, and 12 quantitative parameters. The core sets
were developed using PowerCore Software with stepwise approach and grouping
method and validated using Shannon-Diversity Index and summary statistics. Based
on Shannon-Diversity index, PowerCore with stepwise approach was found better
than PowerCore with grouping. The core set included 2,208 accessions comprising
1,770 T. aestivum, 386 T. durum, and 52 T. dicoccum accessions as a representative
of the total diversity recorded in the wheat germplasm. The core set developed will
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be further validated at different agro-climatic conditions and will be utilized for
development of mini core set to enhance the utilization by wheat researchers and
development of climate resilient improved varieties.

Keywords Characterization ¢ Core collection ¢ Genebank ¢ Germplasm e
PowerCore * Triticum » Wheat

Introduction

Wheat (Triticum aestivum L.) is the most widely cultivated food crop worldwide
with an area of 220.39 million hectares and production of 704.08 million tonnes
reported during 2011-12 (FAOSTAT 2012). In India, it is the second most important
staple food crop after rice, grown in an area of 29.90 million hectares with a total
production of 94.88 million tonnes and productivity of 3,140 kg/ha in 2011-12
(DWR Annual Report 2013). The Indo-Gangetic plains comprising the states of
Punjab, Haryana, Uttar Pradesh and Rajasthan together account for nearly 85 %
of total wheat production in the country. India is probably one of the few countries
in the world where three wheat types namely T. aestivum, T. durum Desf., and
T. dicoccum Schuebl. are grown although the major area (90 %) is under bread
wheat (7. aestivum). Bread wheat is grown in all the wheat growing areas while
durum wheat is largely grown in Central and Peninsular India mostly under rainfed
conditions. In recent years, semidwarf durum wheat varieties have also become
popular in Northern India, particularly in Punjab and Haryana. The dicoccum wheat
is grown in Maharashtra and Karnataka on an area of about 0.5 million hectares.

Wheat originated in the Fertile Crescent area of south-western Asia among the
first domesticated food crops around 8,000 years ago. The north-western end of
Indian subcontinent, the fold between Hindukush and Himalaya is regarded as the
secondary centre of origin of hexaploid wheat (Vavilov 1926). Archaeological
records from many parts of India also revealed cultivation of wheat since the
Harappan period (2300-1750 B.C.).

Abundant plant germplasm resources, a rich source of genetic diversity provides
a broad genetic foundation for plant breeding and genetic research. However, large
germplasm resources are also difficult to preserve, evaluate and use (Holden 1984).
Therefore, establishing a core collection (CC) is a favored approach for the efficient
exploration and utilization of novel variation in genetic resources (Hodgkin et al.
1995; Zhang et al. 2011). The concept of a CC was first proposed by Frankel (1984)
and later developed by Brown (1989a, b). Frankel (1984) defined a core collection
as a limited set of accessions representing, maximum diversity with minimum
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repetitiveness, the genetic diversity of a crop species and its wild relatives. The core
collection could serve as a working collection which could be extensively evalu-
ated. It involves the selection of a subset from the whole germplasm by certain
methods in order to capture the maximum genetic diversity of the whole collection
while minimizing accessions and redundancy. Frankel and Brown (1984) and
Brown (1989a, b) developed this proposal further and described methods to select a
core subset using information on the origin and characteristics of the accessions. In
developing the core collection, the first issue was its size, second, the grouping of
accessions in the entire collection and third, the number of accessions to be selected
from a group and fourth the sampling theory. Brown (1989a) using sampling theory
of selectively neutral alleles, argued that the entries in a core subset should be ~10 %
of the total collection with a ceiling of 3,000 per species. This level of sampling is
effective in retaining 70 % of the alleles of the entire collection. The hierarchy of
grouping begins with the classification suggested by taxonomy (species, subspe-
cies, and races) followed by assigning accessions to major geographic groups
(country, state), climate, or agro-ecological regions. The clustering within the broad
geographic group could be done to sort accessions into clusters. A germplasm
collection with abundant discriminating data would require multivariate clustering
to form groups of similar accessions (Zeuli and Qualset 1993). The number of
accessions selected from each class will depend on the sampling strategy used.
A good core set should capture maximum genetic diversity with a minimal number
of genotypically redundant entries and should be small. Brown (1989a) proposed
three procedures based on groups sizes, constant (C), proportional (P) and logarith-
mic strategies (L). Subsequently, Franco et al. (2005, 2006) proposed that efficiency
of sampling for allocation of accessions to different groups could be improved by
using diversity- dependent (G) strategy. Of the four strategies, strategy G was
reported superior to P strategy (Hodgkin et al. 1999; Yonezawa et al. 1995). Since
the original concept of Frankel (1984), core collections have been established in
many Crop species.

The National Genebank of India currently conserves 31,007 accessions of wheat
germplasm comprising 19,116 indigenous and 11,891 accessions of exotic origin.
However, the available diversity has not been adequately evaluated and extensively
used in wheat improvement due to the large size of germplasm collection. Proper
evaluation is feasible only for the traits which can be scored easily and do not
show genotype by environment (G x E) interactions. Recognizing this, the present
study was aimed to develop the core collection of cultivated wheat germplasm
conserved in the National Genebank (NGB) based on characterization and prelimi-
nary evaluation data at one representative site with a view to reduce the genebank
collection to a manageable level for facilitating utilization of germplasm in applied
research.
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Material and Methods

Experimental Site and Material

The experiment was conducted during winter season 2011-12 at CCS HAU, Hisar,
located at 29°-10° N latitude, 75°-46’ E longitude and an elevation of 215.2 m asl.
The soils were sandy loam having pH range of 7.5-8.0. The study material included
entire gene bank holding of cultivated wheat accessions. For the purpose of core set
development, bread wheat (7. aestivum), durum wheat (7. durum), and emmer
wheat (7. dicoccum) were grown for agronomic characterization. A set of 22, 663
accession of wheat were grown in Augmented Block Design (Federer 1956) with 8
checks representing different species viz, C 306, PBW 343, DBW 17, RAJ 3765,
DWR 1006, UAS 415, DDK 1025, and DDK 1029. The checks were replicated in
each of the 114 blocks of 200 accessions each. Each accession was grown in three
rows of 2 m length and plant to plant spacing of 25 cm. Standard agronomic practices
were followed to raise a healthy crop.

Traits Studied

All the accessions were characterized for 34 important traits, 22 qualitative and 12
quantitative, as outlined by NBPGR minimal descriptors and complete set of obser-
vation were recorded for 22,469 accessions. The qualitative characters included
early growth vigour (EGV), growth habit (GH), flag leaf angle (FLA), foliage
colour (FC), waxiness on leaf blade (WLB), waxiness on leaf sheath (WLS), waxi-
ness on peduncle (WP), waxiness on spike (WS), glume pubescence (GP), auricle
colour (AC), auricle pubescence (AP), awnedness (WA), awn length (AL), awn
colour (AC), glume colour (GC), spike shape (SS), spike colour (SC), spike density
(SD), grain colour (GC), grain shape (GS), grain texture (GT) and grain width
(GW). The quantitative traits included, days to 75 % spike emergence (SE), days to
90 % maturity (DM), plant height (PH), effective tillers per plant (EF_T), spike
length (SL), number of spikelets per spike (SLS), no. of grains per spike (GRS),
grain weight per spike (GRW), 1,000 grain weight (TGRW), dry matter yield per m
row length (DMY), grain yield of 1 m row length (GY) and harvest index (HI).

Statistical Analysis

The “PowerCore” (http://genebank.rda.go.kr/powercore/) software developed by
the Rural Development Administration (RDA), South Korea, that uses the advanced
M (maximum) strategy with a heuristic search for establishing core sets possessing
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the power to represent all alleles or classes, was used in the present study. It creates
subsets representing all alleles or observation classes, with the least allelic redun-
dancy, and ensures a highly reproducible list of entries. This approach has recently
been used in developing core set from large rice and foxtail millet collection (Chung
et al. 2009; Gowda et al. 2013). It effectively simplifies the generation process of a
core set while significantly cutting down the number of core entries, maintaining
100 % of the diversity as categorical variables. Core collections are considered to
represent the genetic diversity of the initial collection if the following two criteria
are met: (1) no more than 20 % of the traits have different means (significant at
a=0.05) between the core collection and the entire collection and (2) Coincidence
Rate (CR) is retained by the core collection in no less than 80 % of the traits (Hu
et al. 2000). The design, concept and implementation strategy of “PowerCore” and
the validation on the outcome in comparison with other methods have been well
described by Kim et al. (2007). PowerCore by default classifies the continuous vari-
ables into different categories based on Sturges rule (Sturges 1926), which is
described as: K=1+1og2n, where n=number of observed accessions. However,
the software also allows modification of this rule to make desired number of classes
for the continuous variables. Once classification of the continuous variables is
performed, the software takes into account all classes, without omission of any of
its variables. It thus, possesses the capability to cover all the distribution ranges
of each class.

Results and Discussion

Genebank Material

Characterization of 22,469 wheat accessions revealed skewed distribution for
certain qualitative as well as quantitative characters. Among the qualitative traits the
gene bank accessions were skewed for absence of glume pubescence, presence of
awns, straw coloured awns, white glume colour and tapering spike shape. Among
the quantitative characters, the skewness was observed for traits such as grain length
(GL) and grain width (GW) that exhibited highly biased distributions.

Core Set Development

Many approaches for selecting core collections have been proposed and used e.g.
M-Strat (Gouesnard et al. 2001), Genetic distance sampling (Jansen and Van Hintum
2007), Power Core (Kim et al. 2007) and Core Hunter (Thachuk et al. 2009).
Similarly core has been developed using several kinds of data ranging from
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Table 4.1 Species wise description of the core collections developed by different approaches out
of entire wheat collection

No. of accessions

Species Entire Core-P Core-G Core-M
T. aestivum 18,101 64 1,215 1,770
T. durum 3,871 53 489 386
T. dicoccum 497 31 209 52
Total 22,469 148 1,914 2,208

Core-P core developed by Powercore default approach, Core-PG core developed by Powercore
with grouping approach, Core-PM core developed by Powercore with modified stepwise approach

genealogical data in the Czech spring wheat (Stehno et al. 2006), agronomic data in
groundnut (Upadhyaya 2003; Upadhyaya et al. 2003) and molecular data or integra-
tion of data in bread wheat (Balfourier et al. 2007) and in rice (Borba et al. 2009;
Yan et al. 2007). PowerCore is a new and a faster approach for developing core
collection, which effectively simplifies the generation process of a core set with
reduced number of core entries but maintaining high percent of diversity compared
to other methods used. In this study, core set was developed with agronomic traits
using power core with some modifications. The PowerCore could produce only 64
accessions out of entire wheat accessions (22,469) with default programme without
any manual classification and forced selection of entry into the core. Therefore, a
modified strategy was followed to make around 8-10 % of entire collection includ-
ing maximum diversity and minimum redundancy. The method was stepwise ran-
dom selection using PowerCore with cut-off fixed at around 10 %. With this strategy
the core set of 2,208 accessions was developed comprising 1,770 T. aestivum, 386
T. durum, and 52 T. dicoccum accessions (Table 4.1).

Evaluation of Core

Evaluation of core was done by comparing with the other approach, classification
and grouping of wheat accessions based on passport data and geographical informa-
tion (stratified random sampling). The accessions without passport data were clas-
sified by hierarchical method of clustering using Euclidean distance and Ward’s
clustering method. Subsequently all the groups were analysed using PowerCore and
then the selected accessions were merged to make the core collection. PowerCore
successfully selected 1,914 accessions of the entire wheat germplasm. This con-
sisted 1,215, 489, and 209 accessions of 7. aestivum, T. durum, and T. dicoccum,
respectively (Table 4.1).
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Validation of Core

The core sets developed by three strategies [i.e. species-specific PowerCore (Core
P), modified PowerCore (Core PM) and PowerCore involving stratified random
sampling based on passport and clustering (Core PG)] were validated by different
criteria based on summary of statistics. Means of the entire collection and core sub-
set were compared using Newman-Keul’s procedure (Newman 1939; Keuls 1952)
for the 12 traits. The homogeneity of variances of the entire collection and core
subset was tested with the Levene’s test (Levene 1960). It is worth noting that the
HCC method gave the same range, minimum and maximum values for the core set
generated and the entire collection, indicating its capability to capture almost all of
the existing variations. In order to compare the efficiency of “PowerCore” for devel-
oping core collection with modified stepwise method and PowerCore with grouping
approach method, mean and statistical parameters for entire population, core devel-
oped using “PowerCore” and core developed using PowerCore with modified strat-
egy of stepwise method and PowerCore with grouping were compared. The results
showed that there was no significant difference (a=0.05) for the means of all traits
between core and entire collections. The variances of the entire collection and core
subset were homogeneous only for five traits viz. days to maturity, plant height,
grains per spike, biomass and harvest index. The reason might be due to the large
number of germplasm in the entire collection in comparison to that of the core
collection. The range of the characters was the same in the entire collection as well
as in the core collection implying that the core captured extreme diversity of the
total collection (Table 4.2). Four statistical parameters viz., MD (%), VD (%), CR
(%) and VR (%), were analyzed using “PowerCore” to compare the mean and vari-
ance ratio between core and entire collections. The percentage of the significant
difference between the core sets and the entire collection was calculated for the
mean difference percentage (MD%) and the variance difference percentage (VD%)
of traits. Coincidence rate (CR%) and variable range (VR %) were estimated to eval-
uate the properties of the core set against the entire collection (Hu et al. 2000).
Mean Difference Percentage (MD %) — which is estimated as:

MD(%)ZLZMX
m

J=1

100

Where, Me =Mean of entire collection; Mc=Mean of core collection, and m=number
of traits.
Variance Difference (VD %) — estimated as:

x100

1 & Ve-Ve
VD(%)=—

m o
Where, Ve=Variance of entire collection, Vc=Variance of core collection, and
m=number of traits.
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Coincidence rate (CR %) — estimated as:

1 & Re
CR(%)=—>)Y —x100
(%) mzRe

J=1

Where, Re=Range of entire collection, Rc=Range of core collection, and m =num-
ber of traits.

CR% indicates whether the distribution ranges of each variable in the core set are
well represented.

Variable rate of CV (VR %) - estimated as:

1 & Cle
VR(%)=—) ——x100
(%) mZCVe

j=1

Where, CV,=Coefficient of variation of entire collection, CV . =Coefficient of
variation of core collection, and m =number of traits.

VR% allows a comparison between the coefficient of variation values existing in
the core collections and the entire collections, and determines how well it is being
represented in the core sets.

Hu et al. (2000) reported that an MD% smaller than 20 %, in his case 10.07 %,
effectively represented the entire collection. The high value obtained for coinci-
dence rate (CR) percentage (95.57 %) suggests that the core attained using the HCC
method could be adopted as a representative of the whole collection. In this case,
the estimated value for MD% was —6.25, which indicated that there is no difference
in the mean values of entire and core collections. VD% was estimated to be 49.04,
indicating that the variance for the entire and the core populations are not the same.
The CR% obtained was 96.06 which suggests that the core has captured all acces-
sions from all the classes and, thus, is a representative of the entire collection. High
VR% (53.87) indicated that the coefficient of variation in the core set is higher
compared to entire collections for all the variables. The coefficient of variance in
core developed using PowerCore was highest in the case of PowerCore with group-
ing followed by PowerCore with modified approach and entire collection for all the
descriptors. The histogram comparing CV for the entire and core sets is shown in
Fig. 4.1. High value obtained for CR% (96.06) suggests that the core obtained using
the heuristic approach method could be adopted as a representative of the whole
collection.

Shannon-Weaver Diversity Index

The descriptor and descriptor states are parallel to the locus and alleles, respec-
tively, in morphological evaluation. Allelic evenness and allelic richness are the
most commonly used parameters for measuring diversity. The allelic evenness in
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Fig. 4.1 Coefficient of variation (%) in entire, modified core (Core-PM) and group based core
collection (Core-PG) for different traits. DSE days to 75 % spike emergence, DM days to 90 %
maturity, PH plant height, EFT effective tillers per plant, SL spike length, SLS spikelets per spike,
GRS grains per spike, GRW grain weight per spike, TGW 1,000 grain weight, DMY dry matter
yield per m row length, SY seed yield per m row length and HI harvest index

this study was measured using the Shannon—Weaver diversity index, whereas the
allelic richness was measured by counting the descriptor states for each descriptor
without considering their individual frequencies. The Shannon-Weaver diversity
index (H’) was computed using the phenotypic frequencies to assess the phenotypic
diversity for each character.

n
H =-Zp;-Inp,
i=1

where pi is the proportion of accessions in the ith class of an n-class character and
n is the number of phenotypic classes for a character. A comparison of Shannon-
Weaver (Shannon and Weaver 1949) diversity index for the entire collection, core
developed using PowerCore, core developed using modified power core with step-
wise approach and PowerCore with clustering method also indicated a high diver-
sity for all the quantitative traits in core developed using PowerCore-M compared
to core developed using PowerCore-G approach, except for a few variables, where
it was observed at par (Fig. 4.2).
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Fig. 4.2 Validation of modified core (Core-PM) and group based core collection (Core-PG) in
comparison to entire collection by Shannon diversity index for quantitative traits (traits same as
given in Fig. 4.1)

Conclusions

PowerCore is a new and faster approach for developing core collection, which
effectively simplifies the generation process of a core set with reduced number of
core entries while maintaining high percent of diversity compared to other methods
used. Using PowerCore as a tool, three sets of core collections viz. Core P, Core PM
and Core PG have been developed. Due to its high Shannon-diversity index, Core
PM proved to be the best. These core sets can be further grown with involvement of
breeders to select the genotypes with desired background suiting to their require-
ment. The core sets can be used as a guide for developing trait specific reference/
core sets and subsequent allele mining. The best core set could be used as an initial
starting material for large-scale genetic base broadening. Thus, it can be concluded
that this modified heuristic algorithm can be applied for the selection of genotype
data (allelic richness), the reduction of redundancy and the development of
approaches for more extensive analysis in the management and utilization of large
collection of plant genetic resources.

Acknowledgments We acknowledge with thanks the financial support from the National
Initiative on Climate Resilient Agriculture (NICRA) project of the Indian Council of Agricultural
Research (ICAR). The technical guidance received from Bioversity International, South Asia
Office, New Delhi in the use of software is gratefully acknowledged.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.



44 M. Dutta et al.

References

Annual Report (2013) Directorate of Wheat Research, Karnal, Indian Council of Agricultural
Research, India

Balfourier F et al (2007) A worldwide bread wheat core collection arrayed in a 384-well plate.
Theor Appl Genet 114:1265-1275

Borba TCO et al (2009) Microsatellite marker— mediated analysis of the EMBRAPA rice core col-
lection genetic diversity. Genetica 137:293-304

Brown AHD (1989a) Core collections: a practical approach to genetic resources management.
Genome 31:818-824

Brown AHD (1989b) The case for core collections. In: Brown AHD et al (eds) The use of plant
genetic resources. Cambridge University Press, Cambridge, pp 136-155

Chung HK et al (2009) Development of a core set from a large rice collection using a modified
heuristic algorithm to retain maximum diversity. J Integr Plant Biol 51:1116-1125

FAOSTAT (2012) Food and Agricultural Statistics. faostat.fao.org

Federer WT (1956) Augmented (or hoonuiaku) design. Hawaii Plant Rec 2:191-208

Franco J et al (2005) A sampling strategy for conserving genetic diversity when forming core
subsets. Crop Sci 45:1035-1044

Franco J et al (2006) Sampling strategy for conserving maize diversity when forming core subsets
using genetic markers. Crop Sci 46:854-864

Frankel OH (1984) Genetic perspectives of germplasm conservation. In: Arber WK et al (eds)
Genetic manipulation: impact on man and society. Cambridge University Press, Cambridge,
pp 161-170

Frankel OH, Brown AHD (1984) Current plant genetic re-sources-a critical appraisal. In: Chopra
VL et al (eds) Genetics: new frontiers, vol IV. Oxford & IBH Publ, New Delhi, pp 1-13

Gouesnard B, Bataillon TM et al (2001) MSTRAT: an algorithm for building germplasm core col-
lections by maximizing allelic or phenotypic richness. ] Hered 92:93-94

Gowda J et al (2013) Use of heuristic approach for the development of a core set from large germ-
plasm collection of foxtail millet (Setaria italica L.). Indian J Plant Genet Res 26:13-18

Hodgkin T et al (1995) Core collections of plant genetic resources. John Wiley & Sons and
Co-Publishers IPGRI and Sayce Publishing, Chichester, UK

Hodgkin T et al (1999) Developing sesame core collections in China and India. In: Johnson RC,
Hodgkin T (eds) Core collections for today and tomorrow. CSA/IPGRI, Rome, Italy, pp 74-81

Holden JHW (1984) The second ten years. In: Holden JHW, Williams JT (eds) Crop genetic
resources conservation and evaluation. George Allen and Unwin Publication, London,
pp 277-285

Hu J, Zhu J, Xu HM (2000) Methods of constructing core collections by stepwise clustering with
three sampling strategies based on the genotypic values of crops. Theor Appl Genet
101:264-268

Jansen J, van Hintum T (2007) Genetic distance sampling: a novel sampling method for obtaining
core collections using genetic distances with an application to cultivated lettuce. Theor Appl
Genet 114:421-8

Keul SM (1952) The use of the “studentized range” in connection with an analysis of variances.
Euphytica 1:112-122

Kim KW et al (2007) Power core: a program applying the advanced M strategy with a heuristic
search for establishing core sets. Bioinformatics 23:2155-2162

Levene H (1960) Robust tests for equality of variances. In: Olkin I (ed) Contributions to probabil-
ity and statistics: essays in honour of Harold hotelling. Stanford University Press, Stanford,
pp 278-292

Newman D (1939) The distribution of range in samples from a normal population expressed in
terms of an independent estimate of standard deviation. Biometrika 31:20-30

Shannon CE, Weaver W (1949) The mathematical theory of communication. University of Illinois
Press, Urbana



4  Development of Core Set of Wheat (Triticum spp.) Germplasm Conserved... 45

Stehno Z et al (2006) Genealogical analysis in the Czech spring wheat collection and its use for the
creation of core collection. Czech J Genet Plant Breed 42:117-125

Sturges H (1926) The choice of a class-interval. J Am Stat Assoc 21:65-66

Thachuk C et al (2009) BMC core hunter: an algorithm for sampling genetic resources based on
multiple genetic measures. Bioinformatics 6:243

Upadhyaya HD (2003) Phenotypic diversity in groundnut (Arachis hypogaea L) core collection
assessed by morphological and agronomical evaluations. Genet Resour Crop Evol
50:539-550

Upadhyaya HD, Ortiz R, Bramel PJ (2003) Development of a groundnut core collection using
taxonomical, geographical and morphological descriptors. Genet Resour Crop Evol
50:139-148

Vavilov NI (1926) Studies on the origin of cultivated plants. Bull Appl Bot Pl Breed 14:1-245

Yan W et al (2007) Development and evaluation of a core subset of the USDA rice germplasm
collection. Crop Sci 47:869-878

Yonezawa K, Nomura T, Morishima H (1995) Sampling strategies for use in stratified germplasm
collections. In: Hodgkin T et al (eds) Core collections of plant genetic resources. John Wiley &
Sons and Co-Publishers IPGRI and Sayce Publishing, Chichester, UK, pp 35-53

Zeuli PLS, Qualset CO (1993) Evaluation of 5 strategies for obtaining a core subset from a large
genetic resource collection of durum wheat. Theor Appl Genet 87:295-304

Zhang H et al (2011) A core collection and mini core collection of Oryza sativa L in China. Theor
Appl Genet 122:49-61



Chapter 5
Transfer to Wheat of Potentially New Stem
Rust Resistance Genes from Aegilops speltoides

Ian Dundas, Dawn Verlin, Peng Zhang, Yue Jin, Jacob Manisterski,
and Rafiqul Islam

Abstract Stem rust resistance genes have been found in four different sources of
Aegilops speltoides. These include diploid accessions AEG357-4 and AEG874-60
and the amphiploids Chinese Spring/Ae. speltoides TA8026 and TSO1. Stem rust
resistance was mapped to the 2S chromosomes derived from each of these lines.
The previously reported 2B-2S#3 translocation derived from AEG357-4 was found
to carry two stem rust resistance genes, here temporarily named SrAes2t and
SrAes3t. The resistance genes found on the 2S chromosomes each derived from
TA8026, TSO1 and AEG874-60 are named SrAes4t, SrAes5t and SrAes6t, respec-
tively. Lines carrying genes SrAes2t and SrAes3t are being distributed to wheat
breeding programs around the world.

Keywords Aegilops speltoides * Resistance genes ® Stem rust

Introduction

The fungal disease stem rust, caused by Puccinia graminis f. sp. tritici, has long
been a scourge of wheat crops since the beginnings of agriculture. Uredia have even
been found on ancient wheat spikelets estimated at 3,300 years old (Kislev 1982).

1. Dundas (<)) ¢ D. Verlin ¢ R. Islam

School of Agriculture, Food and Wine, University of Adelaide, Waite Rd, Urrbrae,
SA 5064, Australia

e-mail: ian.dundas @adelaide.edu.au

P. Zhang
Plant Breeding Institute, The University of Sydney, 107 Cobbitty Rd, Cobbitty,
NSW 2570, Australia

Y. Jin
USDA-ARS Cereal Disease Laboratory, University of Minnesota, St Paul, MN 55108, USA

J. Manisterski
Institute for Cereal Crops Improvement, Tel Aviv University, Ramat Aviv 69978, Israel

© The Author(s) 2015 47
Y. Ogihara et al. (eds.), Advances in Wheat Genetics:
From Genome to Field, DOI 10.1007/978-4-431-55675-6_5


mailto:ian.dundas@adelaide.edu.au

48 I. Dundas et al.

Recently, the appearance and spread of mutants of the Ug99 stem rust lineage (sum-
marized in Mago et al. 2013) has raised the awareness of the need to search for new
resistance genes for use in wheat cultivars. Most of the currently named stem rust
genes in wheat originate from related species (e.g., Secale cereale, Triticum mono-
coccum, T. turgidum, T. timopheevii, Thinopyrum ponticum, Aegilops speltoides,
Ae. tauschii and Ae. ventricosum). Many of these genes (e.g., Sr2, Sr22, Sr24, Sr26,
Sr36 and Sr38) are widely used in agriculture.

The diploid species Ae. speltoides Tausch. (2n=2x=14) has provided several
resistance genes against stem rust, namely Sr32, Sr39, Sr47, SrAeslt and SrAes7t
(summarized in Mago et al. 2013), and leaf rust (caused by P. triticina), namely
Lr28, Lr35, Lr36, Lr47, Lr51 and Lr66 (summarized in Mclntosh et al. 2013). To
date, none of these genes are deployed in agriculture. This work describes the dis-
covery of potentially new stem rust resistance genes in four different sources of Ae.
speltoides.

Materials and Methods

Diploid accessions of Aegilops speltoides AEG357-4 and AEG874-60 were pro-
vided courtesy of the The Harold and Adele Lieberman Germplasm Bank, Tel Aviv
University, Israel. Amphidiploids of Chinese Spring/Ae. speltoides TS0l and
TA8026 were provided courtesy of the Weizmann Institute, Rehovot, Israel and
Wheat Genetics Resource Center, Kansas State University, USA, respectively.

Diploid Ae. speltoides accessions were crossed with cultivar Angas (from Dr
Hugh Wallwork, Urrbrae, Australia) using wheat as the female parent. F; seedlings
were treated with 0.07 % colchicine (described in Dundas et al. 2008). Hybrids
were crossed as females with Angas and later with cv. Westonia up to BCs. The
amphiploid accessions were crossed with Angas then backcrossed with Westonia as
the female parent to BCs.

Identification of backcrossed plants carrying each of the Ae. speltoides S-genome
chromosomes using RFLP markers has been described in Dundas et al. (2008). PCR
markers for 2S chromosomes were obtained from Mago et al. (2009) (Sr39#22r)
and Seyfarth et al. (1999) (35R2/ BCD260F1). Backcrossed lines carrying S-genome
chromosomes were tested for stem rust resistance at the University of Sydney (Pgt
34-1,2,3,4,5,6,7) and at Urrbrae (Pgt 343-1,2,3,5,6). Selected lines were screened
against Ug99 races TTKSK, TTKST (+S724) and TTTSK (+Sr36) at the USDA
Cereal Disease Laboratory, St. Paul, USA. Genomic in situ hybridization (GISH)
was conducted on mitotic chromosome spreads using the procedure described in
Mago et al. (2013).
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Results and Discussion

Ae. speltoides AEG357-4 Lines carrying the T2BS-2S#3S.2S#3L-2BL recombi-
nant chromosome derived from AEG357-4 (Dundas et al. 2008) showed the loss of
distal Ae. speltoides 2S#3 chromosome segments and the retention of proximal
2S#3 chromosome segments (Figs. 5.1a and 5.2). This line was found to be resistant
to stem rust pathotypes Pgr 34-1,2,3,4,5,6,7, Pgt 343-1,2,3,5,6 (Dundas et al. 2008)
and TTKST (pers. comm., Professor Z. Pretorius, University of Free State,
Bloemfontein, South Africa). After crossing this recombinant line with Sears’ phlb
mutant, we selected five lines derived from a F; population of 155 seedlings show-
ing confirmed dissociation of RFLP and PCR markers specific for the 2S#3 chro-
mosome (Fig. 5.2). All lines showed resistance to Australian stem rust pathotypes
and Ug99 races TTKSK, TTKST and TTTSK (Table 5.1). The dissociation plants
#3 and #20 showed only 2S#3S markers indicating that a stem rust resistance gene
locates on the short arm of the 2S#3 chromosome (Fig. 5.2). Dissociation plant #27

Fig. 5.1 Genomic in situ hybridization using Aegilops speltoides genomic DNA as probe on (a)
T2BS-2S#3S.2S#3L-2BL translocation line, (b) 2S#4L ditelocentric addition line, (c¢) 2S#5 diso-
mic addition line and (d) 2S#6 disomic addition line. Solid arrows show Ae. speltoides 2S chromo-
some segments. Open arrows show translocation breakpoints
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Fig. 5.2 Diagrammatic representation of wheat-chromosome 2S#3 recombinant lines showing the
positions of RFLP and PCR markers and stem rust resistance genes. Aegilops speltoides and wheat
chromatin are represented in black and white, respectively. The primary recombinant 2B-2S#3 and
secondary recombinants #3, #16, #20, #27 and #79 are resistant to stem rust pathotype tested

Table 5.1 Stem rust infection types (ITs) of wheat lines carrying Aegilops speltoides 2S
chromosomes to Ug99 pathotypes TTKSK, TTKST and TTTSK, and two Australian pathotypes

Line

Westonia+T2B-2S#3
Westonia+2S#3 recomb #3
Westonia+2S#3 recomb #16
Westonia +2S#3 recomb #20
Westonia+2S#3 recomb #27
Westonia+2S#3 recomb #79
Westonia+2S#4 addition
Westonia+2S#5 addition
Westonia+2S#6 addition
Westonia

Angas

Stem rust pathotype
TTKSK | TTKST
(Ug99) | (Ug99+Sr24)
2+ 22+

2-- ;2-

;2- -

2 2-

2 ;2-

SN ;1

i1 3/2-

4 4

3 3+

TTTSK
(Ug99 +5r36)

3+

343-1,2, |34-1,2,3.4,
3,5,6 5,6,7
; 2-

s

[\
'

The 2S#3, 2S#4, 2S#5 and 2S#6 chromosomes were derived from diploid line AEG357-4, CS/Ae.
speltoides amphiploid TA8026, CS/Ae. speltoides amphiploid TSO1 and diploid line AEG874-60,
respectively. An IT of ‘3’ or ‘4’ is susceptible
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showed only 2S#3L markers suggesting that a stem rust resistance gene is located
on the long arm of the 2S#3 chromosome (Fig. 5.2).

GISH studies on the five stem rust resistant secondary recombinants failed to reveal
2S#3 chromatin, which suggested that very small segments of 2S#3 chromatin were
present on these secondary recombinants. We temporarily name the resistance gene
on the short arm of the 2S#3 chromosome as SrAes2t and the gene on the long arm
as SrAes3t.

Chinese Spring/Ae. speltoides Amphiploid TA8026 Stem rust resistant back-
crossed lines derived from TA8026 were isolated which carried only the group 2
long arm RFLP markers BCD111, ABG072 and ABC252 specific for the 2S#4
chromosome. Group 2 short arm probes ABG058, BCD221 and ABC454 did not
detect the presence of 2S chromatin. GISH analysis of these lines showed the pres-
ence of either a wheat-2S#4L translocation or 2S#4L telocentric chromosome
(Fig. 5.1b). The line carrying the telocentric 2S#4L chromosome was resistant to
Australian and Ug99 stem rust races (Table 5.1). The stem rust resistance gene on
the 2S#4L chromosome has been temporarily named SrAes4t.

Chinese Spring/Ae. speltoides Amphiploid TS01 Backcrossed lines derived from
the amphiploid TSO1 were isolated which carried group 2 RFLP markers for the
probes ABG002, ABC358 and ABC454, the PCR marker Sr39#22r (short arm), and
RFLP markers for probes BCD111, ABG072 and PCR marker 35R2/ BCD260F1
(long arm), specific for the 2S#5 chromosome. Rust tests showed these lines to be
resistant to Australian stem rust and Ug99 pathotypes (Table 5.1). GISH analysis of
the line showed the presence of an apparently entire Ae. speltoides 2S#5 chromo-
some (Fig. 5.1c). The stem rust resistance gene on that chromosome is here named
as SrAes5t.

Ae. speltoides AEG874-60 Dundas et al. (2008) reported that the diploid accession
AEGS874-60 was resistant to stem rust races Pgtr 34-2,12,13, Pgt 34-1,2,3,4,5,6,7
and Pgr 98-1,2,3,5,6. BCs plants with cv. Westonia were isolated carrying only the
2S#6 chromosome from AEG874-60 and carried Ae. speltoides-specific markers
ABGO058, BCD221, ABG002, ABG358, ABC454 and Sr39#22r (short arm) and
BCDI111, ABG072, ABC252 and 35R2/BCD260F1 (long arm). Plants with the
2S#6 chromosome were resistant to stem rust Pgr 34-1,2,3,4,5,6,7 and Pgt 343-
1,2,3,5,6 (Table 5.1). GISH analysis showed an entire 2S#6 chromosome present
(Fig. 5.1d). The stem rust resistance gene on that chromosome is here named as
SrAes6t.

It is unknown if the stem rust resistance genes described herein are different from
those previously reported on Ae. speltoides 2S chromosomes (namely Sr32, SrAeslt,
SrAes7t, Sr39 and Sr47). Lines carrying the T2BS-2S#3S.2S#3L-2BL chromosome
with genes SrAes2t and SrAes3t are being distributed to many wheat breeding pro-
grams around the World.
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Chapter 6

Genetic Variation and Its Geographical
Distribution in Aegilops caudata L.:
Morphology, Hybrid Sterility

and Gametocidal Genes

Shoji Ohta and Naomi Yasukawa

Abstract Aegilops caudata L. is a diploid wild relative of wheat with the main
distribution in the northeastern Mediterranean basin from Greece to northern Iraq.
Two varieties are taxonomically described in this species based on spike morphol-
ogy. In the present work, to elucidate the geographical differentiation pattern of the
species, the geographical distribution of the two varieties was reviewed, 35 acces-
sions derived from the entire distribution area were crossed with the four Tester
lines, two varieties derived from their sympatric stands on the Aegean Islands were
crossed with each other, and their F,, F, and/or BCF; populations were examined.
It became clear that the present distribution area of Ae. caudata can be divided into
the western and eastern regions with the border in the mountains lying between
West Anatolia and Central Anatolia: the western and eastern accessions are isolated
not only geographically but also reproductively by hybrid sterility caused by
gametocidal-like genes, and the morphology of var. typica is controlled by two dif-
ferent genotypes in the western and eastern regions. It was suggested that Ae. cau-
data occurred in the two isolated refuges during the maximum glacial period, the
Aegean region and the western Levant or some sheltered habitats in the East Taurus/
Zagros mountains arc, and that the latter population now occurs in the eastern region
while the former now occupies the western region of the distribution.

The genus Aegilops L. consists of about 25 species, and the morphological variation
and the geographical distribution of the each species and the infraspecific taxa were
described in detail in 1920s (Zhukovsky 1928; Eig 1929). And two new taxonomic
systems were recently published (Hammer 1980; van Slageren 1994). However, the
treatment of infraspecific taxa differed so much from author to author. Genetic reas-
sessment of infraspecific taxa is essential to biosystematic approach to the better
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understanding of the diversity and speciation process of the each species, because
some infraspecific taxa are phylogenetically significant but others are not. Aegilops
caudata L. (syn. Ae. markgrafii (Greuter) Hammer) is a diploid wild relative of
wheat. Two varieties are taxonomically described in this species based on spike
morphology, var. typica with a well-developed awn on the empty glumes of only
apical spikelets and var. polyathera Boiss. with an awn on the empty glumes of both
the apical and lateral spikelets.

In the present work, to elucidate the geographical differentiation pattern of Ae.
caudata, the geographical distribution of the two varieties was reviewed, 35 acces-
sions derived from the entire distribution area were crossed with the four Tester
lines, two varieties derived from their sympatric stands on the Aegean Islands were
crossed with each other, and their F,, F, and/or BC,F, populations were examined.

Geographical Distribution of the Two Varieties

Ae. caudata distributes from the southern Balkan Peninsula to Afghanistan with its
main distribution in the northeastern Mediterranean basin from Greece to northern
Iraq (Eig 1929; Bor 1968, 1970; Tutin and Humphries 1980). Based on the geo-
graphical distribution of the two varieties described in the literature (de Haldcsy
1904; Hayek 1927; Eig 1929; Rechinger 1943; Bor 1968, 1970; Tanaka 1983a) and
the collection lists published by Kyoto University (Tanaka 1983b; Sakamoto 1986),
the main distribution area of the species can be divided into the three geographical
regions according to the geographical division by Davis (1965): (1) The Greek
mainland, the Aegean Islands and West Anatolia, where the two varieties occur with
the predominant occurrence of var. typica, and their sympatric stands are common;
(2) South Anatolia, East Anatolia, Iraq and Syria, where the two varieties occur but
their sympatric stands are rare; and (3) Central Anatolia, where var. polyathera
occurs exclusively.

Hybrid Sterility

Cytogenetic Differentiation into Western and Eastern
Geographical Groups

Thirty-five accessions derived from the entire distribution area were crossed with
the four Tester lines whose F; hybrids were highly sterile (Tanaka et al. 1967; Ohta
1992). Pollen fertility in the F, hybrids obtained from a total of 134 cross combina-
tions varied from 0 % to 96.3 % (Table 6.1), and it was significantly correlated with
their seed fertility by open-pollination (r=0.786). The fertility in the F, hybrids was
correlated with the geographical origin of the parental accessions. Based on the
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Table 6.1 Pollen fertility (%) in the F, hybrids between the four Testers and the 35 accessions of
Ae. caudata from its entire distribution area (Ohta 2000)

Accession

Region Site no. |no. (KU) | Variety® | Tester A® | Tester B | Tester C | Tester D
Aegean Islands | 1 12044B P 0 0 0 25.0

2 12055B P 0 0 14.5 83.5

3 12155B P 0 0 0 69.1

4 12162A T 0 0 0 72.2

5 12163A T 0.1 0 0.8 96.3

6 12073A T 0 0.1 0 0

7 12100B P 0 15.1 42.6 86.3

8 12177B P 0 0.1 8.9 56.0

9 12121A T 0 0.3 0.2 0.1
West Anatolia 10 11401 T 0 0 13.7 68.8

11 11403 T 0 Noobs |22.7 8.9

12 12169 T 0.8 0.2 20.3 36.9
Central Anatolia | 13 5853 P 0 17.8 0 No obs

14 5854 P No obs 51.8 0 0

15 5859 P No obs 65.4 0 0

16 5860 P 13.1 0 0 0

17 5863 P 0.1 31.3 0 0

18 5888 P 0.2 95.5 0 0

19 5896 P No obs 66.9 0 0

20 12165 P 10.3 1.5 0 0
South Anatolia |21 5867 P 14.1 28.9 0 0

22 5897 P 62.5 0 Noobs | No obs

23 5899 P 93.3 0.5 0 35
East Anatolia 24 5484 P 242 0 0 0

25 5485 T 0 61.0 0 0

26 5489 T 27.0 19.3 0 0

27 5490 P 69.7 9.4 0 0

28 5491 P 95.3 17.2 0 0

29 5492 P 75.4 19.1 0 0

30 5885 T 65.9 11.9 0 0

31 5889 P 81.3 0.4 0 0

32 5891 T 7.5 54.3 0 0
Northern Iraq 33 5475 P 72.8 43.0 0 0

34 5472 T 66.2 6.0 0 0.2

35 5482 P 34.0 4.1 0 0

P, var. polyathera; T, var. typica
"Tester A, KU6-2, var. typica from Syria; Tester B, KU5852, var. polyathera from Central Anatolia;
Tester C, KU5864, var. typica from West Anatolia; Tester D, KU5871, var. typica from Greece
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Fig. 6.1 Collection sites of the four Testers (A, B, C and D) and 35 accessions of Ae. caudata used
in the present study (Ohta 2000). Mountainous area higher than 1,500 m above sea level is shad-
owed. A broken line indicates the border between the western and eastern regions defined from
hybrid sterility

fertility in the F; hybrids, the 39 accessions including the four Testers could be
grouped into the western and eastern geographical groups: the former consists of
the accessions from the Greek mainland, the Aegean Islands and West Anatolia,
while the latter from Central Anatolia, South Anatolia, East Anatolia, northern Syria
and Iraq. The two geographical regions are isolated with the mountains lying
between West Anatolia and Central Anatolia (Fig. 6.1).

Gametocidal-Like Genes Cause the Sterility
in Intraspecific F'; Hybrids

The highly sterile F, hybrids from the two cross combinations between the parental
lines derived from the western and eastern regions were backcrossed to their paren-
tal lines. The BC,F, plants distinctly restored their fertility when the F, hybrids were
backcrossed to the western parents, while their fertility was not restored when they
were backcrossed to the eastern parents (Table 6.2). A similar sterility has been
reported in several Aegilops species as the phenomenon that certain Aegilops chro-
mosomes, gametocidal chromosomes, were preferentially transmitted in the genetic
background of common wheat (Endo and Tsunewaki 1975; Maan 1975; Endo
1990). An Ae. caudata chromosome was found to be selectively retained in com-
mon wheat (Endo and Katayama 1978). Monosomic addition plants for a gameto-
cidal chromosome to common wheat showed semi-sterility because only
gametophytes with a gametocidal chromosome are functional while those without
this chromosome are aborted. As a result, gametocidal chromosomes were preferen-
tially transmitted to the next generation. When normal common wheat plants with
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Parental lines

Parental lines F4 hybrids backcrossed BC,F; plants
Western accessions Western accessions
Gc1Ge1 Ge2Gez Gc1Ge1 Ge2Ge2 ——> Ge1Ge1 Ge2Gez2  fertile
X —> Gcige1 Gezge2  sterile x
Eastern accessions Gametophytes Eastern accessions
gcigc1 ge2gce2 Gc1 Ge2 normal gcigc1 ge2ge2 —> Gci1ge1 Gez2ge2  sterile

Gelge2 aborted Gametophytes

gel-Ge2 aborted
gelge2 aborted

Gc1 Ge2 normal

Getrge2 aborted

ge+-Ge2 aborted
gerge2 aborted

Fig. 6.2 A schema of the present gametocidal gene hypothesis explaining hybrid sterility in the F,
hybrids between the western and eastern accessions and its restoration in the BC,F, plants obtained
from backcrosses to the western parental lines

42 chromosomes were crossed to the monosomic addition plants, the obtained
plants had 43 chromosomes (monosomic addition for gametocidal chromosome)
and showed semi-sterility again. Disomic addition plants for gametocidal chromo-
somes showed normal fertility, and such chromosomes were transmitted in stable by
self-pollination.

In the present study, a similar phenomenon as that caused by gametocidal chro-
mosomes in wheat genetic background was observed in the F, and BCF, plants of
Ae. caudata with normal chromosome constitution, 2n=14. This result strongly
suggests that the sterility in the F; hybrids between the western and eastern acces-
sions is caused not by gametocidal chromosomes but by certain gene(s) on gameto-
cidal chromosomes, and that gametocidal gene(s) cause sterility and their preferential
transmission in heterozygotes not only in the genetic background of common wheat
but also in the normal genetic background in Ae. caudata. A schema of the present
gametocidal gene hypothesis explaining hybrid sterility is shown in Fig. 6.2, where
we propose that the western and eastern accessions carry dominant and recessive
gametocidal alleles, respectively.

Genetic Control of the Diagnostic Morphology of the Two
Varieties

Two varieties collected at the nine sympatric stands on the Aegean Islands were
crossed reciprocally with each other. All the F; hybrids had awnless lateral spikelets
and their pollen fertility was normal (Ohta 1992). The segregation of the awn char-
acter in the F, generation did not significantly deviate from 3 (awnless): 1 (awned)
ratio (Table 6.3). This result indicates that a dominant inhibitor controls awnless
lateral spikelets characteristic of var. typica.

Further, 13 typica accessions including Testers A (KU6-2), C (KU5864) and D
(KU5871) were crossed with a common polyathera Tester B (KU5852) (Table 6.1)
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Table 6.3 The segregation of the awn character on lateral spikelets in the F, populations derived
from fertile reciprocal F, hybrids between two varieties collected at their sympatric stands (Ohta
2001)

No. of F, plants observed®

Population no. Total Awnless Awned x2 (3:1)
1982-6-11-1 48 33 15 1.00
1982-6-12-2 86 63 23 0.13
1982-6-12-4 49 35 14 0.82
1982-6-12-7 72 59 13 1.85
1982-6-14-7 89 71 18 2.03
1982-6-14-8 63 49 14 0.26
1982-6-14-9 48 35 13 0.11
1982-6-17-1 69 55 14 0.82
1982-6-23-1 71 53 18 0.04

2PData from reciprocal crosses were pooled
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Fig. 6.3 Geographical distribution of the dominant and recessive typica accessions (Ohta 2001).
Solid circles: dominant typica accessions, open circles: recessive typica accessions, and an open
triangle: a common polyathera accession (Tester B: KU5852) used in the crosses. The figures
indicate the accession numbers of Kyoto University

(Ohta 1992, 2000). These 13 typica accessions could be divided into the dominant
and recessive typica accessions based on the spike morphology of the F; hybrids
(Fig. 6.3). The F, hybrids involving the eight accessions from the western region
were var. typica, while those involving the five accessions from the eastern region
were var. polyathera. It is suggested that dominant typica accessions in the western
region are controlled by a dominant inhibitor of the awns on lateral spikelets, while
recessive typica accessions in the eastern region are controlled by recessive allele(s)
for awn development on lateral spikelets.
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Geographical Differentiation and Establishment of the Present
Geographical Distribution in Ae. caudata

The present distribution area of Ae. caudata can be divided into the western and
eastern regions with the border in the mountains lying between West Anatolia and
Central Anatolia. And the western and eastern accessions are isolated not only geo-
graphically by the mountains but also reproductively by hybrid sterility caused by
gametocidal-like genes. The morphology of var. typica is controlled by two differ-
ent genotypes in the western and eastern regions, so the division of the two taxo-
nomic varieties based on the awn character on lateral spikelets is not so significant
for the phylogeny of the species.

The distinct genetic differentiation between the western and eastern groups
strongly suggests that the two geographical groups were isolated for a long term in
the past. In the maximum glacial period from 18,000 BP to 16,000 BP, steppe and
desert-steppe with Artemisia and Chnopodiaceae covered the greater part of the
Near East (van Zeist and Bottema 1991), which is now the primary diversity center
of the wild Triticum and Aegilops species. Ae. caudata did not occur in Central
Anatolia and East Anatolia in that period, and its distribution area might be divided
into the two isolated refuges. One was the region surrounding the Aegean Sea where
the climate was affected by the sea and was not excessively cold or dry, and the
other was the western Levant or some sheltered habitats in the East Taurus/Zagros
mountain arc. As the climate became warmer after the last glacial period, Ae. cau-
data penetrated Central Anatolia and East Anatolia with the spread of oak woodland
from the latter refuge region, and now occupies the eastern region of the distribu-
tion. Variety polyathera with many awns on spikes might be advantageous to such
a rapid colonization to new open habitats. The western region of the present distri-
bution was established by the populations in the Aegean Sea region during the last
glacial period.

Acknowledgments The authors thank the Plant Germ-plasm Institute, Kyoto University for the
materials. These materials are now preserved and provided by the National BioResouce Project
(NBRP)-WHEAT, Japan.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.

References

Bor NL (1968) Gramineae. In: Townsend CC, Guest E, Al-Rawi A (eds) Flora of Iraq 9. Ministry
of Agriculture, Bagdad, pp 1-588

Bor NL (1970) Gramineae-Triticeae. In: Rechinger EH (ed) Flora Iranica 70. Academische
Druck-u. Verlagsanstalt, Graz, pp 147-244



6 Genetic Variation and Its Geographical Distribution in Aegilops caudata L.:... 61

Davis PH (1965) Flora of Turkey and the East Aegean Islands 1. Edinburgh University Press,
Edinburgh, p 567

de Haldcsy E (1904) Conspectus florae Graecae 3. Sumptibus Guilelmi Engelmann, Lipsiae

Eig A (1929) Monographisch-Kritische Ubersicht der Gattung Aegilops. Repert Spec Nov Regni
Veg 55:1-228

Endo TR (1990) Gametocidal chromosomes and their induction of chromosome mutations in
wheat. Jpn J Genet 65:135-152

Endo TR, KatayamaY (1978) Finding of a selectively retained chromosome of Aegilops caudata
L. in common wheat. Wheat Infom Serv 47-48:32-35

Endo TR, Tsunewaki K (1975) Sterility of common wheat with Aegilops triuncialis cytoplasm. J
Hered 66:13-18

Hammer K (1980) Vorarbeiten zur monographischen Darstellung von Wildpflanzensortimenten:
Aegilops L. Kulturpflanze 28:33-180

Hayek A (1927) Prodromus florae peninsulae Balcanicae. Repert Spec Nov Regni Veg 30:1-472

Maan SS (1975) Exclusive preferential transmission of an alien chromosome in common wheat.
Crop Sci 15:287-292

Ohta S (1992) Intraspecific hybrid sterility in Aegilops caudata L. Hereditas 116:247-251

Ohta S (2000) Genetic differentiation and post-glacial establishment of the geographical distribu-
tion in Aegilops caudata L. Genes Genet Syst 75:189-196

Ohta S (2001) Variation and geographical distribution of the genotypes controlling the diagnostic
spike morphology of two varieties of Aegilops caudata L. Genes Genet Syst 76:305-310

Rechinger KH (1943) Flora Aegaea. Denkschr Akad Wiss Wien Math-Nat K1 105:1-924

Sakamoto S (1986) A preliminary report of Kyoto University ethnobotanical exploration to Greece
and Turkey in 1982. Report of the Plant Germ-plasm Institute, Kyoto University 7, Kyoto, p 73

Tanaka M (1983a) Geographical distribution of Aegilops species based on the collections at the
Plant Germ-plasm Institute, Kyoto University. In: Sakamoto S (ed) Proceedings of the 6th
International Wheat Genetics Symposium, Kyoto, pp 1009-1024

Tanaka M (1983b) Catalogue of Aegilops-Triticum germ-plasm preserved in Kyoto University.
Plant Germ-plasm Institute, Kyoto University, Kyoto, p 179

Tanaka M, Suemoto H, Ichikawa S (1967) The awn characters and sterility in Aegilops caudata L.,
1. Jpn J Breed 17(2):155-156

Tutin TG, Humphries CJ (1980) Aegilops L. In: Tutin TG, Heywood VH, Burges NA et al (eds)
Flora Europaea 5. Cambridge University Press, Cambridge, pp 200-202

van Slageren MW (1994) Wild wheats: a monograph of Aegilops L. and Amblyopyrum (Jaub. &
Spach) Eig. Agricultural University, Wageningen, p 512

van Zeist W, Bottema S (1991) Late Quaternary vegetation of the Near East. Beihefte zum Tiibinger
Atlas des Vorderen Orients Reihe A 18:1-156

Zhukovsky PM (1928) A critical-systematical survey of the species of the genus Aegilops L. Bull
Appl Bot Genet Plant Breed 18:417-609



Part 111
Cytogenetics and Allopolyploid Evolution



Chapter 7
Wheat Chromosome Analysis

Bikram S. Gill

Abstract The 13th International Wheat Genetics Symposium (IWGS) is being
held in the year I begin my phased retirement, marking a career of 40 years in wheat
genetics, beginning with a postdoctoral fellowship in 1973 with Ernie Sears and
Gordon Kimber at Columbia, Missouri, then the premier center for wheat chromo-
some research. I was fortunate to have won a DF Jones fellowship for my research
proposal, “Exploration and application of the Quinacrine and Giemsa staining tech-
nique in the genus Triticum” that led to the cytogenetic identification of wheat and
rye chromosomes (Gill and Kimber 1974a, b). In 1973, I also attended, for the first
time, the meetings of the 4th IWGS in Columbia, Missouri, and was in awe of the
research presentations and heated discussions on wheat evolution. In 1979, I estab-
lished my own research group and laboratory at Kansas State University focusing
on wheat chromosome mapping and manipulation for crop improvement under the
auspices of Wheat Genetics Resource Center (reviewed in Raupp and Friebe, Plant
Breed Rev 37:1-34, 2013). Among the first visitors to my laboratory were Takashi
Endo, then at Nara University, Japan, and Chen Peidu, from Nanjing Agricultural
University, and presented this research at the 6th IWGS in Kyoto, Japan. Therefore,
it is a special feeling to be returning to Japan for a farewell presentation. My intent
is to briefly review the history of wheat chromosome research and how our labora-
tory played a role in advancing wheat chromosome analysis leading to the chromo-
some survey sequencing paper utilizing telosomic stocks (IWGSC, Science
345:285-287, 2014).
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Laying the Foundation of Wheat Chromosome Research:
Genome Analyzer Method

By 1915, botanists had described three classes of cultivated wheats, the one-seeded
monococcum (Triticum monococcum L.), the two-seeded emmer (7. turgidum L.),
and dinkel (7. aestivum L.). The one-seeded wild relative of monococcum was
reported in Greece and Anatolia between 1834 and 1884. Aaronsohn discovered the
two-seeded wild relative of emmer in 1910 in Lebanon, Syria, Jordan, and Israel.
Therefore, it was well accepted, as Candolle had suggested in 1886, that since wild
wheats grow in the Euphrates basin then wheat cultivation must have originated
there. Between 1918 and 1924, Sakamura (1918) and his colleague Hitoshi Kihara
(1919), at Hokkaido Imperial University in Japan, and Karl Sax (1922), at Harvard
University, reported their classic studies on the genetic architecture of the three
groups of wheats (Fig. 7.1). Sax (1922) and Kihara (1924) analyzed meiosis in
wheat species and hybrids and were the first to establish the basic chromosome
number of seven and document polyploidy in the wheat group. This method of
delineating species evolutionary relationships based on chromosome pairing affini-
ties in interspecific hybrids came to be called as the genome analyzer method
(Kihara 1954; see also Fig. 7.1 in Gill et al. 2006). These were exciting observations
and established polyploidy as a major macrospeciation process and wheat as a great
polyploidy genetic model. These interploidy wheat hybrids of course could also be
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einkorn (AA) F1 dicoccum (AABB)
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Fig. 7.1 Meiotic metaphase I chiasmate pairing in wheat parents and F, hybrids. The F, hybrid
between einkorn and dicoccum showed 7” and 7', indicating that they share one set of chromo-
somes in common, and it was called a genome. The second genome in dicoccum was called the B
genome. The F, hybrids between dicoccum and dinkel showed 14” and 7" indicating that they share
the AB genomes in common, and dinkel wheat had a third genome that was later identified as D
genome
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exploited in plant breeding for interspecific gene transfers (McFadden 1930; Gill
and Raupp 1987).

The crowning achievement of the genome analyzer method was the identifica-
tion of the D-genome donor of wheat (Kihara 1944; McFadden and Sears 1946) and
the production of synthetic wheat (McFadden and Sears 1944). These discoveries
are fueling a second green revolution (reviewed in Gill et al. 2006). Kimber prac-
ticed the genome analyzer method with passion and developed some quantitative
models for measuring genomic affinities. Application of Giemsa staining methods
to meiotic preparations allowed the measurement of pairing potential of specific
chromosomes, however, perfectly homologous chromosomes may suffer structural
aberrations and lose the ability to pair (Gill and Chen 1987; Naranjo et al. 1987).
Obviously, the genome analyzer method had reached its limitations, but meiotic
pairing analysis remains an important method for monitoring chiasmate pairing and
the potential of genetic transfers in interspecific hybrids.

Laying the Foundation for Cytogenetic and Genome
Mapping: The Wheat Aneuploid Stocks

Sears (1939, 1954) isolated a range of aneuploid stocks in Chinese Spring wheat
that were widely used by the wheat genetics community to dissect and map the
polyploid genome of wheat (Fig. 7.2). The monosomic and telosomics were useful
for chromosome and arm mapping of genes, and for producing intervarietal substi-
tution lines for the mapping of quantitative traits (Law 1966). Wheat
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Fig. 7.2 Molecular cytogenetic mapping of wheat phenotypes and the genome. Steps in targeted
physical mapping of genes in wheat. Absence of the marker in the critical nullisomic-tetrasomic,
long arm ditelosomic deletion stocks, delS1 and delS2, and presence of the marker in the short arm
ditelosomic, deletion stocks delS3 and delS4 maps the gene to the chromosome bin 3, which is
defined by the deletion interval spanned by delS3 and delS4 (chromosome segments missing in the
aneuploid stocks are shown in hatching) (Originally published in Faris et al. (2002))
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nulli-tetrasomics were useful for comparative genetic mapping and determining
homoeologous relationships among chromosomes of different genomic origin
(Sears 1966). O’Mara (1940) developed an aneuploid approach for mapping alien
chromosomes added to wheat.

Gametocidal chromosomes were used to isolate deletion stocks (Endo and Gill
1996) for mapping traits and ESTs (expressed sequence tags) into deletion bins (Qi
et al. 2004). This extensive mapping of chromosomes revealed structural and func-
tional differentiation along the centromere and telomere axis and the unequal distri-
bution of genes and recombination towards the distal ends of chromosomes.

The individual telosomic chromosomes, reported by Sears and Sears (1978),
have been sequenced IWGSC 2014) using chromosome genomic methods pio-
neered by Dolezel and his group (reviewed elsewhere). Nearly 140,000 wheat genes
have been identified and mapped to the genome zipper maps of the 21 chromosomes
of wheat for genetic mapping and plant breeding applications. Alien chromosomes,
present as additions to the wheat genome, also can be isolated and sequenced, pro-
viding unlimited markers for alien gene introgression (Tiwari et al. 2014).

Laying the Foundation for Analysis of Chromosome
Structure: Chromosome Banding and In Situ Hybridization
Methods

By the 1970s, many genes had been mapped on wheat chromosomes and arms in
relation to the centromere but little was known about the chromosome structure,
especially chromatin differentiation into biological meaningful heterochromatic
and euchromatic regions along the chromosome length. In the early 1970s, Gill and
Kimber (1974a, b) applied the C-banding technique to wheat and rye revealing
remarkable heterochromatic bands that allowed unequivocal identification of indi-
vidual chromosomes. Combining C-banding with aneuploid stocks, they con-
structed cytogenetic maps of the chromosome complements of wheat and rye. A
nomenclature system was developed to describe the hundreds of chromosome
regions into which the wheat genome was partitioned for mapping, and idiograms
of the 21 wheat chromosomes were constructed (Gill et al. 1991; Fig. 7.3). The
homoeologous chromosomes belonging to A, B, D, and R genomes showed little
conservation of chromosome structure, revealing the fast-paced tempo of cereal
chromosome evolution in the Triticeae tribe.

Next, newly developed in situ hybridization methods were used to map DNA
sequences on chromosomes on a glass slide (Rayburn and Gill 1985). Repetitive
DNA mapped to heterochromatic regions was often genome-specific (Rayburn and
Gill 1986). Recently, a robust method of mapping single-copy sequences has been
applied to wheat (Danilova et al. 2012). A set of 60 full-length cDNA clones for
single-copy FISH was developed to rapidly determine the homoeology of any
Triticeae chromosome with wheat chromosomes (Danilova et al. 2014; Fig. 7.4).
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Fig. 7.3 (Left) The banded karyotype of Chinese Spring wheat. Each chromosome was stained
(from left to right) by N-banding, modified C-banding, and C-banding (whole and telosomic chro-
mosomes). Because chromosome 1A, and 3D to 6D do not show any N-bands, they were not
identified. (Right) Idiogram of banded chromosomes of Chinese Spring wheat. Band numbers are
indicated on the left and FL positions on the right of each chromosome. Hatched bands are not
numbered as they were not observed consistently (Originally published in Gill et al. (1991). ©
Canadian Science Publishing or its licensors)
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This set also is very useful for detecting chromosomal rearrangements that may
have occurred during Triticeae evolution.

Laying the Foundation for Wheat Chromosome Manipulation:
An Integrated Approach for Alien Genetic Transfers

Two basic methods of chromosome manipulation for alien gene introgression have
been practiced widely in wheat. Sears (1956) used irradiation to transfer a leaf rust
resistance gene from Aegilops umbellulata Zhuk. into wheat. Riley et al. (1968)
interfered with the Phl gene effect (Riley and Chapman 1958) and used induced-
homoeologous pairing to transfer yellow rust resistance from Ae. comosa Sm. in
Sibth. & Sm. into wheat. Later, Sears (1977) produced a mutant at the Ph/ locus and
also used a nullisomic 5B chromosome for induced homoeologous pairing and alien
gene transfer (Sears 1973).



70 B.S. Gill

5A 5B 5D 6A 6B 6D TA =] 0

Fig. 7.4 Idiogram of wheat chromosomes where heterochromatic bands that can be visualized
with GAA oligonucleotide probes are in black, pAsl bands are in green, and cDNA probe posi-
tions are shown as red dots. Names of probes that hybridize to more than one homoeologous group
are highlighted in red (Originally published in Danilova et al. (2014))

Chromosome banding and in situ hybridization greatly facilitated the character-
ization of the alien transfers in terms of the identity of the alien and wheat chromo-
somes involved in the translocations, the breakpoints of wheat—alien translocations,
and the amount of the alien chromatin transferred (Friebe et al. 1991; Mukai et al.
1993; for review see Friebe et al. 1996). Qi et al. (2007) presented an integrated
chromosome manipulation protocol utilizing modern cytological and molecular
methods that has been widely used in many alien transfer experiments.

Looking to the Future

As the wheat genome is sequenced, it will be important to integrate DNA sequences
with chromosome features such as heterochromatin and euchromatin, telomeres,
and centromeres to gain insight into chromosome structure, function, and evolution,
and, especially, how chromatin structure may control gene expression. The Triticeae
tribe contains several 100 species, and only a few have been characterized by mod-
ern methods. Ideograms should be developed for all Triticeae chromosomes similar
to the wheat chromosome idiogram (Fig. 7.3), including the mapping of single-copy
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FISH markers for elucidating syntenic relationships (Fig. 7.4). We also need to pro-
duce amphiploids, addition, substitution, and compensating Robertsonian translo-
cations involving complete genomes of Triticeae species added to wheat. For
accomplishing such a task, the IWGS provides a great platform for coordination of
research and sharing of results.
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