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This book could have been entitled “For the love of wheat”. It is the brainchild of my mentor,
Prof. Moshe Feldman, whose intimate knowledge of wheat is the result of a lifetime dedi-
cation. Moshe spent more than 60 years with wheat and its relatives, in the field, in the natural
habitat, in the laboratory, or under the microscope. He obtained a Ph.D. on wheat evolution, a
postdoc on wheat cytogenetics, and in his own laboratory he did research on wheat genetics
and evolution and remained active as Emeritus Professor. I started my Ph.D. with Moshe, in
1982, working on genetic diversity in wild emmer wheat. After that, I studied molecular
mechanisms of genome evolution in several plant species. I established my own laboratory in
1992, and since then, I have been involved in collaboration with Moshe, on projects related to
wheat evolution, in particular on the genome’s response to polyploidization. The contents of
this book cover a century of research on wheat taxonomy, genetics, and evolution, accom-
panied by most recent genomic studies.

Rehovot, Israel Avraham A. Levy
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The pioneering discovery of the accurate chromosomal number of wheats in 1918 by Tetsu
Sakamura in Japan and Karl Sax in the USA paved the way to comprehensive research on the
biology, cytogenetics, genetics, genomics, and evolution of wheats and their wild relatives.
Already, in the first steps of this endeavor it became apparent that the wheat species comprise a
polyploid series containing diploids (einkorn wheat), tetraploids (emmer and durum wheats),
and hexaploids (spelt and bread wheats). The fact that the economically most important
wheats, bread and durum wheats, are polyploids triggered wheat scientists to identify the
parental diploid species that donated their genome to the polyploid wheats. In addition, it
promoted studies on important genomic changes, involving the cytological and genetic
diploidization processes that contributed to the successful establishment and great adaptability
of the polyploids.

During the last hundred years, a large number of researchers from various parts of the globe
gathered a vast amount of information on the various wheats and their wild relatives. Much
of the gathered material centered on cytogenetics, evolution patterns, and phylogenetic rela-
tionships between domesticated wheat as well as between domesticated wheats and their wild
relatives. A critical study that took place in the wheat-wild relatives has revealed that they are
a rich reservoir of useful genes that, upon transfer to wheat, may improve yield, quality,
resistance to diseases, tolerance to abiotic stresses, and adaptation to a variety of new marginal
environments. The last several decades have witnessed dramatic advances in the field geno-
mics providing invaluable information on genome sequences, structure, gene identification,
and organization in various species of the group, as well as development of efficient cyto-
genetic and molecular techniques to exploit the vast wild genetic resources for wheat
improvement. We feel that the time is ripe to present an overview linking up the accumulated
classical information with molecular know-how. The purpose of the book is, therefore, to
review the major discoveries that have led to the current understanding of the genetic and
genomic structure as well as evolution of the wild relatives in nature and of the domesticated
wheats under cultivation.

The book deals with the Triticeae tribe of the grass family. Its chapters describe the
taxonomy and evolution of the Triticeae genera, the dating and location of their origin,
genome analyses, phylogenetic relationships, and evolutionary trends, as well as genome
structure of the economically important species. The various species of the sub-tribe Trit-
icineae, that include wheat and rye, are described in greater details, and special emphasis is
given to the wheat group (the genera Amblyopyrum, Aegilops, and Triticum). Evolutionary
aspects of the diploid and polyploid species, and the evolution of domesticated wheats under
cultivation, are reviewed, and a reasonable anticipation concerning future prospects of wheat
improvement is presented.

It is our great pleasure to thank Prof. Lydia Avivi for helpful discussions and assistance in
writing and organization of the book; Dr. Fitan Millet for interesting discussions on the
evolution of the group, and for donating a few of the plant figures. Thanks are also due to
Dr. Cathy Melamed-Bessudo for contributing to our studies, to Sagie Brodsky for collecting
data on crops productivity and valuable discussions on gene regulation, and to Naomi
Avivi-Ragolsky for taking excellent care of the seed stocks and the plants and photographing

ix



part of them. We also thank Ms. Yehudit Rosen for reading and commenting on the text, Ms.
Noa Ilan for drawing some of the figures, and the photographic division of the Weizmann
Institute of Science for drawing several figures.

We wish to express our gratitude to the Weizmann Institute of Science which provided us
with a fertile environment and the freedom to follow our passion. Finally, we are grateful to
our students, postdocs, and many colleagues in Israel and abroad whose work contributed so
much to our understanding of the genetic structure and evolutionary relationships of the
wheats and their wild relatives—a contribution that inspired our imagination.

Rehovot, Israel Moshe Feldman
2022 Avraham A. Levy
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1.1 The Importance of Wheat as a Staple

Food

As one of the first cereals to be domesticated, the history of
domesticated wheat and that of human civilization have been
interwoven since the dawn of agriculture. In the course of its
domestication, the wheat plant lost its ability to disseminate
its seeds effectively and became completely dependent on
human for seed dispersal. Man, in return, fostered this cereal
to such an extent that it is now one of the world’s foremost
crops. The domestication of wheat, and that of other edible
plants, have provided humankind with the ability to produce
sufficient food, leading to population increase and spread to
almost all parts of the globe. It also enabled the colossal
development of human civilization. As a result, humans
became completely dependent on wheat and other domesti-
cated plants for their survival.

Since the beginning of the cultivation of diploid and
tetraploid wheat (first cultivation of wild forms, about
12,000 C'*—calibrated years ago, and later, appearance of
domesticated einkorn and emmer 10,800 calibrated years
ago, and naked tetraploid wheat 10,200 years ago, and of
hexaploid wheat about 10,000 years ago (Table 1.1), wheat
has become one of the most important staple food nourishing
mankind. Domestication of wheat has led to the formation of
new wheat species, such as hexaploid wheat, Triticum aes-
tivum, many subspecies and numerous cultivars. Most
modern cultivars belong to bread wheat, since it is
high-yielding, grows well in a variety of climates and soils,
and very suitable for bread making because of the high
gluten content of its endosperm. (The elastic gluten protein
entraps the carbon dioxide formed during yeast fermentation
enabling the leavened dough to rise). Most of the remaining
modern cultivars belong to durum wheat, which is mainly
grown in relatively dry regions, particularly in the
Mediterranean basin, Australia, India, Russia and in the
low-rainfall areas of the great plains of the USA and Canada.
Its relatively large grains yield a low-gluten flour, suitable
for pasta, flat bread (pita) and semolina products.

© The Author(s) 2023
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Throughout 10,000 years of cultivation, bread wheat and,
to a lesser extent, durum wheat, have been of supreme
importance in facilitating and sustaining the development of
human civilization in southwestern and central Asia, Europe,
North and South Africa, North and South America, and
Australia. From a plant that grew in a relatively small region
in the Fertile Crescent, South-West Asia, wheat is now
grown on more area than any other crop (219 Mha in 2021)
and with global production of 766 million metric tons
(FAOSTAT 2021). This high production makes wheat the
second most-most produced cereal after maize (1018 Mt),
that is extensively used for animal feed, and more than rice
(745 Mt), the main human food crop in Eastern Asia
(FAOSTAT 2021).

Bread wheat is high yielding in a wide range of envi-
ronments, ranging from 67°N in northern Europe to 45°S in
Argentina; however, in the subtropics and tropics, its culti-
vation is restricted to higher elevations (Feldman et al.
1995). It provides food to one-third of the global human
population, about 20% of the global caloric requirements for
human consumption and 20% of the protein consumed
(Feldman et al. 1995; Shewry and Hey 2015). The world’s
highest wheat-producing regions are the EU (160 Mt), China
(125 Mt), India (100 Mt), Russia (60 Mt), the USA (60 Mt),
Canada (34 Mt), Pakistan (24 Mt), Ukraine (24 Mt), Aus-
tralia (23 Mt), and Turkey (20 Mt). Wheat makes up a sig-
nificant portion of the calories consumed by mankind, where
its grain contains most of the nutrients essential to man.
These are carbohydrates (70-80%), proteins (8—15%), fats
(1.5-2.0%), minerals (1.5-2.0%), and vitamins, such as the
B complex and vitamin E. Globally, wheat is the leading
source of vegetable protein in human food, bearing a higher
protein content than maize and rice. In addition to the rela-
tively high yield and good nutritive value of the wheat
grains, their low water content, ease of processing and
transport and good storage qualities have made wheat an
important food staple for more than 35% of the world’s
population. During the last 70 years, the global wheat area
has increased by more than 50% and average yields have
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Table 1.1 Chronology in
uncalibrated and '*C calibrated
radiocarbon years BP (before
present) for the Late

14C Calibrated
range

Uncalibrated
date range®

Epipalacolithic and the Neolithic ~ 13,000— 15,500-12,000

periods in the Levant, the western 10,300

flank of the Fertile Crescent
10,300-9500 12,000-10,300
9500-9000 10,800-10,200
9000-7500 10,200-8300
7500-6200 8300-7100

(Approximate)h

Period

Late
Epipalaeolithic
(Natufian)
Pre-Pottery

Neolithic A
(PPNA)

Early pre-Pottery
Neolithic B
(E-PPNB)

Late pre-pottery

1 Introduction

Major events in wheat cultivation®

Harvesting from wild emmer and einkorn
stands—agrotechnical development

Cultivation of brittle forms of emmer and
einkorn—the first phase of cultivation

Appearance of non-brittle emmer and einkorn;
cultivation of brittle and non-brittle types in
mixture—the second phase of cultivation

Appearance of free-threshing, naked tetraploid

Neolithic B
(L-PPNB)

wheat; cultivation of wild and domesticated
emmer and naked tetraploid wheat in mixture;
expansion of wheat culture to all regions of the
fertile crescent; appearance of non-brittle
hexaploid wheat; significant increase in human
population and site size—the third phase of
cultivation

Pottery Neolithic Spread of wheat culture to central Asia,
southern Europe, and Egypt—expansion of

agriculture

# Uncalibrated dates and periods after Harris (1998)
® Calibrated dates for the start and end of each period were calculated using the calibration software OxCal
v.4,2Bronk Ramsey ©2020 and the new dataset of the IntCal20 in Reimer et al. (2020)

¢ After Kislev (1984)

increased from 1.0 to 2.5 t/ha, reaching levels as high as 12
t/ha, mainly due to improved cultivars, wider use of fertil-
izers and improved-agronomic practices.

1.2 Interest in the Origin and Evolution

of Domesticated Wheat

It is a reasonable assumption that in a pre-agricultural
society, each gender had distinct roles relating to food pro-
vision, with men hunting, and women collecting and gath-
ering seeds, fruits, and other plant materials. While
collecting seeds of wild wheat and barley, they noticed that
fallen seeds were later responsible for the growth of new
plants. Consequently, women became aware of the prof-
itability of sowing their surplus seeds for next year’s food
(Kislev et al. 2004), and deliberately decided to plant seeds
of these cereals in more desirable fields close to their
dwelling (Kislev 1984). It is not clear when this brilliant
discovery was made. One of the most ancient sites bearing
signs of collecting and processing wild emmer wheat, Tri-
ticum turgidum ssp. dicoccoides, was found in Ohalo II, a
23,000-year-old hunter-gatherers camp on the south-western
shore of the Sea of Galilee, Israel (Snir et al. 2015). About
10,500 years ago, wild wheat begun to be cultivated, and
their spike remnants appeared in the archeological records
discovered in several sites of the Levant. Few hundred years

later on, archaeological remnants indicate replacement of
wild wheat by domesticated emmer which, characterized by
non-fragile spikes, and consequently, were not capable of
dispersing their seeds and were dependent on human for
their propagation. The beginning of cultivation of wheat, as
well as other cereals and pulses, marked the Neolithic (or
Agricultural) Revolution, was one the most important rev-
olution in human history, laying the foundation for the
development of human civilization.

The view that women were the first to cultivate plants is
reflected in the biblical story: “And when the woman saw
that the tree was good for food, and that it was pleasant to
the eyes, and a tree to be desired to make one wise, she took
of the fruit thereof, and did eat, and gave also unto her
husband with her; and he did eat” (Genesis 3:6). This event
describes the transition of man from a hunter and gatherer to
a farmer; “... And unto Adam he said: Because thou hast
hearkened unto the voice of thy wife, and hast eaten of the
tree, of which I commanded thee, saying: Thou shalt not eat
of it; cursed is the ground for thy sake; in sorrow shalt thou
eat of it all the days of thy life. Thorns also and thistles shall
it bring forth to thee; and thou shalt eat the herb of the field.
In the sweat of thy face shalt thou eat bread ... Therefore, the
LORD God sent him forth from the garden of Eden, to till
the ground...” (Genesis 3:17-23). This biblical myth,
describing the expulsion of Adam and Eve from the Garden
of Eden, may be considered a reflection of the Neolithic



1.2 Interest in the Origin and Evolution of Domesticated Wheat

Revolution, during which humankind assumed control over
its own food production. Prior to this period, the
pre-agricultural hunter-gatherers gradually became acquain-
ted with nature’s periodicity and with the life cycle of plants
that produced edible seeds or fruits in their environment.
During the Neolithic Revolution, man put his observations
to practice and succeeded to domesticate a number of the
local edible plants. Several early Jewish scholars of the
second and third centuries AD assumed that the “tree of
knowledge” was the wheat plant (Talmud Babylonian,
Berakhot, 40: A; Bereshit Rabba, 15:8) and interpreted the
ancient biblical story as an expression of man’s wish to
fulfill his creation “in the image of God” by mastering his
own food production.

The rather traumatic narrative of the biblical version of
the beginning of agriculture, may indicate that man started to
cultivate plants against the God’s command. By contrast to
it, in many ancient nations, where mythology prevailed,
cultivated plants were considered a generous gift given to
man by gods. For this reason, the ancient Egyptians
bestowed gratitude to Isis and Osiris for introducing wheat
and barley into Egypt from Mt. Tabor in Israel, and for
teaching people the secrets of their cultivation. Similarly, the
ancient Greeks ascribed the gift of these important cereals to
Demeter, and the Romans to the goddess Ceres. The Mayans
in Mexico considered maize as the gift of God, and in
Shaanxi, China, one of the cradles of Chinese civilization,
there is a statue of a godlike personage that brought plants to
people and taught them how to cultivate them.

Human interest in the origin of domesticated plants, the
geographical sites of their origin, identification of their wild
progenitors, and their evolution under cultivation, dates back
to the beginning of historic time. These subjects have always
attracted great interest, and have excited and stimulated
man’s curiosity and imagination. Botanists, geneticists,
agronomists, breeders, ethno-botanists and students of agri-
cultural history have grappled with these mysteries by con-
ducting extensive botanical, cytogenetic, molecular, and
evolutionary studies on the genetic and genomic structure of
the Triticeae tribe, in general, and of various species of the
wheat group (the genera Aegilops and Triticum), in partic-
ular. The scientific study of the Triticeae tribe began with
Linnaeus (1753), who classified the species of wheat in a
separate genus Triticum, and has since been subjected to
many taxonomic, morphological, eco-geographical, cytoge-
netic, molecular, and evolutionary studies.

One of the first attempts to identify the progenitor of
domesticated wheat, specifically of common wheat, was
made in the middle of the nineteenth century, by several
botanists who concluded that the natural inter-generic hybrid
and hybrid-derivatives of Aegilops geniculata Roth (=Ae.
ovata L.) x common wheat, were the ancestral forms of this
wheat [the nomenclature of the species of Triticum and

Aegilops in this book is as defined by van Slageren (1994).
In 1821, Requien discovered such a hybrid in southern
France, that grew from a spike of Ae. genmiculata. Later,
similar hybrids were also collected in northern Italy and in
North Africa. Because of its resemblance to common wheat,
Requien (see Fabre 1855) named it Aegilops triticoides.
Since backcrossed progeny of these hybrids to common
wheat exhibited an intermediate morphology between Ae.
triticoides and some lines of common wheat, Fabre con-
cluded, in 1855, that bread wheat had originated from Ae.
geniculata. He assumed that under cultivated conditions, Ae.
geniculata gradually transforms into bread wheat. This
hypothesis was disproved by Godron (1876), who confirmed
that, Ae. triticoides and all other intermediate forms between
Ae. geniculata and bread wheat, are hybrids and hybrid
derivatives. Godron produced similar forms by crossing
bread wheat with Ae. geniculata and backcrossing the
hybrids to the wheat parent. Of note, because Ae. triticoides
is a natural inter-generic hybrid, where Ae. geniculata is the
female parent, and not a true species, Ae. triticoides should
be referred to as x Aegilotriticum triticoides (Req. ex Bertal.)
van Slageren and not Ae. triticoides (van Slageren 1994).
Revelation of the origins of x Aegilotriticum triticoides
led de Candolle (1886) to understand that historical, lin-
guistic, and folkloristic types of evidence, alone, are insuf-
ficient to reveal the origins of domesticated plants; botanical,
genetic, and archaeological studies are essential. The origin
and evolution of a domesticated plant can be best studied
following the identification and analysis of the current and
past distribution of its wild progenitor. This may indicate the
changes that led to domestication, as well as the site of the
initial cultivation. However, when such a wild progenitor is
not found, or is extinct, understanding the complete history
of the domesticated plant is greatly impaired.
Consequently, the x Aegilotriticum triticoides saga
emphasized the need for a clear definition of the key features
characterizing the wild progenitors of domesticated wheat.
These progenitors must have been valid species and there-
fore self-propagating. They are assumed to have had a spike
similar in its basic features to that of domesticated wheat, but
with a brittle rachis that upon maturation, disarticulates into
single spikelets (dispersal units), thereby facilitating
self-dispersal. In addition, the wild progenitors, like all other
wild grasses, seemingly had tightly closed glumes, resulting
in “hulled” grains protected against extreme climatic con-
ditions and herbivores. Eco-geographically, they should
have occupied specific geographic regions and well-defined
primary habitats. However, most of today’s domesticated
wheat has undergone considerable morphological changes
and only a few have retained ancestral morphological fea-
tures, such as hulled grains, as in domesticated einkorn,
emmer, and spelt wheat (see Chap. 10). Also, most domes-
ticated wheat grow nowadays much larger areas as their



progenitors. This renders the identification of the wild pro-
genitors and the site of domestication more complex.

Domesticated wheats are classified into three main
groups: diploids (einkorn), tetraploids (emmer, durum, rivet,
Polish and Persian wheat), and hexaploids (spelt, bread, club
and Indian shot wheat) (see Chap. 10). At the end of the
nineteenth century, most botanists assumed that the
domesticated wheat taxa had a polyphyletic origin and that
at least two species of wild wheat progenitors, namely
single-grained (einkorn) and double-grained (emmer) wheat,
were taken into cultivation. The wild progenitor of domes-
ticated einkorn was discovered in the middle of the nine-
teenth century, and that of domesticated emmer and durum
at the beginning of the twentieth century. These discoveries
enabled the use of the gene pool of both the progenitors and
of other related species for wheat improvement. Only in the
second half of the twentieth century, it became clear that
there are no wild hexaploid progenitors and that all types of
domesticated hexaploid wheat were formed in farmers’
fields by hybridization between domesticated tetraploid
wheat and a wild diploid species of Aegilops.

1.3 The Need to Exploit Wild Wheat
Relatives for Wheat Improvement

Given that only a small number of wild genotypes were
selected for domestication, the genetic basis of domesticated
wheat in the early stages of agriculture was relatively nar-
row, representing only a fraction of the large variation that
existed in the wild progenitors. Yet, during the 10,000 years
of wheat cultivation, the genetic basis of domesticated wheat
has been broadened, to some extent due to mutations and
sporadic hybridizations with their wild progenitors and other
closely related species in southwest Asia. Moreover, the
tendency of traditional farmers in many parts of the world, to
grow a mixture of genotypes in one field (polymorphic
fields) or even a mixture of species of different ploidy levels
(Zeven 1980), enabled hybridization and introgression of
genes among the various genotypes. This, coupled with
wheat’s ability to self-pollinate, greatly facilitated the for-
mation and selection of many distinct genotypes. Traditional
farmers selected and planted grains of the lines most desir-
able for their specific needs and consequently, selection
pressures were thus consistently exerted, albeit, in different
directions, by farmers in different localities. These efforts
resulted in numerous landraces that demonstrated better
adaptation to a wider range of climatic and edaphic condi-
tions and to diverse farming regimes. But, under modern
plant breeding practices, which began towards the end of the
nineteenth century, the wheat fields have become genetically
uniform (one elite cultivar is grown not only in one field but
in a whole region), so that spontaneous gene exchange
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between different cultivars in the farmer’s fields has become
less likely. On the other hand, gene migration has been
greatly increased by worldwide introduction and exchange
of cultivars. Crosses between these cultivars have been
restricted to the breeder’s experimental fields. In the breeder
experimental stations, hybridizations have been mainly
confined to intraspecific crosses and little use has been made
of neither the gene pools of other wheat species nor of those
of wild relatives, toward improvement of bread wheat. Such
breeding practices, particularly the replacement in many
countries of traditional varieties (landraces), suitable for
local climatic and agronomic conditions, by a small number
of elite, high-yielding cultivars (mega varieties), have greatly
eroded the genetic basis of bread wheat. The Green Revo-
lution, which started in the 60s of the previous century is
responsible for the replacement of numerous landraces in
India, Pakistan Turkey and North Africa, by a relatively
small number of high-yielding cultivars and failure to con-
serve the replaced traditional landraces (Feldman and Sears
1981). Such erroneous practice still continues and con-
tributes to the loss of genetic diversity in bread wheat,
consequently reducing its adaptability to abiotic stresses,
increasing its susceptibility to biotic pressures, and consid-
erably limiting the ability of breeders to improve further its
yield and quality. This outcome of the erosion in the genetic
diversity of wheat has become a more serious problem in
light of the current climate changes, combined with contin-
uous growth of the world human population, which requires
elevated wheat yields, to improve its resistance to biotic
stresses and tolerance to abiotic ones, and to produce
genotypes that can provide reasonable yields in new habitats.

Attempts to increase desirable genetic variation via irra-
diation or chemical treatment, yielded poor results. More-
over, transgenesis, which could broaden the gene pool for
wheat improvement, is not yet commonly practiced in
wheat. Therefore, utilizing the germplasm of the various
Triticeae species remains one of the best options for
addressing the challenges of genetic erosion and of yield
demands (Feldman and Sears 1981). Consequently,
advanced efforts have been made to support more efficient
exploitation of the wild gene resources for wheat improve-
ment. The vast genetic resource of the Triticeae contains
numerous economically important genes that can be
exploited to create a potentially new variation of domesti-
cated wheat. Many of the species of the two sub-tribes of the
Triticeae, the Triticineae and the Hordeineae, can be crossed
with bread and durum wheat, and economically important
genes can be transferred to the domesticated background, via
the use of various cytogenetic manipulations.

Although this option is not new, during recent decades,
only a small number of genes were transferred from wild
species to domesticated wheat. Breeders preferred to use
domesticated sources instead of wild ones because they did
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not know how to overcome the challenges in using them.
Nevertheless, a number of inter-generic and inter-specific
hybrids have been produced between several Triticeae spe-
cies and bread or durum wheat. These hybrids, most of
which were viable, have been used for a variety of purposes,
including genomic analysis, studies of speciation, phylogeny
and evolution, and as the starting point in efforts to introduce
alien variation into domesticated wheat.

Already in the beginning of the previous century,
Aaronsohn (1910), while discovering wild emmer (Triticum
turgidum subsp. dicoccoides) in nature, was impressed by its
wide range of adaptation. He noticed that certain forms of
this wild taxon possess several valuable traits, namely, large
grains, ability to grow in relatively dry habitats, and resis-
tance to rust. Consequently, he recommended utilizing wild
emmer in breeding programs, especially to improve the
resistance of domesticated wheat to drought, extreme cli-
matic and soil conditions, and rusts, and to increase grain
size and yield. Aaronsohn believed that “the cultivation of
wheat might be revolutionized by the utilization of wild
wheat. Such utilization might facilitate the formation of
many new varieties, some of which will be hardy and able to
grow in dry and warm habitats or in areas with poor soil and
can thus expand the wheat growing area” (Aaronsohn 1910,
p- 52).

Aaronsohn’s belief that wild emmer can be utilized in the
improvement of domesticated wheat was shared by
Schweinfurth (1908), von Tschermak (1914), and several
other early wheat geneticists. The fertile or partially fertile F;
hybrids between bread wheat and wild emmer, produced by
von Tschermak (1914), indicated that gene transfer from
wild tetraploid wheat into hexaploid domesticated types is
possible by simple breeding procedures. It was hoped that
wild emmer could be used for production of domesticated
varieties that would be adapted to arid regions (von Tscher-
mak 1914).

Vavilov (his work and ideas reviewed in Vavilov 1951)
further advanced the notion of exploitation of wild species to
improve wheat and other crops. He identified regions where
the world’s major crops were first domesticated but still
contained the greatest diversity of their wild relatives.
McFadden (1930) was one of the first breeders that trans-
ferred a gene for stem rust resistance, later designated Sr2, to
a variety of bread wheat from a domesticated emmer
(a tetraploid wheat), thus producing the cultivars Hope and
H-44, that was resistant to rust that severely infected wheat
fields in the USA. Production of synthetic allopolyploids
with new genomic combinations was one approach to
evaluate and utilize wild germplasms. Broad hybrids in the
Triticeae tribe have been attempted and studied for over
100 years. The first such hybrid was between wheat and rye
(Wilson 1876). Rimpau (1891) described 12 plants recov-
ered from seed of a wheat-rye hybrid that represented the

first triticale. The idea was that such an allopolyploid would
combine the cold tolerance of rye and the grain quality of
wheat. But Triticale does not possess the grain quality of
bread wheat and it is used mainly as an animal feed (Oettler
2005). In 1947, McFadden and Sears (1947) produced
synthetic allopolyploids between different species of Triti-
cum and Aegilops as a starting material for evaluation and
transfer of desirable genes to a domesticated background.

Over the years, cytogenetic methods for proper genetic
analysis and interspecific transfer of desirable characters
have been developed, making the use of the wild gene
resources more efficient. Sears (1972) described these
methods, including induction of homoeologous pairing and
recombination between wild and domesticated chromosomes
by genetic means and use of ionizing radiation to translocate
alien chromosome segments into a domesticated one. The
induction of homoeologous pairing is, by far, the simplest
gene transfer method (Sears, 1972), but induced transloca-
tions have also produced some favorable results (e.g., Sears
1956; Knott 1971).

The production of aneuploid lines of bread wheat (Sears
1954), as well as several alien addition, substitution, and
translocation lines (Riley 1965; Sears, 1969, 1975; Feldman
and Sears 1981; Feldman, 1988; Millet et al. 2013, 2014),
enabled the genetic analysis of individual alien chromo-
somes or even chromosome arm on the genetic background
of domesticated wheat and facilitated the transfer of selected
chromosomal segments without affecting the rest of the
domesticated genome. Using these techniques, several key
genes, primarily those affecting qualitative traits, namely,
genes improving disease and virus resistance, have been
transferred from species of Triticum, Agropyron, Aegilops,
Amblyopyrum, Secale, and other Triticeae, into bread and
durum wheat (Sharma and Gill 1983; Feuillet et al. 2008;
Millet et al. 2014). Quantitative traits that are controlled by
several or many genes that are widely distributed throughout
the genome, are much more difficult to manipulate.

Harlan and de Wet (1971) classified primary, secondary,
and tertiary gene pools of wild relatives of a crop, as
determined by their genetic distance from the crop. A pri-
mary gene pool consists of species with genome(s) homol-
ogous to that of the crop, including land races of the crop as
well as other related domesticated crops and wild species.
Among members of this gene pool crossing is easy, hybrids
are generally fertile, and exhibit good chromosome pairing,
approximately normal gene segregation and generally simple
gene transfer by conventional breeding methods. Transfer of
genes from species with different ploidy levels required
some manipulations, such as production of synthetic
allopolyploids. A secondary gene pool consists of species
with closely related homoeologous (partially homologous)
genome(s), that are crossed relatively easily with the crop,
but whose chromosomes do not pair regularly with those of



the crop and therefore, transfer of genes from these species
required cytogenetic manipulations such as the use of genes
inducing homoeologous pairing or the use of genotypes
lacking homoeologous pairing suppressors. The tertiary gene
pool consists of more distantly related taxa, and exploitation
of this gene pool required special cytogenetic and molecular
manipulations (e.g., embryo rescue in the F; hybrids,
induction of chromosome pairing and recombination at
meiosis of the hybrid, or induction of translocation with
ionizing irradiation, transformation with selected genes
affecting desired characteristics) in order to overcome
inter-generic genetic barriers.

In the Triticeae, the primary gene pool of bread wheat,
consists of hexaploid landraces and domesticated and wild
tetraploid wheats (T. turgidum and T. timopheevii), diploid
wheat (T. urartu and T. monococcum) and Ae. tauschii, all of
which have a homologous genome(s) with that of bread
wheat. The gene pool of tetraploid wheat has been exploited,
to some extent, for wheat improvement via direct crosses
(Millet et al. 2013), whereas that of Ae. fauschii has been
subjected to allopolyploid bridging (crosses between bread
wheat and synthetic allopolyploid of tetraploid wheat x Ae.
tauschii). The secondary gene pool contains species of
Aegilops and several species of Agropyron. Their genome(s)
is homoeologous to that of common wheat and consequently,
there is little pairing and recombination at meiosis of the F;
hybrids. However, pairing can be induced relatively easily by
the use of mutants of genes that prevent homoeologous
pairing (e.g., phlb, phlc, and 10/13) and genes from the
diploid species Aegilops speltoides or Amblyopyrum muti-
cum, that promote homoeologous pairing in hybrids with
wheat. The tertiary gene pool of bread wheat contains all other
Triticeae species. The wide morphological and ecological
variation of the various Triticeae species may indicate that
this tribe contains a very rich gene pool that can be exploited
to widen the genetic basis of wheat. Most, if not all, of the
Triticeae species, can be crossed with wheat and produce
viable hybrids. However, in most cases, the hybrids are
sterile, due to the lack of chromosomal pairing at meiosis,
resulting in the production of imbalanced gametes; this lim-
itation can be overcome by more radical cytogenetic manip-
ulations (Feldman and Sears 1981; Feldman 1988). Thus, the
gene pool of the entire tribe may serve as an important source
of useful traits for the improvement of wheat.

During the twentieth century, studies in areas of taxon-
omy, eco-geography, cytogenetics, and evolution, have
mainly focused on the genera Triticum, Hordeum, and
Secale, as well as on the closely related genera Aegilops and
several species of Agropyron (now Elymus). These studies
have provided important information on the genetic structure
of members of the primary and secondary gene pools, as
well as on phylogenetic relationships between these gene
pools and bread wheat. Consequently, several genes, mainly
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those conferring resistance to biotic stresses, that were not
found in the domesticated gene pool of wheat, were suc-
cessfully transferred to bread wheat (Fedak 2015; Zhang
et al. 2015). It is estimated that genes were transferred from
at least 52 species belonging to 11 genera (Aegilops,
Agropyron, Amblyopyrum, Dasypyrum, Elymus (=Thinopy-
rum, Lophopyrum, Pseudoroegneria), Agropyron, Hordeum,
Leymus, Psathyrostachys, Secale, and Triticum) (Wulff and
Moscou 2014). However, currently, information on many of
the wild relatives, mainly on the tertiary gene pool, is scanty
and fragmentary. Although molecular studies in recent
decades have improved, to some extent, the ability to iden-
tify, allocate and isolate useful genes in several Triticeae
genomes (Paux and Sourdille 2009; Stein 2009; Krattinger
et al. 2009; Hein et al. 2009; Eversole et al. 2009), their
transfer to the domesticated wheat background has still
encountered many obstacles. Further studies of these gene
pools, in which information from the fields of cytogenetics
and genomics should be combined, are essential.
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2.1 General Description

The wheat group (the genera Amblyopyrum, Aegilops and
Triticum) is classified in the tribe Triticeae Dumort of the
grass family Poaceae (Gramineae). The relatively young
tribe diverged from other tribes of the subfamily Pooideae
about 25 million years ago (MYA) (Huang et al. 2002b;
Gaut 2002) and constitutes a distinct natural and probably
most advanced group in this subfamily (Renvoize and
Clayton 1992). It is the most economically important tribe of
the family, giving rise to the domesticated cereals wheat, rye
and barley, and to several important, mostly perennial,
fodder grasses such as Elymus, Leymus, Psathyrostachys and
others. It has a characteristic spiked morphology that dis-
tinguishes it from other tribes in the Pooideae and its
inflorescence is solitary bilateral raceme, which is an
advancement from the simple panicle that predominate in the
Pooideae (Renvoize and Clayton 1992).

The progenitors of the Triticeae were probably all
diploids with large chromosomes and a symmetric kary-
otype, perennials and allogamous, and bore several
multi-floret spikelets on each rachis node. From an originally
paniculate inflorescence, several genera developed a spike
with three or two and other with one spikelet at each rachis
node (Runemark and Heneen 1968; Sakamoto 1973).
Clayton and Renvoize (1986) suggested that the distinctive
bilateral spike inflorescence of the Triticeae, derived from a
condensed panicle. This is well shown by Leymus species,
particularly L. condensatus. Sakamoto (1973) assumed that
the primitive Triticeae resembled current Psathyrostchys
species.

Traditional taxonomy assigns 18 genera to this tribe,
(Brachypodium P. Beauv. is not included in the tribe), 17
described by Clayton and Renvoize (1986), and one,
Amblyopyrum, separated from the genus Aegilops by Eig
(1929b) and van Slageren (1994) (Tables 2.1 and 2.2). The
genera are classified in two sub-tribes, Hordeineae and
Triticineae, the first contains 7 genera and the second 11
genera (Table 2.1). Based on the presence of two spikelets
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on each rachis node, the two genera Taeniatherum and
Crithopsis were placed in the Hordeineae (Tzvelev 1976;
Clayton and Renvoize 1986). However, because molecular
phylogenetic studies show that these two genera are closer to
the Triticineae than to the Hordeineae (Hsiao et al. 1995a;
Mason-Gamer and Kellogg 1996b: Petersen and Seberg
1997; Seberg and Petersen 2007; Mason-Gamer et al. 2002;
Escobar et al. 2011), we decided to include them in the
Triticineae. The Triticeae includes about 330 species
(Clayton and Renvoize 1986), which grow in temperate and
arctic zones, principally in the northern hemisphere, and in
southwest and central Asia. It includes genera with only
perennial, perennial and annual, or only annual species
(Table 2.3). About 250 species are perennials that are dis-
tributed mainly in temperate-arctic regions, while the
annuals, including the progenitors of wheat, rye and barley,
are mainly distributed in the east Mediterranean and central
Asiatic regions (Table 2.3). Some of the species are obli-
gatory allogamous (self-incompatible), others are facultative
allogamous and the rest are facultative autogamous.

Based on their geographical distributions, Sakamoto
(1973, 1986, 1991) classified the Triticeae genera into two
major groups, Arctic-Temperate and Mediterranean-Central
Asiatic (Table 2.3). This classification was later supported
by the analyses reported by Hsiao et al. (1995a) and Fan
et al. (2013). The Arctic-Temperate group, distributes across
the arctic-temperate regions of the world, and has evolved
into many endemic species in each area. Six of the genera
are perennial, with two or three spikelets at each rachis node
[Psathyrostachys, Elymus (several species have solitary
spikelets at each rachis node), Hordelymus, Lemus, Histrix,
and Sitanion]. Only Hordeum includes perennial and annual
species. One noteworthy characteristic of this group is the
extensive inter-generic and inter-specific hybridization
across their entire area of distribution. The Mediterranean
group, distributed across the Mediterranean-central Asiatic
region, consists mainly of eight annual genera, six of them
(Heteranthelium, Eremopyrum, Amblyopyrum, Aegilops,
Triticum, and Henrardia) have solitary spikelet at each
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Table 2.1 The genera of the Triticeae®

2 Taxonomy and Evolution of the Tribe Triticeae Dumort

Sub-tribe Genus Number of | Ploidy @ Type of ~ Growth | Pollination Distribution' ' Number
species® level polyploidy" | habit® mode” of
spikelets
on node’
Hordeineae | Elymus L. ~150 2x-12x  Au-Al-Au/al P C S TA, M G, S
Hystrix Moench 9 4x Al (7) P C TA G
Sitanion Raf. 4 4x (?) Al P C TA G
Leymus Hochst. ~40 4x-12x | AL P C TA G
Psathyrostachys Nevski 7 2x — P C TA G
Hordelymus (Jessen) Harz 1 4x Au P C M G
Hordeum L. ~40 2x-6x  Au P, A C S TA, M G
Triticineae = Agropyron Gaertn. ~15 2x-6x  Au P C M S
Eremopyrum (Ledeb.) Jaub. & Spach. ' 5 2x—4x Al A S M S
Heteranthelium Jaub. & Spach. 1 2x — A S M S
Secale L. 3¢ 2x — P, A C M S
Dasypyrum (Coss. & Dur.) Dur. 2 2x—4x  Au P, A C M S
Triticum L. 6 2x-6x | Al A S M S
Amblyopyrum (Jaub. & Spach.) Eig | 1¢ 2x — A C M S
Aegilops L. 24¢ 2x-6x Al A C S M S
Henrardia C.E. Hubbard 2 2x — A S M S
Taeniatherum Nevski® 1 2x — A S M G
Crithopsis Jaub. & Spach® 1 2x — A S M G
# According to Clayton and Renvoize (1986)
® The number of species is underestimated
¢ According to Frederiksen and Petersen (1998)
d According to van Slageren (1994)
¢ Based on molecular phylogenetic studies, Taeniatherum and Crithopsis were placed in the subtribe Triticineae (see Chap. 2)
f Au = Autopolyploidy; Al = Allopolyploidy; Au/Al = Auto-allopolyploidy
2 P = Perennials; A = Annuals
.h C = Cross pollination; S = Self pollination
' TA = Temperate-Arctic; M = Mediterranean-Central Asiatic
1 G = Spikelets in group; S = Solitary spikelets
rachis node whereas two genera (Crithopsis and Tae- larger genomic diversification that creates stronger

niatherum) have two spikelets at each rachis node. The
Mediterranean species of Hordeum have three spikelets at
each rachis node. Muramatsu (2009) suggested that six
genes located on chromosomes of homoeologous group 2 of
bread wheat, determine spikelet per rachis node solitariness,
while the two-three spikelets per rachis node is a recessive
trait. The genera Hordeum, Dasypyrum and Secale have
perennial and annual species. Two genera (Elymus and
Agropyron) are perennial. Each genus of the Mediterranean
group is morphologically distinct. Aegilops is the largest
genus (24 species) and Taeniatherum, Crithopsis, Heteran-
and Amblyopyrum are monotypic. Natural
inter-generic hybridization is more restricted in this group
than in the Arctic-Temperate group, perhaps due to their

thelium

inter-generic barriers.

The degree to which polyploidy has occurred in the
Triticeae varies greatly among genera. In several genera all
species are diploids (Psathyrostachys, Secale; Amblyopy-
rum, Heteranthelium, Henrardia, Taniatherum, and
Crithopsis) while in others all species are polyploids
(Hystrix, Sitanion, Leymus, and Hordelymus) (Table 2.1).
About 102 (31%) of the species are diploids, 3 (1%) tri-
ploids, 148 (45%) tetraploids, 56 (17%) hexaploids, 17
(5%) octoploids, 1 (0.3%) decaploid and 1 (0.3%) dode-
caploid. The genus Elymus displays the larger series and
highest level of polyploidy, ranging from 2x to 12x
(Table 2.1). Polyploidy occurs either by interspecific or
intergeneric hybridization (allopolyploidy), or within a



2.1 General Description

Table 2.2 The genera of the Triticeae and their synonyms

Genus

Elymus L.

Hystrix Moench
Sitanion Raf

Leymus Hochst

Psathyrostachys Nevski

H ordelymus (Jessen) Harz

Hordeum L.
Agropyron Gaertn

Eremopyrum (Ledeb.) Jaub. & Spach
Heteranthelium Jaub. & Spach
Secale L.

Dasypyrum (Coss. & Dur.) Dur

Synonyms

Anthosachne Steud.; Australopyrum (Tzvelev) A. Love; Braconotia Godr.; Brachypodium sect.
Festucopsis C. E. Hubbard; Campeiostachys Drobov; Clinelymus (Griseb.) Nevski; Cryptopyrum
Heynh.; Crithopyrum Steud.; Elymus sect. Clinelymus Griseb.; Elytrigia Desv.; Elytrigia sect.
Pseudoroegneria Nevski; Festucopsis (C.E. Hubbard) Melderis; Goulardia Husn.; Hystrix Moench;
Kengyilia C. Yen et J. L. Yang.; Lophopyrum Love; Pascopyrum Love; Pseudoroegneria (Nevski)
Love; Roegneria C. Koch; Semeiostachys Drobov; Sitanion Raf.; Sitospelos Adans.; Terrellia Lunell;
Thinopyrum Love;

Asperella Humboldt; Gymnostichum Schreb.; Stenostachys Turcz.; Cockaynea Zotov
Polyanthterix Nees

Triticum sect. Anisopyrum Griseb.; Anisopyrum (Griseb.) Gren. & Duval.; Aneurolepidium Nevski;
Malacurus Nevski

Cuviera Koeler; Elymus sect. Leptothrix Dumort.; Orostachys Steud.; Elymus sect. Medusather
Griseb.; Hordeum subgen. Hordelymus Jessn; Hordeum subgen. Hordelymus Jessen; Leptothrix
(Dumort.) Dumort.; Medusather Candargy

Zeocriton Wolf; Critesion Raf.; Critho E. Mayer

Kratzmannia Opiz; Costia Willkomm; Agropyron sect. Australopyrum Tzvelev; Australopyrum
(Tzvelev) Love

Triticum sect. Eremopyron Ledeb

Secalidium Schur; Triticum sect. Dasypyrum Coss. & Dur.; Triticum sect. Pseudosecale Godr.;

Haynaldia Schur; Pseudosecale (Godr.) Degen

Triticum L.

Amblyopyrum (Jaub. & Spach) Eig
Aegilops sect. Anathera Eig;

Aegilops L. -
Henrardia C. E. Hubbard -
Taeniatherum Nevski

Crithopsis Jaub. & Spach -

Crithodium Link; Gigachilon Seidl; Frumentum Krause;

Aegilops L. subgen. Amblyopyrum Jaub. & Spach; Aegilops sect. Amblyopyrum (Jaub. & Spach) Zhuk.;

Triticum crinitum (Schreb.) Nevski (=T. caput-medusae)

According to Melderis et al. (1980), Clayton and Renvoize (1986), Renvoize and Clayton (1992), and Van Slageren (1994)

species when genetically differentiated sub-populations of
that species come back into contact and hybridize
(autopolyploidy; Stebbins 1950).

The diploid Triticeae species, as all the diploids of the
family Poaceae, are considered paleopolyploids. This con-
sideration assumes that all genera which have a basic
chromosome number of x = 12 or more are derivatives of
lines that underwent genome duplication at some time dur-
ing their evolutionary history (Stebbins 1971). Because all
primitive grass sub-families have a basic chromosome
number of x = 12, it implies that the ancestor of the grasses
was itself a polyploid. Accordingly, all the diploid Poaceae
species would be paleopolyploids that underwent cytological
and genetic diploidization, whereas the large number of
present-day polyploid Poaceae (>60%; Goldblatt 1980),
distributed in all the clades, are species that underwent an

additional cycle(s) of chromosome doubling during their
formation. In these species, the duplicated genomes did not
diverge much from those of their diploid (=paleopolyploid)
progenitors and chromosome number and cytological
behavior are still indicative of genome duplication. Most of
these neopolyploids (hereinafter polyploids) were derived
from distant inter-specific or inter-generic hybridizations,
giving rise to new allopolyploid species and the remaining
derived from intra-specific hybridizations giving rise to new
autopolyploid cytotypes (Stebbins 1971).

All polyploid species in the genera Hordelymus, Hor-
deum and Dasypyrum are autopolyploids, whereas those in
Eremopyrum, Triticum and Aegilops are allopolyploids. The
genus Agropyron contains auto and allopolyploid species
and Elymus contains autopolyploid, allopolyploid and
auto-allopolyploid species (Table 2.1).
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Table 2.3 Classification of the

2 Taxonomy and Evolution of the Tribe Triticeae Dumort

> h Distribution group Growth habit Rachis
genera of the Triticeae according P - - node
o their distribution group and erennial Perennial + Annual Annual With:
growth habit (after Sakamoto :
1973) Arctic-temperate Group Elymus Hordeum — Spikelets
(Primitive group) Hystrix in groups
Sitanion
Leymus
Psathyrostachys
Hordelymus
Mediterranean-Central — Hordeum Taeniatherum
Asiatic group (Advanced Crithopsis
group) Elymus Dasypyrum Heteranthelium Solitary
Agropyron Secale Eremopyrum spikelets
Triticum
Amblyopyrum
Aegilops
Henrardia

The autopolyploids can be divided further into two types:
typical autopolyploids, e.g., Hordeum bulbosum, character-
ized by multivalent pairing at meiosis (Morrison and Rajh-
athy 1960a, b; Jorgensen 1982). The formation of
multivalents during meiosis is often associated with partial
sterility and multisomic inheritance. One advantage of typ-
ical autopolyploids is the capacity to maintain high levels of
heterozygosity, with multiple alleles per locus, or more
rarely, to reach homozygosity with multiple dosages of a
given allele. Hence, in spite of the partial sterility, selection
in such autopolyploids may favor multivalent formation, and
therefore, will act against genomic changes that may lead to
cytological and genetic diploidization. It is not surprising
therefore, that typical autopolyploids are prevalent among
perennial allogamous species that bear the capacity for
vegetative propagation, in addition to the sexual reproduc-
tion, that compensates in many species for the partial
sterility. Generally, typical autopolyploidy does not form
new species but rather, increases intra-specific genetic vari-
ability and eco-geographical flexibility. Typical autopoly-
ploidy can tolerate and consequently, accumulate more
mutations than its diploid cytotype.

Bivalent-forming autopolyploids, e.g., tetraploid Elymus
elongatus, characterized by exclusive bivalent pairing at
meiosis in spite of the fact that they contained four homol-
ogous chromosomal sets (Heneen and Runemark 1972;
Charpentier et al. 1986, 1988). The genus Hordeum contains
several tetraploid cytotypes exhibiting exclusive bivalent
pairing at meiosis (Gupta and Fedak 1985). These species
are either bivalent-forming autopolyploids or segmental
allopolyploids (von Bothmer et al. 1995; Blattner 2004;
Jakob et al. 2004). This type of autopolyploids are more
fertile than the typical autopolyploids, and are prevalent
among annual species. Many of them, especially those that

underwent some degree of genetic diploidization, are char-
acterized by disomic inheritance.

Eilam et al. (2009) determined the amount of nuclear
DNA in diploid and tetraploid cytotypes of several species
containing either typical or bivalent-forming autopolyploids.
While the typical autotetraploids had close to the expected
sum of their diploid cytotype, most of the bivalent-forming
autopolyploids had considerably less nuclear DNA (10-
23%) than the expected sum value. A newly-synthesized
autotetraploid line of Elymus elongatus, that had signifi-
cantly smaller amount of nuclear DNA than the expected
additive value of its diploid parental plant, had similar
amount to that in the natural autotetraploid cytotypes of E.
elongatus (Eilam et al. 2009). This indicates that genome
downsizing in this autopolyploid was reproducible and
occurred immediately after autopolyploidization and there
were no further changes in genome size during its life
history.

The shift from potential multivalent pairing towards a
bivalent type of pairing in the bivalent-forming autote-
traploids was presumably brought about by instantaneous
elimination of DNA sequences that are involved in homol-
ogy recognition and in initiation of meiotic pairing. It is
assumed that elimination of sequences occurred in two out
of the four homologous chromosomal sets. It is important to
refer in this regard to Dvorak (1981b) who noticed that two
out of the four subgenomes of the tetraploid cytotype of E.
elongatus appeared to be a modified version of the diploid
genome. He proposed that this divergence facilitates pairing
between fully homologous chromosomes, thus, leading to
bivalents at meiosis and to disomic inheritance (Dvorak
1981b). This group of autopolyploids benefit from full fer-
tility and permanent fixing of heterozygosity between alleles
of the partly diverged subgenome pairs.
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Allopolyploid species exhibit exclusive intra-subgenomic
bivalent pairing of homologous chromosomes at meiosis and
consequently, regular segregation of chromosomes at first
meiotic anaphase, full fertility and disomic inheritance.
Thus, allopolyploids are characterized by homozygosity
within subgenomes and permanent heterozygosity between
subgenomes. Allopolyploidy is more prevalent in annual,
autogamous species. Allopolyploids are new species, largely
isolated from their diploid progenitors, but not finally
isolated from other allopolyploids sharing a common gen-
ome that can hybridize and exchange genes (Zohary and
Feldman 1962).

Sha et al. (2010) found that several Leymus species
(genome NsNsXmXm) have the Ns and others have the Xm
Plasmon, indicating multiple origins of these allopolyploids.
Evidence for multiple origins of Aegilops triuncialis (gen-
ome UUCC or CCUU) came from the findings that several
lines of this species contain the U and others the C plasmon
(Kimber and Tsunewaki 1988). It is reasonable to assume,
therefore, that other Triticeae allopolyploids, and presum-
ably also autopolyploids, have multiple origins.

In accordance with the conclusion of Leitch and Bennett
(2004) stating that genome downsizing following polyploid
formation is a widespread phenomenon in angiosperms, the
DNA content in most allopolyploid Triticeae species is
significantly smaller than the expected value calculated from
the sum of the DNA content in their two parental species
(Table 2.4). These data align with findings demonstrating
that allopolyploidization leads to instantaneous elimination
of DNA sequences in the wheat group (Feldman et al. 1997;
Liu et al. 1998a, b; Ozkan et al. 2001; Shaked et al. 2001;
Han et al. 2003) and in triticale (Ma and Gustafson 2005,
2006; Ma et al. 2004). A decrease in genome size already
occurred in the first generation of the allopolyploids, indi-
cating that the change was a rapid event (Ozkan et al. 2001).
The low variation in nuclear DNA content at the
intra-specific level (Eilam et al. 2008) also suggests that the
changes in genome size occurred soon after the formation of
the allopolyploids and no further significant changes
occurred during the life history of the allopolyploids. The
similarity in DNA content of natural and synthetic
allopolyploids having the same genomic combinations
(Eilam et al. 2008), also shows that changes in genome size
are reproducible and occur during or soon after
allopolyploidization.

The Triticeae tribe must certainly be a comparatively
young group with much of the critical differentiation perhaps
started first during the middle of the Tertiary in the Oligo-
cene (Table 2.5). The wheat lineage has diverged from the
barley lineage about 8 to 15 MYA during the Miocene
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(Table 2.6). The ancestors of wheat and Aegilops have
diverged from rye about 7 MYA. Divergence of the diploid
Aegilops and Triticum species begun about 7 MY A but most
species diverged 2 to 4 MYA. The allopolyploid wheats and
perhaps also those of Aegilops were formed between 1.0 to
0.01 MYA (Table 2.6).

It is generally accepted that all the Triticeae are derived
from the same common ancestor. Therefore, their genomes
still maintain considerable homology, i.e., they are homoe-
ologues, and their chromosomes maintain similar gene order.
However, gross structural rearrangements have occurred
during the evolution of some of the taxa. On the other hand,
there are several species whose genome apparently do not
possess a substantially restructured karyotype and so, it is
assumed that their genome does not differ in chromosome
structure from the chromosomal structure of the progenitor
of the tribe.

2.2 Triticcae Taxonomy

The Triticeae presents a prime example of the complexity of
multiple taxonomy systems (Renvoize and Clayton 1992),
introducing much confusion into the scientific literature, as
different names have been used for the same taxa. The tax-
onomy of the tribe is complicated by several special factors,
such as ancient and recent inter-generic and inter-specific
hybridizations and allopolyploidy, which are largely
responsible for the blurred boundaries between genera.
Being a relatively young tribe, the Triticeae shows an
exceptional capacity for such hybridizations, that is unpar-
alleled by any other Poaceae group. Studies indicated that
most Triticeae genera hybridize with each other (Sakamoto
1973; Cauderon 1986). These inter-generic hybridizations
imply a more close-knit reticulate pattern of relationships
between the various genera and thus, create problems both in
the theoretical concept of generic rank and lineage, and in
the practical construction of taxonomy keys (Clayton and
Renvoize 1986). Consequently, many obstacles in the
identification and classification of the various genera are
encountered in taxonomic research and many disagreements
still remain. The fact that natural hybridization occurs among
many of the genera, indicates that the tribe represents a
genetic category called comparium (Clausen et al. 1945;
Stebbins 1950). Comparium, which is characteristic of
young groups, includes all the genera between which
hybridization is possible, either directly or through inter-
mediates (Clausen et al. 1945). The exchange genes between
a number of taxonomic Triticeae genera makes difficult the
traditional taxonomic classification.
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Table 2.4 Species of the Triticeae, their synonyms, genome symbol, and 1C nuclear DNA content

Genus

Elymus

Elymus

Species

Reflexiaristatus (Nevski)
Melderis ssp. strigosus (M.
Bieb.) Melderis

reflexiaristatus (Nevski)
Melderis subsp.
reflexiaristatus

libanoticus (Hackel)
Melderis

spicatus (Pursh) Gould

stipifollus (Czern. ex
Nevski) Melderis

tauri (Boiss. & Bal.)
Melderis

panormiitanus (Parl.)
Tzvelev

deweyi

abolinii (Drobow) Tzvelev

ciliaris (Trin) Tzvelev

caucasicus (K. Koch)
Tzvelev

canadensis L.

caninus (L.) L..

glaucus Buckl.

lanceolatus (Scribn & J.G.
Sm.) Gould

mutabilis (Drobov) Tzvelev
sibiricus L.

trachycaulus (Link) Gould
ex Shinners

dahuricus Turcz. Ex Griseb.

drobovii

alatavicus (Drobow) A.
Love

batalinii (Krasn.) A. Love

thoroldianus (Oliv.) Singh

transhyrcanus (Nevski)
Tzvelev

scabrous (R. Br.) A. Love

2 Taxonomy and Evolution of the Tribe Triticeae Dumort

Synonym

Elymus strigosus Rydb.; Pseudoroegneria strigosa
(M. Bieb.) A. Love; Elytrigia strigosa (M. Bieb.)
Nevski; Agropyron strigosum (M. Bieb.) Boiss.

Agropyron reflexiaristatum Nevski; Agropyron
strigosum subsp. reflexiaristatum (Nevski) Tzvelev;
Elytrigia strigosa subsp. reflexiaristata (Nevski)
Tzvelev

Agropyron libanoticum Hack ex Kneuck;
Pseudoroegneria libanotica (hack.) D.R. Dewey

Agropyron spicatum Pursh; Pseudoroegneria spicata
(Pursh) A. Love; Elytrigia spicata (Pursh) D.R. Dewey

Pseudoroegneria stipifolia (Czern. ex Nevski) A. Love

Pseudoroegneria tauri (Boiss, & Bal.) A. Love;
Agropyron tauri Boiss & Bal.; Elytrigia pertenius
(C. A. Mey.) Nevski; Elymus pertenuis Assadi

Agropyron panormitanum Parl.

Pseudoroegneria deweyi K.B. Jensen, S. L. Hatch &
Wipft; Elytrigia deweyi (K. Jensen & al.) Valdés & H.
Scholz

Roegneria abolini (Drobow) Nevski
Agropyron ciliare (Trin) Franch; Roegneria ciliaris
(Trin) Nevski

Roegneria caucasica K. Kock

Elymus philadelphicus L.; Elymus brachystachys
Scribn. & Ball.

Agropyron caninum (1.) Beauv.; Roegneria canina (l.)
Nevski; Roegneria behmii Melderis

Elymus mackenzie Bush; Elymus parishii Burt Davy &
Merr.; Elymus virescens Piper

Agropyron dasystachyum (HOOK.) Vasey; Elytrigia
dasystachya (Hook.) A. & D. Love

Agropyron mutabile Drobov;
Roegneria mutabilis (Drobov) Hyl.

Clinelymus sibiricus (L.) Nevski

Roegneria pauciflora (Schweinitz) Hyl.

Clinelymus dahuricus (Turcz. Ex Griseb.) Nevski

Roegneria drobovi (Nevski) Nevski; Agropyron
drobovii Nevski

Agropyron alatavicum Drobow; Elytrigia alatavica
(Drobow) Nevski; Kengyilia alatavica (Drobow)

J. L. Yang, C. Yen & B. R. Baum; Kengyilia
longiglumis (Keng) S. L. Chen; Roegneria longiglumis
Keng & S. L. Chen

Triticum batalinii Krasn.; Agropyron batalinii (krasn.)
Roshevitz ex Fedtsch.; Elytrigia batalinii (Krasn.)
Nevski; Kengyilia batalinii (Krasn.) S. L. Chen

Kengyilia thoroldiana (Oliv.) S. L. Chen; Agropyron
thoroldianum Oliv.; Roegneria thoroldiana (Oliv.)
Keng

Roegneria transhyrcana Nevski; Agropyron
lepyourum (Nevski) Grossh.

Agropyron scabrum (R. Br.) Beauv.; Anthosachne
australica C. Yen & J. L. Yang; Anthosachne scabra
(R. Br.) Nevski

Genome®
StSt

StSt

StSt

StSt

StSt

StStPP

StStPP

StStPP

StStYY

StStYY

StStYY

StStHH

StStHH

StStHH

StStHH

StStHH

StStHH
StStHH

StStHHY'Y
StStHHY'Y

StStPPYY

StStPPYY

StStPPYY

StStStStY'Y

StStWWYY

1C DNA (pg)°
4.9° 4.9¢

4.0% 4.0
47¢, 474

4.0% 4.0

9.3°

8.7¢, 9.3¢
8.7°, 8.7¢

10.85,10.5¢
9.6, 8.5¢
9.3, 8.6°
8.4°, 8.3¢
8.7¢, 8.7

8.3%, 8.3¢
9.6%, 9.6¢

13.25, 13.24

15.15, 15.2¢

(continued)
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Table 2.4 (continued)

Genus

Elymus

Elymus

Elymus

Species

repens (L,) Gould

smithii (Rydb.) Gould

pungens (Pers.) Melderis

elongatus (Host) Runemark
ssp. elongatus

elongatus (Host) Runemark
ssp. flaccidifolius (Boiss. &
Heldr.) Runemark

elongatus (Host) Runemark
subsp. turcicus (P.E.
McGuire) Melderis

elongatus (Host) Runemark
ssp. ponticus (Podp)
Melderis

nodosus (Nevski) Melderis
ssp. caespitosus (K. Koch)
Melderis

nodosus (Nevski) Melderis
ssp. nodosus

bungeanus (Trin.) Melderis

hispidus (Opiz) Melderis

farctus (viv.) Runemark ex
Melderis ssp. bessaribicus
(Savul. & Rayss) Melderis

curvifolius (Lange) Melderis

farctus

ssp. boreali-atlanticus
(Simonet & Guinochet)
Melderis

farctus subsp. rechingeri
(Runemark) Melderis

farctus var. sartorii
(Boiss. & Heldr.) Melderis

Synonym

Agropyron repens (L.) Beauv.
Elytrigia repens (L.) Desv. Ex Nevski

Pascopyrum smithii (Rydb.) Barkworth & D.
R. Dewey; Agropyron smithii Rydb.: Elytrigia smithii
(Rydb.) A. Love

Psammopyrum pungens (Pers.) A. Love; Triticum
pungens Pers.; Agropyron pungens (Pers.) Roem. &
Schultes;

Agropyron elongatum (Host) Beauv.;
Lophopyrum elongatum (Host) A. Love; Thinopyrum
elongatum (Host) D.R. Dewey

Agropyron scirpeum C. Presl; Agropyron scirpeum var.
flaccidifolium Boiss. & Heldr.; Agropyron elongatum
var. flaccidifolium (Boiss. & Heldr.) Boiss. & H eldr.;
Agropyron flaccidifolium (Boiss. & Heldr.) Candargy;
Agropyron elongatum Host ssp. scirpeum (C. Presl.)
Ciferri & Giacom.; Elymus elongatus ssp. flaccidifolius
(Boiss. & Heldr.) Runemark; Elytrigia scirpea (C.
Presl) Holub; Lophopyrum scirpeum (C. Presl) A.
Love; Thinopyrum scirpeum (C. Presl) D. R. Dewey

Elytrigia turcica P. E. Maguire; Elytrigia elongata
subsp. turcica (P. E. McGuire) Valdés & H. Scholz;
Elytrigia pontica subsp. turcica (P. E. McGuire) Jarvie
& Barkworth; Lophopyrum turcicum (P. E. McGuire)
McGuire ex Love; Thinopyrum turcicum

(P. E. McGuire) Cabi & Dogan

Triticum ponticum Podp; Thinopyrum ponticum
(Podp.) Barkworth & D. R. Dewey

Lophopyrum caespitosum (K. Koch) A. Love;
Agropyron caespitosum K. Koch; Thinopyrum
caespitosum; Elytrigia caespitosa (K. Koch) Nevski

Lophopyrum nodosum (Nevki) A. Love;
Agropyron nodosum Nevski; Thinopyrum nodosum

Pseudoroegneria geniculata (Trin.) A. Love;
Agropyron geniculatum Trin. Ex Ledeb.; Agropyron
scythicum Nevski; Elytrigia geniculata (Trin.) Nevski;
Triticum geniculatum Trin.

Trichopyrum intermedium A. Love; Triticum
intermedium Host; Agropyron intermedim (Host)
Beauv.; Elytrigia intermedia (host) Nevski;
Thinopyrum intermedium (Host) Barkworth & D.R.
dewey; Elymus intermedius (Host) Beauv; Agropyron
trichophorum (Link) Richt; Triticum trichophorum
Link

Agropyron bessarabicum Savul. & Rayss; Elytrigia
Juncea ssp. bessarabicum (Savul. & Rayss) Tzvelev]

Lophopyrum curvifolium (Lange) A. Love; Agropyron
curvifolium Lange; Elytrigia curvifolia (Lange) Holub;
Thinopurum curvifolium (Lange) D. R. Dewey

Agropyron junceum ssp. boreali-atlanticum Simonet &
Guinochet; A. junceiforme (A. & D. Love) A. & D.
Love; Elytrigia juncea ssp. boreoatlantica Hyl.]

Agropyron rechingeri Runemark; Elymus rechingeri
Runemark in Runemark & Heneen

Thinipyrum sartorii (Boiss. & Heldr.) A. Love;
Agropyron junceum ssp. sartorii (Boiss. & Heldr.)
Maire; Agropyron sartorii (Boiss. & Heldr.) Grecescu;
Elytrigia sartorii (Boiss. & Heldr.) Holub.; Triticum
sartorii (Boiss. & Heldr.) Boiss. & Heldr.

Genome®
StStStStHH

StStHHNsNsXmXm

EEStStStStPP

EeEe

EelEelEe2Ee2

EeEeEbEbStStStSt

EeEeEbEbEXExStStStSt

EeEeStSt

EeEeStSt

EeEeStSt

EeEeEeEeStSt

EbEb

Ebl1Eb1Eb2Eb2

EbEbEeEe

Eb1Eb1Eb2Eb2

EbEbEeEe

1C DNA (pg)°
13.0°

17.75,17.7¢

565, 6.19, 5.8

10.4°

22.6° 22.6¢

9.9

12.9¢

7.4°, 7.44

11.8°% 13.04

(continued)
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Table 2.4 (continued)

Genus

Elymus

Leymus

Psathyrostachys

Sitanion

Hystrix

Hordelymus

Hordeum

Species

farctus ssp. farctus (L.) A.
Love;

distichus (Thunb.) Melderis
serpentinus (?7)

sanctus (?)

athericus (link) Kerguélen

akmolinensis Drobow

chinensis (Trin.) Tzvelev

flavens (Scribn. & J. G. Sm.)
Pilg.

racemosus (Lam.) Tzvelev

ramosus (Trin.) Tzvelev
secalinus (Georgi) Tzvelev

triticoides (Buckley) Pilg.

fragilis (Boiss.) Nevski

Jjuncea (Fischer) Nevski
stoloniformis C. Baden
hystrix (Nutt.) J.G. Smith

californica (Bol. ex Thurb.)
Kuntze

patula Moench

Jjaponica (Hack.) Ohwi

longearistata (Hack.) Honda

e uropaeus (L.) Harz

vulgare L.

spontaneum C.Koch

bulbosum L.

2 Taxonomy and Evolution of the Tribe Triticeae Dumort

Synonym

Agropyron junceum (L.) Beauv.; Thinopyrum junceum
(L.) A. Love; Elytrigia juncea (L.) Nevski

Thinopyrum distichum (Thunb.) A. Love; Agropyron
distichum (Th}lnb.) Beauv.; Elytrigia disticha (Thunb.)
Prokudin ex A. Love; Triticum distichum Thunb.

Festucopsis serpentini (C.E. Hubb.) Melderis;
Brachypodium serpentini C.F. Hubb.

Peridictyon sanctum (Janka) Seberg, Fred. & Baden;
Festucopsis sanctum (Janka) Melderis; Brachypodium
sanctum (Janka) Janka, Festuca sancta Janka

Psammopyrum athericum (Link) A. Love; Elytrigia
atherica (Link) Kerguélen ex Carreras Martnez;
Triticum athericum Link; Agropyron athericum (Link)
Samp.;

Elymus akmolinensis Drobow; Elymus dasystachys
Glaber Korsh.; Aneurolepidium akmolinensis
(Drobow) Nevski; Leymus paboanus Tzvelev

Elymus chinensis (trin.) Keng; Agropyron chinensis
(Trin.) Ohwi; Aneurolepidium chinensis (Trin.) Kitg.

Elymus arenicola Scrib. & J. G. Sm.; Elymus
flavescens Scribn. & J. G. Sm;. Leymus arenicola
(Scribn. & J. G. Sm.) Pilg.

Elymus racemosus Lam.; Elymus sabulosus (M. Bieb.)
Tzvelev: Leymus sabulosus (M. Bieb.) Tzvelev.;
Elymus giganteus Vahl

Elymus ramosus (Trin.) Filatova; Elymus trini
Melderis; Agropyron ramosum (Trin.) K. Richt
Elymus secalinus (Georgi) Bobrov; Elymus
dasystachys Trin.; Triticum secalinum Georgi

Elymus triticoides Buckley; Elymus orcuttianus Vasey;
Elymus condensatus J. Presl. Var. triticoides (Buckley)
Thurb.

Hordeum fragile Boiss.; Elymus fragilis (Boiss.)
Griseb.

Elymus junceus Fischer

Elymus elymoides (Raf.) Swezey; Sitanion elymoides
Raf;

Lemus californicus (Bol. ex Thurb.) Barkworth;
Asperella californica (Bol. ex Thurb.) Beal

Elymus hystrix L.

Asperella japonicas Hack.; Elymus japonicas (Hack.)
A. Love; Hystrix hackelii Honda; Hystrix duthiei
subsp. japonica (Hack.) C. Baden, Fred. & Seberg

Asperella longearistata (Hack.) Ohwi; Asperlla
sibirica var. longearistata Hack.; Elymus asiaticus
ssp. longearistatus (Hack.) A. Love

Elymus europaeus L.; Hordeum europaeum (L.) AlL;
Hordeum sylvaticum Huds.; Cuviera europaea (L.)
Koeler

Hordeum zeocriton L.; Critesion vulgare Raf.;
Hordeum vulgare ssp. agriocrithon A. E. Aberg;
Hordeum distichon L.

Hordeum ithaburense Boiss.; Hordeum vulgare ssp.
spontaeum K. Koch

Critesion bulbosum (L.) A. Love

Genome®
Ebl1Ebl1Eb2Eb2EecEe

EbEbEeEe
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1C DNA (pg)°
16.3°, 16.4¢

11.3% 11.3¢

9.8°

12.2¢, 12.2¢

11.4% 10.6"

10.15,10.2¢
10.8°, 10.7¢

11.2,, 11.2¢
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7.8, 7.84
8.9°, 8.9¢
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5.5 5.5°

5.5% 4.6 4.6°
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2.2 Triticeae Taxonomy

Table 2.4 (continued)

Genus

Hordeum

Agropyron

Agropyron

Species

bulbosum L.

chilense Roem et Schult.
geniculatum All.
geniculatum All.
glaucum Steud.

Jjubatum L.

leporinum Link
leporinum Link

marinum Hudson

glaucum Steud.

murinum L.

pusillum Nutt.
roshevitsii Bowden

secalinum Schreber

violaceum Boiss. & Hohen.

bogdani Wilensky

brachyantherum Nevski

californicum Covas &
Stebbins

comosum J. Presl

Sfexuosum Nees ex Steud.

aplophilum Griseb.

stenostachys Godr.

cristatum (L.) Gaertn.

mongolicum Keng
desertorum (Fisch. ex Link)
Schult.

fragile (Roth) P. Candargy

pectinatum (Labill) Beauv.

Synonym
Critesion bulbosum (1) A. Love

Critesion chilense (Roem et Schult.) A. Love

Critesion adscendens (Kunth) A. Love; Critesion
Jjubatum (L.) Nevski; Elymus jubatus link; Hordeum
adscendens Kunth

Hordeum murinum ssp. leporinum (Link) Arcangeil
Hordeum murinum ssp. leporinum (Link) Arcangeil

Critesion marinum (Huds.) A. Love; Hordeum
gussoneanum Parl.; Hordeum maritimum With.

Critesion murinum (L.) A. Love

Critesion pusillum (Nutt.) A. Love

Zeocriton secalinum V(Schreb.) Beauv.; Critesion
secalinum (Schreb) A. Love

Critesion violaceum (Boiss. & Hohen.) A. Love;
Hordeum brevisubulatum (Trin.) Link ssp. violaceum
(Boiss. & Hohen.) Tzvelev

Critesion bogdani (Will.) A. Love

Critesion brachyantherum (Nevski) Barkworth & D.
R. Dewey; Critesion brachyantherum (Nevski) Weber;
Hordeum jubatum ssp. brachyantherum (Nevski)
Bondar

Hordeum bracyantherum Nevski ssp. californicum
(Covas & Stebbins) von Bothmer et al.; Critesion
californicum (Covas & Stebbins) A. Love

Hordeum andinum Trin.; Hordeum divergens Nees &
Meyen ex Nicota; Critesion comosum (J. Presl) A.
Love

Critesion flexuosum (Nees ex Steud.) A. Love

Critesion aplophilum (Griseb.) Barkworth & D.
R. Dewey

Critesion stenostachys (Godr.) A. Love
Eremopyrum cristatum (L.) Willk.

Agropyron cristatum ssp. desertorum (Fisch. ex Link)
A. Love; Agropyron cristatum var. desertorum (Fisch.
ex Link) Dorn

Australopyrum pectinum (Labill.) A. Love; Agropyron
bowne (Kunth) Tzvelev

Genome®
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555, 5.2°
10.3¢
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11.2¢
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5.0%, 4.7¢
4.8 4.8
47¢, 4.8¢
4.6° 4.6
4.4° 444
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5.0%, 5.0¢
715, 7.19,
13.5
21.7°
7.8°
13.2¢
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Table 2.4 (continued)

Genus

Eremopyrum

Dasypyrum

Secale

Heteranthelium

Triticum

Amblyopyrum

Aegilops

Species

triticeum (Gaertn.) Nevski

bonaepartis (Spreng.)
Nevski

bonaepartis
distans (K. Koch) Nevski
orientale (L.) Jaub. & Spach

villosum (L.) Coss. & Durieu
ex P. Candargy

breviaristatum (H. Lindb.)
Fred.

breviaristatum (H. Lindb.)
Fred.

strictum (C. Presl.) C. Presl.
SSp. strictum

strictum (C. Presl.) C. Presl.
ssp. africanum (stapf) K.
Hammer

Sylvestre Host

Cereale L. ssp. cereale

Cereale L. ssp. ancestrale
Zhuk.

piliferum (Banks & Sol.)
Hochst

monococcum L.

urartu Tumanian ex
Gandilyan

turgidum L.
timopheevii (Zhuk.) Zhuk.

aestivum L.

zhukovskyi Menabde &
Ericz.

muticum (Boiss.) Eig

speltoides Tausch

bicornis (Forssk.) Jaub. &
Spach

longissima Schweinf. &
Muschl.

sharonensis Eig

searsii Feldman & Kislev ex
Hammer

tauschii Coss.

2 Taxonomy and Evolution of the Tribe Triticeae Dumort

Synonym

Agropyron triticeum Gaertn.; Agropyron
prostractum (L. f.) Beauv.

Haynaldia villosa (L.) Schur; Secale villosum L.

Haynaldia breviaristata H. Lindb.; Dasypyrum
hordeaceum (H. Lindb.) Maire &Weiller

S. montanum Guss.

S. montanum africanum

S. fragile M. Bieb.; S. campestre Kit.; S. glaucum
d’Urv.

S. cereale ssp. indo-europaeum Antropov &
Antropova in Roshev; S. trijlorum P. Beauv.;

S. ancestrale (Zhuk.) Zhuk.:

Elymus pilifer Banks & Sol.; Agropyron piliferum
(Hochst) Benth. Ex Aitcl

Crithodium aegilopoides Link; T. aegilopoides (Link)
Balansa; T. boeoticum Boiss.; T. thaoudar Reut.;

T. spontaneum Flaksb.; Crithodium monococcum (L.)
A. Love

T. dicoccoides (Kom. ex Asch. & Graebn.) Schweinf.
ssp. armeniacum Jakubz.; T. armeniacum (Jakubz.)
Makush.T. araraticum Jakubz.; T. turgidum L.

ssp. armeniacum (Jakubz.) A. Love; Gigachilon
timopheevii (Zhuk.) A. Love

T. vulgare L.

Aegilops mutica Boiss.; Triticum muticum (Boiss.)
Hack.; Aegilops tripsacoides Jaub. & Spach.; T.
tripsacoides Bowden;

Ae. aucheri Boiss; Ae. ligustica (Savign.) Coss.; T.
s,peltoides (Tausch) Gren; Sitopsis speltoides (Tausch)
A. Love

T. bicorne Forssk.; Sitopsis bicornis (Forssk.) A. Love

T. longissimum (Schweinf. & Muschl.) Bow;ien;
Sitopsis longissima (Schweinf. & Muschl.) A. Love

T. sharonense (Eig) Feldman & Sears; Sitopsis
sharonensis (Eig) A. Love

T. searsii (Feldman & Kislev) Feldman & Kislev;]
Sitopsis searsii (Feldman & Kislev ex Hammer) A.
Love

Ae. squarrosa L.; T. tauschii (Coss.) Schmahlh.; T.
aegilops Beauv. ex Roem. & Schult.; Patropyrum
tauschii (Coss.) A. Love

Genome®
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Table 2.4 (continued)

Genus

Aegilops

Aegilops

Henrardia

Taeniatherum

Crithopsis

Species

caudata L.

comosa Sm. In Sibth. & Sm.

uniaristata Vis.

umbellulata Zhuk.

peregrina (Hack.
In J. Fraser) Maire & Weiller

kotschyi Boiss.
triuncialis L.

geniculata Roth
biuncialis Vis.
columnaris Zhuk.
neglecta Reg. ex Bertol.
recta (Zhuk.) Chennav.
cylindrical Host
Ventricosa Tausch
crassa Boiss.

crassa Boiss.

Jjuvenalis (Thell.) Eig

vavilovii (Zhuk.) Chennav.

persica (Boiss.) C. E. Hubb.

pubescens (Bertol.) C.
E. Hubb.

caput-medusae (L.) Nevski

delileana (Schult. & Schult.
F.) Roshev.

Synonym

Triticum caudatum (L.) Godr. & Gren.; Triticum
dichasians Bowden; Ae. dichasians (Bowden)
Humphries; Ae. markgrafii (Greuter) Hammer;
Orrhopygium caudatum (L.) A. Love

T. comosum (Sm. In Sibth. & Sm.) K.Richt.;
Comopyrum comosum (Sm. In Sibth. & Sm.) A. Love

T. uniaristatum (Vis.) K. Richt.; Chennapyrum
uniaristatum (Vis.) A. Love

T. umbellulatum (Zhuk.) Bowden; Kiharapyrum
umbellulatum (Zhuk.) A. Love

Ae. variabilis Eig; T. variabilis; T. preginum Hack.
In J. Fraser; Aegilemma peregrina (Hack. In J. Fraser)
A. Love

T. kotschyi (Boiss.) Bowden; Aegilemma kotschyi
(Boiss.) A. Love

T. triunciale (L.) Rasp.; Aegilopodes triuncialis (L.) A.
Love

Ae. ovata L.; T. ovatum (L.) Gren. & Godr.

Ae. lorentii Hochst.; Ae. macrochaeta Shuttlew & A.
Huet ex Duval-Jouve; T. macrochaetum (Shuttlew &
A. Huet ex Duval-Jouve) K. Richt.

Triticum columnare (Zhuk.) Morris & Sears

Ae. triaristata Willd.; T. negletum (Reg. ex Bertol.)
Greuter; T. triaristatum (Willd.) Godr. & Gren.

Ae. triaristata ssp. recta Zhuk.; T. rectum (Zhuk.)
Bowden

T. cylindricum (Host) Ces. Pass & Gibelli;
Cylindropyrum cylindricum (Host) A. Love

T. ventricosum (Tausch) Ces. Pass & Gibelli,
Gastropyrum ventricosum (Tausch) A. Love

T. crassum (Boiss.) Aitch. & Hemsl.; Gastropyrum
crissum (BOiss.) A. Love

T. crassum (6x); Gastropyrum crassum

T. juvenale Thell.; Aegilonearum juvenile (Thell.) A.
Love

Ae. crassa Boiss.; Ae. crassa Boiss. Var. palaestina
Eig; T. syriacum Bowden; Gastropyrum vavilovii
(Zhuk.) A. Love

Taeniatherum crinitum (Schreb.) Nevski

Elymus delileanus Schult

Genome®
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12.3% 12.6°
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21.6% 16.2°
9.59¢

9.6° 10.6°
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18.8°
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# Genome symbols after Wang et al. (1995), Wang and Lu (2014), Symbols of Hordeum after Blattner (2018), Symbols of Eremopyrum modified from
Sakamoto (1991), Symbols of Dasypyrum after Ohta and Morishita (2001), Symbols of Aegilops after Dvorak (1998), Unknown or unverified genomes are
designated with the letter X followed by a lowercase letter for the species; Modified versions of a basic genome are designated by superscripts in small letters
indicative of the species carrying such modified genomes. The genomes of the diploid or the tetraploid parents that donated the cytoplasm to the polyploid
species of Triticum and Aegilops, according to Kimber and Tsunewaki (1988), are on the left side of the genome symbols. The genome symbol of Elymus
elongatus ssp. ponticus is after Li and Zhang (2002) and Liu et al. (2007)
" 1C-value in picograms
¢ The Angiosperm C-value database (http://www.rbgkew.org.uk/cval/) at Kew Botanic Gardens
9 Vogel et al. (1999)

¢ Eilam et al. (2007, 2008, 2009)
f Yousofi and Aryavand (2004)
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2 Taxonomy and Evolution of the Tribe Triticeae Dumort

Table 2.5 Geological epochs in the Cenozoic era (65 million years ago to the present) and major climatic, ecological and Triticeae evolutionary

events

Period Epoch

Quaternary | Holocene
Pleistocene

Tertiary Pliocene
Miocene
Oligocene
Eocene

Million
years ago

0.01—present

1.8-0.01

53-1.8

23.8-5.3

33.7-23.8

54.8-33.7

Major climate & ecological events

Warmer climates; conversion of many grasslands
and forests into cultivated areas; increase in
human population

Global cooling; four major ice ages; most
temperate zones were covered by glaciers during
the cool periods and uncovered during the
warmer interglacial periods

Cooler and drier global climates; accumulation of
ice at the poles; development seasonal climate
(cold and humid winters and hot and dry
summers) in the east Mediterranean and
south-west Asia; development of today’s
landscapes; further spread of grasslands
Warmer global climates; disappearance of the
Tethys Sea and the climate cooled off towards the
end; diversification of temperate ecosystems and
new ecological niches opened; expansion of
grasslands;

Cold and dry climates; transformation of
vegetation to something similar to that of today

Warm and humid climates, became cooler
towards the end; forests got smaller while
grasslands and savannas increased

Table 2.6 Time of beginning divergence of the Triticineae lineages in million years ago

Lineages

Barley and rye-wheat

Wheat and rye

Wheat and Aegilops

Several classifications, attempting to reflect the evolu-
tionary history of the tribe, have been proposed for the
various taxa of the Triticeae over the past 100 years

Beginning divergence time

14.0-10.0
15.0-11.0
11.6

11.0

10.6

10.1
8.90-8.13
7.0
4.0-3.7
6.5

2.7 (4.1-3.4)
4525
2.9-2.1

Method of study
Sequencing of

chloroplast genome —

— BAC libraries

nuclear genes —
two nuclear genes —
chloroplast genome —
four nuclear genes —
chloroplast genome —
275 nuclear genes —
chloroplast genome —
three chloroplast genes —
four nuclear genes —
two nuclear genes —

chloroplast genome —

Events in the evolution of the Triticeae

Domestication of wheat, barley and rye;
formation of hexaploid (bread) wheat and
domesticated forms of tetraploid wheat

Formation of the allotetraploid species of
Triticum and the allotetraploid and
allohexaploid species of Aegilops

Evolvement of the diploid species of
Aegilops and Triticum

Diversification of grasses; divergence of
the Triticineae (wheat lineage) from the
Hordeineae (barley lineage)

Appearance of early Triticeae

Further development of grasses
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(reviewed by Barkworth 1992). Since the great diversity
between the various taxa of the Triticeae lies in the structure
of the inflorescence, including the glumes and the lemmas
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which envelope the flower and seed (Stebbins 1950), many
classifications have been based on morphological traits,
particularly of the spike. Although morphological similari-
ties may indicate a close phylogenetic relationship, closely
related species can also display morphologically difference
when grown in different environments (Yen et al. 2005).
Thus, a taxonomic approach solely relying on morphological
analysis will inevitably include misclassifications. Indeed,
classifications on a morphological basis have always been a
subject of taxonomic disagreements, as is obvious from
several recent discussions (Tzvelev 1976; Melderis et al.
1980; Dewey 1982, 1984; Love 1982, 1984; Gupta and
Baum 1986, 1989; Baum et al. 1987; Barkworth 1992).
Significant disagreement exists between classical tax-
onomists and those suggesting a new pattern of classification
founded on cytogenetic relationships between genera rather
than on morphological features.

Because of their economic importance, various taxa of the
Triticeae have been recurrently used for basic and applied
studies, where intensive cytogenetic studies (reviewed in
Love 1982, 1984; Dewey 1982, 1984; summarized in Wang
et al. 1995) have uncovered the wide variety in the generic
makeup of the Triticeae. Krause (1898) combined Elymus,
Hordeum, Agropyron, Secale, and Triticum to form a new
genus, Frumentum Krause. Since there are essentially weak
genetic barriers between the Triticeae genera, Stebbins
(1956) recommended merging all these genera into one
genus. However, this suggestion has been rejected by
Runemark and Heneen (1968) and Mac Key (1966, 1981) as
being artificial, single-character subdivision of the tribe and
as such creates more problems than it solves.

The taxonomic philosophy advocating classification that
reflects phylogeny and biological relationship (Love 1982,
1984), and classifications that are based on the assumption
that a genus is a group of species with a common genome,
led to the rise of genomically-based genera (Love 1982,
1984). According to this concept, taxa bearing similar gen-
omes are treated as congeneric (Dewey 1984). The similarity
between genomes is determined by genome analysis, where
complete chromosomal pairing at the first meiotic metaphase
in the F; hybrid of two taxa indicates similarity between
their genomes. The genome classification of Love (1982,
1984) assumes that (1) a genome type equals a genus, and
(2) a genome type should be the single most important
determiner for the designation of terminal taxa in any
forthcoming phylogenetic analysis. Accordingly, the classi-
fication of most genera was drastically reorganized (Love
1982, 1984; Dewey 1984; Wang et al. 1995), dividing the
tribe into 38 different mono-generic genera. For instance,
Triticum species with the A genome constitute the genus
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Crithodium; Triticum and Aegilops species with the B gen-
ome constitutes Sitopsis; the D genome constitutes Pat-
ropyrum; the AB genome complex constitutes Gigachilon;
and the ABD genome complex constitutes Triticum (Love
1984). For Aegilops this has led to its split-up into 12 genera
(without Amblyopyrum). Some of these ‘split genera’ are
mono-genomic, can therefore considered truly monophyletic
and should consequently appear as terminal taxa in a
cladistics analysis. This is the case for Amblyopyrum and the
diploid Aegilops ‘genera’, which appear as terminal clades in
a parsimonious tree of the mono-genomic groups in the
Triticeae (Kellogg 1989). The genome-based classification
was principally accepted by Dewey (1984) for perennial
Triticeae, and is being followed by others (Anonymous
1986).

The genomic classification was criticized by Baum et al.
(1987) who presented a number of arguments against the
formation of genomic genera. Although the genome may
be more important than certain other trivial plant traits,
Baum et al. (1987) opined that classification should be
based on a profile of as many characteristics as possible,
rather than on a single feature. They claimed that the
genomic classification system gives rise to far too many
monotypic genera and that genomic genera are not recog-
nizable morphological units. Moreover, Baum et al. (1987)
argue that the genomic system is unstable, necessitating
changes with every new genome combination recognized;
and that genomes are not good characters anyway. The
genome classification, though attractive in theory, is
sometimes difficult to translate into practical morphological
diagnoses, i.e., there is incongruence between the genomic
and morphological data.

The complexities of genome-based classifications are
clearly evident upon phylogenetic study of the wheat
group. The diploid donors of two out of the three sub-
genomes of hexaploid wheat, A and D, were identified on
the basis of genome analysis and morphological character-
istics [Kihara (1944) and McFadden and Sears (1944, 1946)
identified the D genome donor; Dvorak (1976) and Chap-
man et al. (1976) identified the A genome donor]. Extensive
work has shown that the phylogenetic relationships of the
third subgenome of hexaploid wheat, the B subgenome,
could not be ascertained on the basis of genome analysis
(Riley 1965; Feldman et al. 1995). More recently, even for
the A subgenome, it has been shown that chromosome 4 of
diploid wheat is absent in hexaploid wheat (Wazuddin and
Driscoll 1986). Baum et al. (1987) predict that new genera
will have to be erected and species will need to be trans-
ferred from one genus to another when new genome(s) or
genome combination(s) are discovered. These authors
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provide several examples: For Pseudoroegneria tauri
(Boiss. & Bal.) A. Love [currently Elymus tauri (Boiss. &
Bal.) Melderis], a completely new genome combination
(PPStSt) has been discovered, necessitating the erection of a
new genus (Wang et al. 1986). Genome constitution of
Pseudoroegneria spicata A. Love [currently Elymus spica-
tus (Pursh) Gould] has been shown to be StStHH, on the
basis of karyotype, instead of StStStSt, which required the
transfer of this species to the genus Elymus (Wang 1985a).
Another case relates to Thinopyrum bessarabicum (Savul. &
Rayss) A. Love [currently Elymus farctus (Viv.) Runemark
ex Melderis] and Lophopyrum (Host) A. Love] [currently
Elymus elongatus (Host) Runemark] with the J and E gen-
omes, respectively, which have been shown to be closely
related. These findings suggest that either genome J should
be designated as Eb (Dvorak 1981a, b; McGuire 1984) or E
as Je (Wang 1985b). Later, these two closely related gen-
omes were designated Eb and Ee, respectively (Wang et al.
1995). On this basis, it was recommended that Lophopyrum
elongatum be transferred to the genus Thinopyrum (Wang
1985b). Several other genera erected by Love (1984), based
on the assumption that they are autopolyploids, were found
to be allopolyploids and, as such, will require new generic
names. Many of these classification transfers result in tax-
onomic realignments of already well-defined and
well-marked taxa. In view of the above, Baum et al. (1987)
believe that phylogenetic relationships based on the genome
alone are nonoperational due to instability of the genomic
system; every newly characterized genome combination
necessitates classification changes. They concur with Kim-
ber’s (1984) suggestion that the sum of morphological
characteristics of diploid taxa might also be a good indicator
of evolutionary relationships and can be used to supplement
the cytogenetic data.

Moreover, since evolution in the Triticeae is highly
reticulated, cladistics algorithms (Baum 1982, 1983), only
relevant when analyzing groups where reticulation has not
occurred, is not suitable for the Triticeae. While Jauhar and
Crane (1989) believed that a multidisciplinary approach to
taxonomic classification is certainly advisable, such an
approach still considers genome analysis the most useful in
revealing phyletic relatedness and deserving of consideration
for biosystematic delimitation of taxa. The genome analysis
approach is generally a good measure of homology in spite
of the following limitations: intimate chromosome pairing as
seen at the first meiotic metaphase of F; hybrids may not
represent identity of nucleotide sequence at every locus.
Second, the amount of pairing in hybrids may be influenced
by genotypes of the parents. Third, genome analysis is
possible only if two taxa can be hybridized and viable

2 Taxonomy and Evolution of the Tribe Triticeae Dumort

hybrids obtained; genome analysis is more useful at the
species level, but its usefulness decreases in broader hybrids.
Chromosome pairing in diploid hybrids does not reliably
indicate chromosome relationships (Jauhar 1975; Kimber
and Feldman 1987), because chromosomes have an inherent
tendency to pair even with less related chromosomes when
their own homologous partners are not available. The precise
nature of specificity of pairing is not yet fully understood,
however. Other techniques of genome analysis, such as
karyotype analysis based on chromosome measurements,
chromosome banding patterns, in situ hybridization with
specific probes, and restriction enzyme analysis of the
chloroplast, mitochondrial, or whole nuclear genome, have
also been successfully employed. Each of these techniques
brings certain inherent advantages and disadvantages.
Whole-genome sequencing of related taxa may generate the
ultimate information for assessing phylogenetic relatedness.
However, it will not be sufficient to define speciation events
that prevent cross-fertilization or affect hybrid viability and
fertility. A combination of criteria will be needed to reach a
coherent classification of genera and species.

Further arguments against genomic genera include the
difficulty to reach agreement regarding the definition of
genomic similarity. Alonso and Kimber (1981) claimed that
the ability of chromosomes to pair roughly estimates sim-
ilarity of total DNA. Chromosome pairing as an indicator
of phylogenetic relationships has been discussed in general
terms by Jackson (1982, 1984, 1985). He pointed out that
classical genome analysis can misinterpret phylogenetic
relationships in a multiple allelic system of pairing control
mutations. Moreover, while pairing between chromosomes
may indicate similarity, failure of pairing does not neces-
sarily indicate dissimilarity, since individual genes or
groups of genes may suppress pairing between very closely
related genomes (Okamoto 1957; Riley and Chapman
1958; Sears 1976; Jackson 1982). Pairing may also fail
between homologous chromosomes due to desynaptic
genes (for a review see Kaul and Murthy 1985) or
B-chromosomes (Mochizuki 1964; Dover and Riley 1972a;
Vardi and Dover 1972). Likewise, high pairing in hybrids
does not necessarily indicate full homology, as certain
genes promote pairing between partially homologous
chromosomes, like those existing in Amblyopyrum muticum
and Aegilops speltoides (Dover and Riley 1972b; Dvorak
1972; Chen and Dvorak 1984). Genetic induction of mei-
otic pairing in hybrids between common wheat and rye,
was also shown to be present in Secale cereale (Gupta and
Fedak 1986). Furthermore, the genomic classification of
genera (Dewey 1984) assumes that events leading to the
origin of species are different from those that lead to the
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origin of genera, the former involving changes without
leading to a divergent genome, and the latter involving
addition, substitution, deletion, or complete transformation
of a genome. However, such a difference between the
origin of species and genera does not consistently exist.
Moreover, as was pointed up by Kellogg (1989), genomes
are not arbitrary divisions, and therefore, genome-based
classifications exhibit the same weakness as the biological
species classification approach.

The generic classification of the Triticeae is currently in a
state of flux, and the eye of critical disputes, whose outcomes
are difficult to predict. The genome-based classification,
although attractive in theory, is often incongruent with
morphological observations and cannot serve, by itself, a
basis for classification. Consequently, in this book, the
genera were classified according to Melderis (1978), Mel-
deris et al. (1980), Clayton and Renvoize (1986), and Ren-
voize and Clayton (1992) who based their classification on
morphological and  eco-geographical  characteristics
(Table 2.2). Likewise, the nomenclature used in this book is
as per Melderis et al. (1980); Clayton and Renvoize (1986);
Van Slageren (1994); and (Table 2.2).

There are three complexes of genera that are especially
difficult to classify: the complex Triticum-Aegilops, the
complex Elymus-Agropyron-Sitanion-Hystrix, and the com-
plex Hordeum—Hordelymus.

Triticum-Aegilops—The classification of these genera is
still under debate. Bowden (1959), Morris and Sears (1967)
and Kimber and Feldman (1987) included the two genera in
one genus. Triticum was included because tetraploid wheat
contains one subgenome that derived from an Aegilops
species and hexaploid wheat contains two such subgenomes.
This classification was criticized by Gupta and Baum (1986)
and was not accepted by most taxonomists who dealt with
this group. Taxonomists, such as Zhukovsky (1928), Eig
(1929a), Bor (1968), Melderis (1980), Hammer (1980) and
van Slageren (1994), objected to the unification of these two
genera, since the morphological separation between them is
distinct, in sharp contrast to the genetic relationships uniting
most of the genera in the tribe.

Elymus-Agropyron-Sitanion-Hystrix—Nevski (1934) Mel-
deris (1953), Bor (1968) and Sakamoto (1974) regarded these
taxa as separate genera, while Runemark and Heneen (1968)
united the four genera into one genus Elymus. In Melderis’
(1980) definition of the genus Elymus, only the genus Sitanion,
the sections Roegneria and Elytrigia from Agropyron and the
species of Clinelymus were included. While they did not
mention the genus Asperella, Runemark and Heneen (1968)
regarded this genus close to Elymus. Elymus and Leymus are
contiguous genera, whose separation has been contentious
(Clayton and Renvoize 1986). Melderis separated species from
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Elymus to Leymus and left the species of Agropyron in the genus
Agropyron. Hystrix (including Asperella) and Sitanion share a
genome with Elymus and can be considered related to the latter
(Clayton and Renvoize 1986).

The number of spikelets on each rachis node served as the
marker that distinguished between Agropyron and Elymus
(in Agropyron there is one spikelet and in Elymus there are
several), but this marker is valueless, since in several species
of Agropyron, there are pairs of spikelets in some of the
rachis nodes, while several species of Elymus sometimes
display solitary spikelets on each rachis node. In the new
classification, Melderis (1980) left only species with solitary
spikelet on each rachis node (species containing the P gen-
ome) in the genus Agropyron and transferred the remaining
species (i.e., elongatum and junceum and related species
with the Ee or Eb genomes) to Elymus.

Hordeum-Hordelymus—the classification of these genera
is less complex and based mainly on morphological traits.
Runemark and Heneen (1968) separated the two genera, as
well as Critesion from Hordeum. In contrast, Melderis
(1953, 1980) included Critesion in the genus Hordeum and
left Hordelymus as a separate genus.

The various genera of the Triticeae tribe are classified into
two sub-tribes: Hordeineae, the barley lineage, (seven gen-
era) and the Triticineae, the wheat lineage, (eleven genera)
(Table 2.1 and Fig. 2.1). The genus Brachypodium P. Beauv
diverged approximately 32-39 MYA from the pre-Triticeae
lineage (Bossolini et al. 2007; International Brachypodium
Initiative 2010). In spite of its morphological intergradation
with Elymus serpentini (Renvoize and Clayton 1992), this
genus is not included in the Triticeae (Catalan et al. 1995;
Hasterox et al. 2004). Despite the early proposal to combine
Brachypodium (e.g., Krause 1913) or Bromus (e.g., Avdulov
1931) with Triticeae, Hubbard (1948) noted the morpho-
logical similarity between all three, without actually merging
them. With regard to morphology as well as other aspects,
however, it seems best to keep the three separate (Macfar-
lane and Watson 1982). Bromus is the most obviously dis-
tinct, differing from the other two in several important traits.
Brachypodium scarcely differs from Triticeae in morphol-
ogy, with the exception of the racemose (rarely paniculate)
inflorescence.

2.3 Time of Origin of the Genera

The critical diversification of the tribe, mainly at the diploid
level, started during the Oligocene (33.7-23.8 MYA), in the
middle of the Tertiary (Fan et al. 2013; Table 2.5). During the
Oligocene geological epoch, cold and dry climate prevailed
in the temperate zone of the northern hemisphere of the old
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Fig. 2.1 Relationships of the genera of the Triticeae (modified from
Clayton and Renvoize 1986 and from Feldman and Levy 2015. Genera
with perennial species = white; genera with annual species = black;
genera with perennial and annual species = patterened. The number of
species is written below the genus name. The genera Taeniatherum and
Crithopsis that were placed in the Hordeineae for the presence of two
spikelets on each rachis node, were transferred to the Triticineae
because of molecular data showing greater similarity to Triticum than to
Hordeum. (For the divergent time of the main groups see Table 2.6)

world, triggering the transformation of vegetation to some-
thing similar to that of today. The cold climate channeled the
evolution of the tribe toward the development of genera that
are adapted to mesophyllic habitats, i.e., the early Triticeae
that grew in the temperate-arctic zones. Later on, during the
Miocene era (23.8-5.3 MYA), warmer climates prevailed,
but towards the end of this geological epoch the Tethys Sea,
that covered large area of southwest Asia, disappeared and
the east Mediterranean region rose. The climate in the east
Mediterranean and central Asia became seasonal (cold and
humid in the winter and hot and dry in the summer). This
climate change, characterized by a relatively short growth
period in the winter and long drought in the summer, led to
the development of diversified ecosystems and consequently,
the opening of new ecological niches. Such changes
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facilitated the expansion of grasslands and brought about the
development of the annual, autogamous species.

It is therefore assumed that the radiation of the Triticeae
might have been triggered by the late Miocene climate. This
is in accordance with the findings of Fan et al. (2013 and
reference therein), which demonstrated that a major radiation
of the Triticeae occurred during a relatively narrow period of
time in the late Miocene (9.2-6.1 MYA). Diversification in
the Mediterranean lineage of Triticeae not only stimulated
the formation of many new genera, but also provided the
opportunity for the production of many allopolyploids (Fan
et al. 2013).

The wheat and barley lineages diverged from one another
during the Miocene, about 15-8 MYA (Wolfe et al. 1989;
Ramakrishna et al. 2002; Huang et al. 2002a, 2002b; Dvorak
and Akhunov 2005; Chalupska et al. 2008; Fan et al. 2013;
Middleton et al. 2013, 2014; Marcussen et al. 2014; Gornicki
etal. 2014) (Table 2.6). Based on analysis of 275 single nuclear
gene copies of hexaploid wheat, Marcussen et al. (2014) con-
cluded that the ancestors of the wheat group diverged from rye
during the Miocene, about 7 MYA, while on the basis of
chloroplast DNA analysis, Middleton et al. (2014) suggested
that this divergence occurred in the Pliocene, 34 MYA. The
diploid Triticum and Aegilops species began to diverge from
one another during the late Miocene (7.0-5.3 MYA) and
continue to diverge in the Pliocene, about 4-2 MYA (Huang
et al. 2002b; Dvorak and Akhunov 2005; Middleton et al.
2014), and possibly also in the Pleistocene (1.8-0.01 MYA).
The allopolyploids of this group were formed 1.0-0.01 MYA,
during the Pleistocene and Holocene epochs (Huang et al.
2002b; Dvorak and Akhunov 2005; Marcussen et al. 2014,
Gornicki et al. 2014; Tables 2.5 and 2.6).

2.4 Phylogenetic Studies in Perennial
Diploid Species

There is a general agreement that the Triticeae tribe is
monophyletic (Watson et al. 1985; Kellogg 1989; Soreng
et al. 1990; Hsiao et al. 1995a). Over the years, chromo-
some pairing was analyzed in several inter-specific and
inter-generic hybrids between perennial diploid Triticeae,
but yielded, in several cases, ambiguous results (Wang
1989). By large, studies assessing the relationships among
basic genomes of perennial diploid Triticeae species have
been insufficient and lag far behind those of annual species
(Wang and Lu 2014). Hence, phylogenetic studies in these
taxa were mainly based on a variety of morphological and
molecular analyses (Seberg and Petersen 2007; Escobar
et al. 2011). Early studies on the basis of morphological
characteristics led to the construction of several
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phylogenetic trees (Baum 1982, 1983; Baum et al. 1987;
Kellogg 1989; Frederiksen and Seberg 1992) that were
reviewed and discussed by Seberg and Frederiksen (2001).
Phylogenetic trees have also been constructed based on
several types of molecular analyses, namely, isozymes
(Mclntyre, 1988), restriction site data (Monte et al.1993;
Mason-Gamer and Kellogg 1996a), sequence data from a
number of different coding and/or non-coding regions, viz.
5S DNA (Kellogg and Appels 1995), internal transcript
sequences (ITS) (Hsiao et al. 1995a, b), rpoA a plastid gene
(Petersen and Seberg 1997), and waxy, a low-copy nuclear
gene (Mason-Gamer et al. 1998). However, incongruence
exists between the phylogenetic trees constructed based on
morphology and on molecular data, as well as between trees
constructed using various kinds of molecular data (Seberg
and Petersen 2007; Escobar et al. 2011). Trees constructed
using a combination of morphological information and
several types of molecular data did not yield satisfactory
results either. For example, Seberg and Petersen (2007)
combined morphological data with nucleotide sequence data
from five different genes, two chloroplast genes, a mito-
chondrial gene, and two single-copy nuclear genes. With
the exception of the mitochondrial and nuclear sequences,
the data of the morphological and molecular analysis were
incongruent.

Most morphological and molecular trees shared the
Aegilops clade, while the morphological trees also included
Amblyopyrum and Henrardia in the Aegilops clade (Seberg
and Petersen 2007). The most striking difference between
the morphological and molecular trees was the position of
Hordeum senso lato and Psathyrostachys. Triticum mono-
coccum is included in the Secale clade according to several
morphological trees, but is a sister clade to the Aegilops
clade in some molecular studies (Kellogg and Appels 1995;
Mason-Gamer and Kellogg 1996a). Hsiao et al. (1995a, b)
and Kellogg et al. (1996) considered T. monococcum to be
the sister group to Elymus elongatus (formerly Agropyron
elongatum). In an attempt to shed more light on the Triticeae
phylogeny, Mason-Gamer (2001, 2005), Petersen and
Seberg (2002), and Helfgott and Mason-Gamer (2004)
studied single-copy nuclear genes, and Petersen and Seberg
(1997) and (Yamane and Kawahara (2005) studied chloro-
plastic genes; these studies failed to lead to any consensual
definition of clades.

The fact that no consensus was reached concerning the
phylogenetic relationships between the various diploid taxa
of the tribe, was either due to a limited number of samples
(Kellogg and Appels 1995; Kellogg et al. 1996;
Mason-Gamer and Kellogg 1996a; Escobar et al. 2011) or to
the small number of genes that were analyzed (Hsiao et al.
1995a, b; Kellogg and Appels 1995; Petersen and Seberg
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1997; Helfgott and Mason-Gamer 2004; Mason-Gamer
2005). This ambiguity of the phylogenetic relationships in
the Triticeae is also result from extensive inter-generic
hybridizations and introgression events, as well as to
incomplete lineage sorting of ancestral polymorphisms,
indicating an intricate, reticulate pattern of evolution in this
tribe (Kellogg 1996; Komatsuda et al. 1999; Nishikawa et al.
2002; Mason-Gamer 2005; Kawahara 2009; Escobar et al.
2011). Such a reticulate pattern of evolution presents a
considerable challenge in phylogenetic analyses since dif-
ferent genes may exhibit conflicting genealogical histories
(Escobar et al. 2011).

A recent attempt to overcome this obstacle in the Trit-
iceae was made by Escobar et al. (2011), who used a
molecular dataset, including one chloroplastic and 26
nuclear genes to (i) test whether it is possible to infer
phylogenetic relationships in the face of large-scale intro-
gressive events and/or incomplete lineage sorting, (ii) iden-
tify parts of the evolutionary history that have not evolved
in a tree-like manner, and (iii) decipher the biological
causes of gene-tree conflicts in this tribe, including the
frequency of recombination, chromosomal location of ana-
lyzed sequences and evolution rate. They showed that
combining information from several loci located on differ-
ent chromosomes and in different cellular compartments
(nucleus and chloroplast), enabled the identification of
major clades and resolved most parts of the Triticeae phy-
logeny. Escobar et al. (2011) succeeded to construct a
comprehensive, multigenic phylogeny of the diploid taxa of
Triticeae, and to identify the biological groups that most
likely underwent reticulate evolution. Their phylogenetic
hypotheses suggested the existence of 5 major clades within
Triticeae, with Psathyrostachys and Hordeum being the
deepest genera, and Psathyrostachys branches being sister
to the remaining Triticeae which followed by the sequential
branching of Hordeum (Fig. 2.2). The divergence of these
two taxa occurs in a tree-like manner. The suggestion that
Psathyrostachys is the deepest taxon in the tribe is in
accordance with the assumption that this species resembles
the primitive Triticeae (Sakamoto 1973). Several previously
published phylogenies, including some derived from
nuclear (Mason-Gamer 2001; Kellogg and Appels 1995;
Petersen et al. 2006) and chloroplastic DNA analyses
(Petersen and Seberg 1997; Mason-Gamer et al. 2002), also
recognized the early divergence of Psathyrostachys and
Hordeum, although several other studies disagreed
(Mason-Gamer 2005; Helfgott and Mason-Gamer 2004;
Kellogg and Appels 1995; Hsiao et al. 1995a, b). Never-
theless, the data of Escobar et al. (2011) strongly reinforce
the suggestion that Psathyrostachys is the sister group of all
other Triticeae.
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Fig. 2.2 Phylogenetic tree of the Triticeae genera adapted from Escobar et al. (2011)

These major clades were also recently defined using the
nuclear phosphoglycerate kinase (PGK) gene that codes for
plastid PGK isozyme (Adderley and Sun 2014). Bieniek
et al. (2015), who studied phylogenetic relationships among
the Triticeae diploid species through DNA barcoding of
three chloroplastic genes, provided support of the classifi-
cation into the above clades. They also revealed a close
relationship between the Elymus (=Pseudoroegneria) and
the Taeniatherum clades, as well as a clear distinction
between the Psathyrostachys and the Hordeum clades,
which is consistent with previous molecular studies (Peter-
sen and Seberg 1997; Escobar et al. 2011; Fan et al. 2013).
The results of Bieniek et al. (2015) showed the Hordeum
clade to be an independent group. Moreover, their analysis
separated the three studied genomes of the Hordeum clade,
namely, I (in diploid H. bogdani), H (in diploid H. bulbo-
sum) and Xu (in diploid H. murinum). These results are
consistent with previous studies of chloroplast and nuclear
DNA sequences (e.g., Blattner 2009; Naghavi et al. 2013).

The Elymus clade is the largest clade, consisting of rep-
resentatives of the St and E genomes (Bieniek et al. 2015). It
contains the diploid species of the genus Elymus senso lato,

(Melderis et al. 1980), namely, species of Pseudorogneria
(genome St), Agropyron elongatum (=Lophopyrum elonga-
tum) (genome Ee) and Agropyron junceum [=Tinopyrum
bessarabicum (genome EDb).

Love (1984) used the genome symbols J for the genome
of Elymus farctus (=Thinopyrum bessarabicum; Agropyron
Jjunceum), and E for that of Elymus elongatus (=Lophopyrum
elongatum; Agropyron elongatum), whereas Dewey (1984)
considered the J and E genomes as the same basic genome.
Studies of chromosome pairing in hybrids between these
species supported Dewey’s conclusion (Wang 1985b; Wang
and Hsiao 1989), whereas Jauhar (1988) reached different
conclusion by studying chromosome pairing in the same
plant materials. Since a literature review indicated that most
studies regard J and E genomes as members of the same
cluster (see Table 1 in Wang and Lu 2014), it is now gen-
erally accepted to regard them as very closely related gen-
omes, supporting the use of a common basic genome
symbol, E (Seberg and Frederiksen 2001; Yen et al. 2005;
Fan et al. 2007; Liu et al. 2008; Sha et al. 2010; Yan et al.
2011; Wang and Lu 2014). Thus, the genomes of Elymus
farctus was designated Eb and that of E. elongatus Ee
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(Wang et al. 1995; Table 2.4). Both Eb and Ee are close to
subgenomes A, B, and D of the wheat group (reviewed in
Wang and Lu 2014).

The St genome of diploid Elymus species and P of
Agropyron are moderately related to Ee genome of Elymus
elongatus and Eb genome of E. farctus, respectively (Wang
1989). Bieniek et al. (2015) found that the nucleotide
sequences of the diploid Ee, Eb and St taxa are almost
identical, with only one substitution within the matK gene
differentiating genome Eb from the Ee and St genomes.
Petersen and Seberg (1997) and Wang and Lu (2014) con-
firmed the very close relationship among the Ee, Eb and St
genomes.

In addition, the multigenic network structure (Escobar
et al. 2011) highlights parts of the Triticeae history that did
not evolve in a tree-like manner; Dasypyrum, Heteranthe-
lium, Secale, Taeniatherum, Triticum and Aegilops have
evolved in a reticulated manner. Moreover, the results of
Escobar et al. (2011) provided strong evidence of incon-
gruence among single-gene trees, with different portions of
the genome exhibiting different histories. They determined
the role of recombination and gene location in the incon-
gruence, and demonstrated that loci in close physical
proximity are more likely to share a common history than
distant ones, due to a low incidence of recombination in

Table 2.7 The genomes of the diploid Triticeae

Region of distribution Clades
Psathyrostachys® Hordeum?
Temperate-arctic NsNs I
XaXa
XuXu
Mediterranean-central Asiatic HH

# According to Escobar et al. (2011)
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proximal chromosomal regions of Triticeae (Akhunov et al.
2003a, b; Luo et al. 2000, 2005; Lukaszewski and Curtis
1993).

In conclusion, the study of Escobar et al. (2011) showed
that in spite of strong tree conflicts, not all clades of Triticeae
are affected by introgression and/or incomplete lineage
sorting. Notably, Psathyrostachys, Hordeum and Agropyron,
Eremopyrum and Henrardia diverge in a tree-like manner,
whereas the evolution of Elymus, Dasypyrum, Heteranthe-
lium, Secale, Taeniatherum, Triticum and Aegilops is retic-
ulated. There is no straightforward way to determine whether
incongruence in Triticeae results from introgression or
incomplete lineage sorting. In order to determine whether
incongruence in Triticeae results from introgression or
incomplete lineage sorting, whole genome sequence of most
species of this tribe will be needed. Recombination could be
an important evolutionary force in exacerbating the level of
incongruence among gene trees.

2.5 Genome Analysis of Polyploid Species

The genomes of the diploid Triticeae are presented in
Table 2.7 and those of the polyploid taxa in Table 2.8. At the
diploid level, the genus Aegilops contains the largest number

Elymus® Agropyron- Dasypyrum- Aegilops-Triticum-
Eremopyrum- Secale- Taeniatherum-
Henrardia® Heteranthelium Crithopsis
StSt
LL
XpXp
StSt PP VvVyv ATA™
EeEe ww VbVb AA
EbEb FF RR TT
XbXb QQ SS
XdXd SPs®
00 S's'
shs®
S°S*
DD
CcC
MM
NN
uu
TaTa
KK
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Table 2.8 The genomes of the polyploid Triticeae

Region of Clades” containing polyploid species
distribu-tion Ploidy type Hordeum Elymus Agropyron- Dasypyrum Aegilops-
Eremopyrum Triticum®
Temperate-arctic Auto-polyploids HHHH
XaXaXaXa
XuXuXuXu
HHHHHH
Allo-polyploids StStY'Y
StStHH
LLEE
NsNsXmXm
NsNsXrXr
StSt HHY'Y
StStPPYY
StStWWYY
Auto-allo-polyploids StStStStY'Y
StStStStHH
StStHHNsNsXmXm
Mediterranean- Auto-polyploids HHHH StStStSt PPPP VbVbVbVb
central asiatic EeEcEcEe PPPPPP
EbEbEbEb
EcEeEecEcEeEeEcEeEeEe
Allo-polyploids StStPP XbXbXdXd BBAA
EeEeStSt XdXdFF GGAA
EbEbEeEe s's'uu
uucc
M°M°UU
UUM°M®
uuYY
DDCC
DDNN
D°D°XX
BBAADD
GGAAA™A™
D°D°XXDD
D°D°XXUU
DD°XXS’S®
Auto- EeEeEeEeStSt
Allo-polyploids EbEbEbEbECEe

# According to Escobar et al. (2011)
° Genome symbol of allopolyploids of Aegilops and Triticum according to Dvorak (1998)
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(10) of different genomes, Elymus contains five and Hordeum
four different genomes. Several genera (Taniatherum,
Crithopsis, Secale. Heteranthelium, Amblyopyrum and
Henrardia) contain only one genome. The large number of
genomes within Aegilops and Elymus indicates considerable
genomic divergence within these two genera at the diploid
level. Genus’s age did not correlate with the extent of
genomic divergence, as exemplified by the Aegilops species,
which most of them are relatively young, while several
species of Elymus and Hordeum are old. Similarly, no
association was observed between the extent of divergence at
the diploid level and the pattern of evolvement of the various
species, since the monotypic genera (Heteranthelium, Tae-
niatherum, Amblyopyrum, and Secale) and those with a small
number of genomes (Triticum and Dasypyrum) evolved in a
reticulate pattern, just like the multi-genomic genus Aegilops
(Escobar et al. 2011). The existence of four monotypic genera
(Taeniatherum, Crithopsis, Heteranthelium and Amblyopy-
rum), three genera with a small number of species (Triticum,
Dasypyrum and Secale) and the multi-genomic genus Aegi-
lops (Table 2.7) in the Mediterranean-Central Asiatic region,
indicates that the conditions that prevailed at the Pliocene era
in this region (Table 2.5) drove this vast divergence. Aegi-
lops, that diverged into at least ten different species, two
species of Elymus containing the Ee and Eb genomes, and
Hordeum species containing genome H, all evolved in the
Mediterranean region. However, most of the genomes of
Hordeum and Elymus clades evolved in the temperate-arctic
region (Table 2.7).

Autopolyploids developed in four genera, whereas
allopolyploids exist in seven genera. Three genera (Hor-
deum, Agropyron and Dasypyrum) comprise only
autopolyploids, while FElymus contains autopolyploids,
allopolyploids and auto-allohexaploids. Elymus and Aegi-
lops have the largest number of genomes at both the diploid
and allopolyploid levels. In Elymus, allopolyploids were
formed via hybridization between species belonging to the
same clade as well as between species of different clades
(StStPP and StStHH), whereas, Aegilops, allopolyploids
were formed solely between hybridization of species of the
same clade. Most of the polyploids of the Hordeum and
Elymus clades were formed in the temperate-arctic region,
whereas those of the Aegilops-Triticum and Agropyron—
Eremopyrum clades were formed in the Mediterranean—
central Asiatic region (Table 2.8).

The genus Elymus sensu lato (Melderis et al. 1980;
Clayton and Renvoize 1986; Renvoize and Clayton 1992)
contains about 150 perennial species, including, among
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others, the traditional species of Elymus L., Australopyrum
(Tzvelev) Love, Kengylia Yen and Yang, Lophopyrum
Love, Pseudoroegneria (Nevski) Love, and Tinopyrum
Love (Table 2.3). The genus consists of diploid, allo-, auto-,
and auto-allopolyploid species. The diploid species contain
the St, Ee, Eb, L, and Xp genomes, most of the allopoly-
ploids share a common St subgenome in different combi-
nations with subgenomes H, Y, P, W, and Ee, others have
the genomic combination of EbEbEeEe, whereas the
autotetraploids contain the Ee or Eb genomes (Table 2.8).
In their search for the diploid contributors of genomes to
allopolyploid Elymus, Sun et al. (2009), Hodge et al.
(2010), Fan et al. (2012), and Bieniek et al. (2015) con-
cluded that the diploid species of Elymus (=Pseudoroeg-
neria) (genome StSt) is the maternal genome donor of
allopolyploid Elymus (also including Kengylia). Study of
cpDNA of species in the genus Elymus (Redinbaugh et al.
2000; Mahelka et al. 2011; Yan and Sun 2012;
Mason-Gamer 2013; Adderley and Sun 2014; Dong et al.
2015) supports the finding that the chloroplast genome of
the allopolyploids carrying the St subgenome was inherited
from the diploid parent with the St genome. Hence, the
allopolyploids of Elymus that contain the St subgenome
presumably share very closely related nuclear and chloro-
plast St genomes. The minor differences among the St
subgenomes of different allopolyploid Elymus species may
have resulted from the process of allopolyploidization and
inter-generic hybridization (Dong et al. 2015). Furthermore,
Dong et al. (2015) data also suggest that diploid Elymus
species (=Pseudoroegneria species) from central Asia and
Europe are more ancient than those from North America.
Consequently, they hypothesized that the Elymus senso lato
species originated in central Asia and Europe and later
spread to North America.

The H subgenome of Elymus is believed to derive from
an unknown diploid species of Hordeum, the P subgenome
from a diploid species of Agropyron (Petersen et al. 2011;
Sun et al. 2009; Fan et al 2013; Dong et al. 2015) and the W
subgenome from Elymus (=Australopyrum) (Petersen et al.
2011). The origin of the Y subgenome that is found in
several allotetraploid and allohexaploid species of Elymus is
still puzzling (Wang and Lu 2014). No putative Y genome
diploids have been identified and several researchers
assumed that the St and Y genomes of Elymus are related
and may have originated from the same ancestral genome
(Liu et al. 2006; Okito et al. 2009; Zhang et al. 2009; Dou
et al. 2012). Alternatively, Sun et al. (2008), Sun and
Komatsuda (2010), Yan et al. (2011), and Fan et al. (2012)
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concluded that the Y subgenome is not close to the St
genome and evolved from a different diploid ancestor.
Moreover, Sun et al. (2008) found that the Y genome was
close to other genomes in the genus, namely, W, P, and
Eb/Ee genomes, whereas Sun and Komatsuda (2010)
showed that the Y genome shared a common lineage with W
and Eb genomes. In conclusion, the donor of the Y genome
has not been confirmed yet (Wang and Lu 2014).

Elymus hispidus (=Thinopyrum intermedium; Agropyron
intermedium) is an auto-allohexaploid with two closely
related subgenomes and one more distant subgenome
(Stebbins and Pun 1953; Dewey 1962). Liu and Wang
(1993) designated EbEbEeEeSS as the genome constitution
of this species (the S was later changed to St). The two
closely related subgenomes are derived from diploid Elymus
farctus (=Th. bessarabicum) (genome Eb) and diploid E.
elongatus (=Th. elongatum) (genome Ee), respectively. The
presence of the St genome of diploid Elymus (=Pseu-
doroegneria) in Elymus hispidus has been verified by all
subsequent studies (Zhang et al. 1996, 1997; Chen et al.
1998; Tang et al. 2000; Kishii et al. 2005; Mahelka et al.
2011). The Xp genome of diploid Elymus sanctus (=Peri-
dictyon sanctum; Festucopsis) was found to be close to the
Y subgenome of the allohexaploid species Elymus alatavi-
cus and E. batalinii (=species of Kengyilia) (genome
StStPPYY), suggesting that the Y genome is the progenitor
of the Xp genome (Fan et al. 2012).

The fact that most Elymus allopolyploids share the St
genome (Table 2.8) eases inter-specific hybridizations
between these allopolyploids. It thereby serves as the pivotal
genome, assuring some fertility in the inter-specific hybrids
and thus, enables the differential genome to undergo some
recombination leading to the formation of recombinant,
modified genomes (Zohary and Feldman 1962).

All the tetraploid species of the genus Leymus are
allotetraploids (Zhang et al. 2006; Liu et al. 2008; Sha
et al. 2008, 2010; Fan et al. 2009), whose genomes were
designated NsNsXmXm (Wang et al. 1995). The Ns
subgenome of Leymus derived from Psathyrostachys
(Zhang and Dvorak 1991; Mizianty et al. 1999;
Anamthawat-Jonsson and Bodvarsdottir 2001; Culumber
et al. 2011; Adderley and Sun 2014; Bieniek et al. 2015),
but the identity of the donor of the Xm subgenome
remains unclear (Guo et al. 2014). The studies of Fan
et al. (2009) and Sha et al. (2010) indicated that the Xm
subgenome may have originated from an ancestral lineage
of Agropyron (genome P) and Eremopyrum triticeum
(genome F). Further studies are required to determine
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whether the Xm subgenome originated from the P- or the
F-genomes (Wang and Lu 2014). Evidence for multiple
origins of allotetraploid Leymus came from the work of
Sha et al. (2010), who found that some Leymus species
have the Xm and others have the Ns plasmon. Thus,
Leymus species can be divided into two groups based on
the maternal donors of the Ns cytoplasm versus the Xm
cytoplasm.

The allotetraploid Hystrix species have the NsNsXmXm
genome (Svitashev et al. 1998; Sha et al. 2010). Love (1984)
considered Hordelymus an allotetraploid species containing
the H genome of Hordeum and the Ta genome of Tae-
niatherum. von Bothmer et al. (1994) ruled-out the presence
of the H genome in Hordelymus and demonstrated the
presence of the Ns genome instead, an indication that was
supported by Petersen and Seberg (2008). The non-coding
chloroplast #rnS-psbC sequences of Hordelymus are similar
to those of Taeniatherum caput-medusae, Psathyrostachys
juncea and Hordeum bogdani (Ni et al. 2011). The study of
Bieniek et al. (2015) revealed a close affinity between the
chloroplast genomes of Hordelymus and the Ns-carrying
taxa Psathyrostachys and Leymus, but not with Tae-
niatherum and Hordeum, supporting the presence of the Ns
genome in Hordelymus europaeus. Their data indicated that
Psathyrostachys juncea (genome NsNs) contributed its
genome as a maternal parent to the allotetraploid Hordely-
mus europaeus. Wang et al. (1995) proposed to temporarily
denote the Hordelymus genomes as XoXoXrXr, but recent
findings (Ni et al. 2011; Bieniek et al. 2015) suggest a
genomic formula of NsNsXrXr.

2.6 Evolutionary Trends

2.6.1 Steps in the Development of the Tribe

The Triticeae is a relatively young tribe in the family
Poaceae, but very evolutionarily dynamic. Little is known
about processes that led to the development of the various
genera and speciation in the tribe. Runemark and Heneen
(1968) and Sakamoto (1973) delineated five steps instru-
mental in the development of the various Triticeae genera:
(1) evolution of diploid, allogamous, perennial genera in
the temperate-arctic zones; (2) intensified autopoly-
ploidization and allopolyploidization and geographical
spread; (3) evolvement of diploid annual genera in the hot
and dry summer area of the east Mediterranean and central
Asiatic regions; (4) evolution of autogamous genera;
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(5) intensified allopolyploidization of the autogamous
annuals in the genera Aegilops, Triticum, and Eremopyrum.
Since all the primitive genera distribute in the
arctic-Temperate zone, this is probably the center of origin
of the tribe, while the east Mediterranean-central Asia
region is the center of variation.

It can be assumed that speciation processes advanced at
different rates in different localities, in accordance with
environmental pressures. In those cases where large envi-
ronmental changes occurred, namely, in the Mediterranean
and central Asia, evolution of the genera and species was
more rapid than that in those cases where environmental
changes were mild, i.e., in the temperate—arctic zone.

The Mediterranean and central-Asiatic climates are
unstable, introducing continuously sizeable changes in many
habitats. These incessant changes in the environmental
conditions, resulting in the destruction of old habitats and
formation of new ones, produced a pressure that accelerated
speciation processes, leading to the evolution of new taxa. In
reaction to these environmental unstable conditions, annu-
alism and autogamy evolved, enabling rapid colonization of
new habitats by new, more adapted, genotypes that were
partially ecologically isolated from the progenitor genotypes.
The great variation in the inflorescence traits and in seed
dispersal techniques in the Mediterranean and central-Asiatic
genera (Aegilops, Heteranthelium, Eremopyrum Crithopsis,
Taniatherum, and Henrardia) reflect rapid adaptation to the
wide radiation that occurred in the habitats of this region
(Sakamoto 1973). The initial steps of such differentiation
occurred at the diploid level. Afterward, this divergent
evolution was accompanied by a convergent evolution,
resulting from allopolyploidization of inter-generic and
inter-specific hybrids, a process which has become an
important factor in the evolution of the tribe. Allopoly-
ploidization was followed by divergence at the polyploid
level, and, on the other hand, it has facilitated considerable
gene transfer between species and genera, further enhancing
convergent evolution. Thus, the Triticeae species, mainly the
Mediterranean and central Asiatic ones, developed in cycles
of divergence and convergence.

It is important to note that in the diploid species of the
Mediterranean-central Asiatic group, the ecological, physi-
ological and genetic inter-specific barriers are relatively
stronger than in the arctic-Temperate group. Hybrids
between species that their genome is partially diverged,
exhibit reduced pairing at meiosis and complete or partial
sterility.
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The evolutionary trends in the tribe are reflected in spike
structure (erect or nodding, number of spikelets per node,
fragile versus tough rachis, pedicel absence or presence,
fragile versus tough rachilla, unawned or awned glume tip,
back-rounded or keeled glume, caryopsis free or adherent to
lemma), longevity (perennialism or annualism), pollination
mode (cross or self), polyploidy (autopolyploidy or
allopolyploidy), geographical distribution (temperate-arctic
or Mediterranean-central Asiatic), and habitat (closed and
humid or open and dry). The main evolutionary trends in the
tribe are detailed below.

2.6.2 From Tall to Short Plants

A number of species are tall, with few tillers, while others
are short, with many culms. In most species, the short plants
have short spikes and the tall plants have long spikes. Tall
plants with few culms are better adapted to wet and closed
habitats, while short plants with many tillers are better
adapted to open and dry habitats. The short stature with
many tillers sustains moisture among the tillers and protects
the plant from drying up by the winds, by preventing
over-evaporation in dry habitats. Tall plants are considered
more primitive than short plants. This trait is not uniform
within genera and usually characterizes only single species.
Several species of Agropyron and Elymus exhibit
intra-specific variation in plant height. It is possible to
consider the general tendency of transition from perennial,
tall genera to annual, short ones (Eremopyrum, Heteran-
thelium, Crithopsis, specie of Aegilops).

2.6.3 From Perennialism to Annualism

Perennialism can be considered advantageous in stable
habitats, where the water regime is not a limiting factor.
In such habitats, it is more beneficial to the plant to invest
less in seed dispersal mechanisms and in germination
assurance and more in niche occupation for number of
years and to propagate through vegetative reproduction.
Thus, perennial species are usually less evolutionarily
dynamic and occupy more well-defined and specialized
habitats. This type of life cycle is prevalent in the
temperate-arctic regions.

Annualism is considered a more efficacious means of
addressing unstable and sometimes disturbed habitats. Thus,
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annual species are relatively uncommon in cool temperate
regions and predominant in warm, dry ones, with seasonal
rainfall (Raunkiaer 1934), like the Mediterranean and central
Asiatic climate. Annualism is a life form more suitable to
climate that is characterized by a long dry and hot season
and unpredictable rainy winter. Annuals are efficient colo-
nizer species that form dense populations. They prefer to
invest efforts in the production of seeds, in their dispersal
and in germination assurance. They do not proliferate veg-
etatively. Phylogenetic analyses indicate that annualism has
evolved independently several times in the tribe (Kellogg
1989; Frederiksen and Seberg 1992).

Most Triticeae genera are uniform in their life form, with
the exception of Hordeum, Dasypyrum and Secale (Table 2.3
), that have both perennial and annual species. While the
perennial species may be either cross- or self-fertilized,
depending on the species, the annuals are almost exclusively
facultative self-pollinated. The perennial species with rhi-
zomes are, almost in all cases, self-incompatible and
cross-fertilized.

2,64 From Allogamy to Autogamy

There are two types of pollination systems in the tribe,
cross-pollination either obligatory or facultative, and
self-pollination, with occasional cross-pollination. Rye
(Secale cereale) is normally a cross-pollinated species and
produces weak and abnormal offspring when forcibly inbred,
while wheat is typically self-pollinated, with occasional
cross-pollination. The two types of pollination systems do
not randomly distribute among species. Most of the
cross-pollinated plants are perennials, while most of the
self-pollinated ones are annuals.

Most of the perennial species in the tribe reproduce
through complete (self-incompatible) or facultative allogamy
and many of them also by vegetative reproduction via rhi-
zomes or bulbs. They usually have large anthers, with a
considerable number of pollen grains that remain viable for a
relatively long time, and ramified stigma, with a large sur-
face to absorb the pollen spread by neighboring plants.
Facultative autogamy mainly developed in the annual spe-
cies in order to enable rapid fixation of adapted genotypes.
These species have relatively small anthers, with small
amounts of pollen grains, that lose their viability relatively
rapid, and a short duration of floret opening.
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2.6.5 From Simple to Improved Dispersal Units

In the Triticeae, as in many other tribes of the grass family,
there is an inverse correlation between the persistence of and
capacity for vegetative reproduction and the degree of
sophistication of its seed dispersal mechanism (Stebbins
1950). Increased seed dispersal efficiency is through the
development of specialized structures that occurred inde-
pendently in a number of different evolutionary lines in this
tribe.

In the Triticeae, some of the most conspicuous repro-
ductive characteristics used for the separation of species and
genera, consist of a series of various devices that enable
more efficient seed dispersal. A principal change driving
more efficient seed dispersal in the tribe was the develop-
ment of awns on the end of the glumes and lemmas, that
either burry the grain in the soil, through movements of the
awns due to changes in humidity (Elbaum et al. 2007) or
help in dispersing the seeds by clinging to various parts of
animals. The second change was the in development of spike
tendency to disarticulate into spikelets at each node of the
rachis.

The primitive genera of this tribe (Elymus and Agropy-
ron) lack these specializations. Hordeum developed acces-
sory awns for more efficient seed dispersal, through the
sterilization of two of the three spikelets at each node of the
spike and reduction of their glumes and lemmas to pro-
longed awns. Another line that developed a similar type of
specialization is represented by the genus Aegilops. In this
genus, the accessory awns develop through prolongation of
the nerves of the glumes or lemmas.

Several perennial species from the temperate region have
a tough, non-fragile rachis and a dispersal unit consisting of
a single grain. Such dispersal units that fall on the ground
without any protection or burying mechanism, exist in spe-
cies of Elymus, Leymus and Agropyron. In other perennial
species, the dispersal unit is somewhat more advanced,
where inflorescences disarticulate to single spikelets that can
bury themselves in the soil (species of Elymus, Agropyron,
Hordeum, Psathyrostachys and Dasypyrum). Development
of awns on the lemmas have assisted in burying and pro-
tecting grains from drought, winds, burning and various
herbivores. The Mediterranean-central Asiatic annual spe-
cies have more advanced dispersal units, where exhibit an
arrowhead shape or barrel shape, with a segment of the
rachis in its base or side and awns in its upper part. Such
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Fig. 2.3 Spikes and dispersal
units in the Triticineae: a Wedge;
b Barrel; ¢ Umbrella. Details in
the text

dispersal units have several variations that presumably
developed independently in the different annual genera.
In some of the genera, the rachis disarticulates above the
spikelets (Wedge type; Triticum, species of Aegilops,
Amblyopyrum, Secale, Eremopyron, Henrardia). In several
species of Aegilops, the rachis disarticulates below the spi-
kelets (barrel-type), and in other species of Aegilops, the
rachis disarticulates below the spike and the entire spike
serves as the dispersal unit, with several awns in its head
(umbrella-type) (Fig. 2.3). The Umbrella type may consist of
a long spike with many spikelets or short and a com-
pact spike with one to two small spikelets at the top. In
several genera, the wedge-type dispersal unit carries several
spikelets on one rachis segment (e.g., Hordeum), while in
others, it carries both fertile and sterile spikelets
(Heteranthelium).

The type of the dispersal unit is usually fixed in the genus
and in each species (except for Aegilops speltoides that has
both wedge type and umbrella type dispersal units). The
genus Aegilops is unique in that its species exhibit a variety
of dispersal units. Another trend occurring in the dispersal
units of the tribe is the transition from a grain joined with the
palea, to a free grain.

2,6.6 Changes in Spikes Make-Up
Changes in spike structure occurred as follows:
(a) From multi-florets spikelets to spikelets with only a

few florets—improvement of pollination modes and
seed-dispersal apparatuses was followed by a

(b)

(©)
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reduction in the number of flowers in the spikelets.
This reduction occurred in the annual genera and in
perennial genera featuring spikes that disarticulate into
spikelets at maturity. This is manifested by the tran-
sition from multi-florets spikelets to spikelets with
one, two or three florets, or by the degeneration of
florets or spikelets in the spike. In the self-pollinating
annual genera, the upper florets are androgenic and in
some (in Heteranthelium and the Aegilops species
with the umbrella-type dispersal unit), the upper spi-
kelets also degenerate and bear more awns were added
to the dispersal unit.

From two to several spikelets on each rachis node to
solitary spikelet on each node—this trait is not sig-
nificant in the evolution of the tribe since the number
of seeds in the seed dispersal unit is not determined
but the number of spikelets on each node but by the
number of spikelets in dispersal unit. However,
reduction in the number of spikelets per node
increased the efficiency of the dispersal unit in bur-
rowing the grain in the soil. In a primitive genus like
Agropyron there is a reduction in the number of spi-
kelets per node even though it is meaningless from
evolutionary point of view since their dispersal unit is
a single floret.

Increase in grain size—independent of the reduction in
the number of seeds per spike, spikelets or dispersal unit,
the more developed species grain size tended to increase
on the account of grain count. Large grains have an
advantage in assuring rapid and successful germination
as well as successful competition with other seedlings in
the Mediterranean or sub-Mediterranean dwarf-shrub
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formations. Large seeds may be advantageous in dis-
persal unit burying in the soil.

2.6.7 From Symmetric to Asymmetric Karyotype

The prototype of the tribe had large chromosomes and a
symmetric karyotype, i.e., all centromeres were median or
sub-median. All the genera in the sub-tribe Hordeineae have
a symmetric karyotype, while the advanced genera in the
sub-tribe Triticineae have an asymmetric karyotype either
with small chromosomes (Eremopyrum and Henrardia) or
with large chromosomes (the advanced species of Aegilops,
namely, caudata, comosa, uniaristata and umbellulata).
Increasing asymmetry may result from pericentric inversion
(the inverted segment includes the centromere), from
extra-radial intra-chromosomal translocation, where a chro-
mosomal segment changes its position from one chromo-
somal arm to the other, and from inter-chromosomal
translocation, either by transposition or unequal reciprocal
translocation of a portion of the chromosome arm. The
evolutionary advantage of an asymmetric karyotype consists
in successful maintenance of linked-gene combinations
(Stebbins 1971) and to some extent, genetic isolation of the
species from species with a symmetric karyotype.

2.6.8 From Diploidy to Polyploidy

As most genera contain diploid species that presumably
derived from ancestral taxa of the genus (Sakamoto 1973),
the first steps of differentiation in the tribe are assumed to
have occurred, in most genera, on the diploid level. The
diploids of the genera that distribute in the temperate-arctic
regions contain the basic genomes of the tribe (e.g., genomes
St, E, I, and others).

Polyploidy enables to overcome the isolating barriers
between species, to fix heterotic interactions and to create
new intraspecific-polyploid cytotypes or allopolyploid
species. Polyploidy can be considered as superimposed on
the main evolutionary routes of the tribe that relate to life
forms, reproductive systems and dispersal system. Poly-
ploidy can be of the autopolyploidy type, which originates
through chromosome doubling of an intra-specific hybrid
or a diploid taxon, and consequently, contains multiples of
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the same or very similar genomes. Alternatively, poly-
ploidy can be of the allopolyploidy type, which originates
from chromosome doubling of an inter-specific or
inter-generic hybrid and thus, contains two or more dis-
similar subgenomes.

2.6.9 Differences in Genome Size Between
Diploid Triticeae Species

There are considerable differences in genome size between
the diploid species of the Triticeae (Table 2.4; Fig. 2.4).
Whereas diploid species of Hordeum display no change in
genome size, several other groups show an increase in
DNA amount in the more advanced taxa. Thus, whereas
Elymus diploids containing the St genome have a relatively
low amount of DNA (1C DNA ranges from 4.0 to 4.9 pg)
the diploids of E. elongatus (genome Ee) and E. farctus
(genome Eb) have higher DNA content (5.6-6.1 and
7.4 pg, respectively). Moreover, the P genome of diploid
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Fig. 24 1C DNA content (in pg) in several ancestral and more
recently evolved diploid species of the Triticineae, showing increase in
DNA content in younger species See Table 2.4 for the source of the
data
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Agropyron species, which is moderately related to the
genomes of diploid Elymus (Wang 1989; Bieniek et al.
2015), has a relatively large DNA content (1C DNA ranges
from 7.1 to 7.8 pg). Likewise, the genome of Dasypyrum
villosum 1is relatively small (5.2-5.3 pg) while those of
Secale species are large (1C DNA is more than 8 pg).
Similar trend exists in Aegilops section Sitopsis, the gen-
ome of Ae. speltoides, the basal species of the section, is
relatively small (1C DNA is 5.1-5.4 pg) and those of the
other Sitopsis species, namely, Ae. bicornis, Ae. searsii, Ae.
sharonensis and Ae. longissima, are relatively large (1C
DNA content ranges from 5.9 to 7.5 pg). Also, the genome
of Ae. caudata is small (1C DNA = 4.6-4.8 pg) while
those of the more advanced species, Ae. comosa and Ae.
uniaristata are larger (1C DNA is 5.8-6.2 in Ae. comosa
and 5.8-6.3 in Ae. uniaristata).

The DNA fraction responsible for the increase in DNA
content is the repetitive DNA, which, in the Triticeae spe-
cies, consists primarily of transposable elements
(TEs) (Kumar and Bennetzen 1999; Vicient et al. 2001;
Sabot et al. 2005; Senerchia et al. 2013). TEs, whose acti-
vation may be induced by genetic and environmental stres-
ses, have the potential to affect genome size, structure and
function through transposition, ectopic recombination and
epigenetic re-patterning (Fedoroff 2012). As such, TE are
major contributors to genome plasticity and divergence, to
genetic diversity and speciation (Bariah et al. 2020). The
large differences in genome size between the various diploid
species of the Triticeae (Table 2.4 and Fig. 2.4), indicate that
encountering environmental challenges such as the unstable
climate of the Mediterranean region, may have led to bursts
of TEs and consequently, to gain of nuclear DNA that may
have played a significant role in the speciation of several
Triticeae species, mainly those belonging to the sub-tribe
Triticineae.
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3.1 Chromosome Karyotypic Features

3.1.1 Introduction

Early studies on genome structure commenced by deter-
mining karyotypic features that were visible with a light
microscope, such as chromosome number, size, centromere
position and arm ratio. The Triticeae species contain the
basic chromosome set of x = 7. Chromosome morphology
in most genera of the tribe is characterized by a symmetric
karyotype, with large metacentric or sub-metacentric chro-
mosomes. Several genera (e.g., Eremopyrum and Dasy-
pyrum (= Haynaldia) have asymmetric karyotypes, with
small sub-metacentric and acrocentric chromosomes,
whereas several species of Aegilops have asymmetric kary-
otypes with large sub-telocentric chromosomes. More
advanced cytogenetic tools revealed the structure of impor-
tant chromosomal regions such as centromeres, telomers,
and nucleolar organizers, as well as types of chromatin
(hetero and eu) and repetitive DNA and their distribution
along the chromosomes. Finally, whole genome sequences
provided a more accurate description of the chromosome.
Nevertheless, understanding the connection between
sequences and chromosome behavior, dynamics and
expression remains a challenge. In this section, we describe
those morphological features of chromosomes that are visi-
ble by cytological approaches, as well as the more recent
insight on genome and chromosome structures that have
emerged from whole genome sequences.

3.1.2 Centromeres

The centromere is a chromosomal region that is not con-
densed at mitosis and thus, appears as a constriction on each
condensed chromosome during the mitotic metaphase. This
constriction, referred to as the primary constriction, is the
site where the chromosomal-spindle fibers, now known to be
microtubules, are attached during cell divisions (Flemming

© The Author(s) 2023
M. Feldman and A. A. Levy, Wheat Evolution and Domestication,
https://doi.org/10.1007/978-3-031-30175-9_3

®

Check for
updates

1882). The chromosomes of the Triticeae species possess a
permanently localized centromere region.

The centromere is a nucleoprotein complex that is an
essential part of the chromosome, due to its indispensable
role in chromosome segregation during cell divisions.
Acentric chromosomal segments do not move, nor segregate
during cell divisions and thus get lost. The centromere is the
site of assembly of the kinetochore, a group of proteins with
microtubule binding activity. The kinetochore functions in
tying sister chromatids together, and in generating attach-
ments to spindle microtubules in a bipolar fashion, leading to
regular chromosome segregation during mitosis and meiosis
(Valente et al. 2012; de Rop et al. 2012; Birchler and Han
2013). The kinetochore-forming domain of the centromere is
differentiated in plants from the rest of the chromosome by
the presence of CENH3 (CENP-A in vertebrates), a histone
H3 variant that replaces the canonical histone H3 in nucle-
osomes of active centromeres (Palmer et al. 1991). The
sequence of the core domain of CENH3 is conserved among
species. Several studies revealed that CENH3 nucleosomes
and histone H3 nucleosomes are interspersed in the cen-
tromere region (Zhang et al. 2002).

Functional centromeres are formed by the binding of the
histone variant, CENH3, at a specific location on the chro-
mosome that generally coincides with the presence of
centromere-specific repeats. Chromatin
immuno-precipitation with a CENH3 antibody enabled to
define a single region in bread wheat, ranging between ~ 5
and 9 Mb, in each chromosome (IWGSC 2018). In some of
the bread wheat lines studied, the centromere position was
shifted due to pericentric inversions, for example on chro-
mosomes 4B and 5B (Walkowiak et al. 2020).

In plants, the centromeric sequences are mainly com-
posed of arrays of tandem repeat satellite DNA and inter-
spersed retrotransposons, whose sizes can range into
megabases. Specific centromeric DNA sequences are not
necessary for centromere formation (Feng et al. 2015),
suggesting that the role of the DNA sequences at the cen-
tromere is structural rather than functional. Discoveries in
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the past decades, including ‘“neocentromeres” and ‘“cen-
tromere inactivation”, indicated that centromere identity, in
both plants and other organisms, is determined by epigenetic
mechanisms and not by the centromeric-DNA sequences
(Feng et al. 2010; Ekwall 2007; Henikoff and Furuyama
2010; Valente et al. 2012; Birchler and Han 2013). Hence,
CENH3 and other proteins are critical to centromere func-
tion, whereas the DNA sequence is not necessarily a deter-
mining factor (Birchler and Han 2013). In rice, the
centromere was shown to be composed of a 155-bp satellite
repeat sequence and CRR (centromere retrotransposon of
rice) (Cheng et al. 2002). The maize centromere sequence
composition is similar to that of rice; it is composed of two
types of sequences—centromere repeat C and CRM (cen-
tromeric retrotransposon of maize) (Birchler and Han 2009).
The number of repeats of these sequences varies among
different chromosomes (Jin et al. 2004). The Triticeae cen-
tromeres are no exception to other plants, forming through
the assembly of the CENH3 proteins with arrays of satellite
repeats and retroelements (Cheng and Murata 2003). The
primary constrictions of barley, wheat, Aegilops, and rye
chromosomes, i.e., the physical locations of centromeres,
harbor retroelement-like sequences (Presting et al. 1998;
Fukui et al. 2001; Cheng and Murata 2003). The retroele-
ment cereba, was isolated from a barley primary constriction
(Presting et al. 1998), and satellite sequences consisting of
an AGGGAG motif, were found at the core of the barley
centromeres (Hudakova et al. 2001).

In wheat, a detailed chromatin immunoprecipitation
analysis, using a CENH3 antibody followed by sequencing
of the precipitated DNA fraction, enabled to identify a dis-
tinct dynamic structure for wheat centromeres, possibly due
to evolution through frequent hybridization and allopoly-
ploidization (Su et al. 2019). Unlike typical plant promoters
which carry a satellite of tandem repeats ranging from 150 to
180 bp, the wheat CENH3 nucleosomes were associated
with two different types of repeats much larger than other
plant centromeric repeats, namely 550 and 566 bp long
respectively (Su et al. 2019). Moreover, different sub-
genomes tended to contain different repeats types and some
chromosomes lacked satellite repeats altogether. Phyloge-
netic analyses indicated that the repeat signals were stronger
in diploids than polyploids and that the centromere structure
had rapidly evolved at the polyploid level (Su et al. 2019).
Two types of retroelements are localized in centromeric
regions of wheat, namely the cerebra-like retroelement
(Cheng and Murata 2003), also known as crew or crw
(centromere-retroelement of wheat) and the less abundant
Quinta element (Li et al. 2013). Finally, two CENH3 genes
and protein variants are present in wheat that have evolved at
the diploid levels. Altogether, the different repeats, their
types and abundance, the retroelements and the CENH3
variants (Yuan et al. 2015) all seem to have contributed to
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the dynamic nature of wheat centromeres (Li et al. 2013; Su
et al. 2019), which in turn might have contributed to genome
stability in a allopolyploid background.

The centromere typically divides longitudinally at mitosis
and at second meiotic division, thus ensuring regular seg-
regation of daughter chromosomes to opposite poles. Acci-
dental transverse (misdivision) instead of longitudinal
division of the centromere at meiosis or mitosis of bread
wheat, may yield two functional halves of the centromere
that may give rise to stable telocentric chromosomes and/or
isochromosomes, demonstrating that the centromere struc-
ture is a reverse repeat (Steinitz-Sears 1966). By analyzing
misdivision derivatives, Kaszds and Birchler (1996) pro-
vided molecular evidence of repeat DNA units in maize
centromeres, and demonstrated that a change in copy num-
ber does not impact centromere function. In common wheat,
the frequency of misdivision, as well as the relative fre-
quency of one-chromatid and two-chromatid misdivisions, is
chromosome-specific and is affected by the genetic back-
ground (Sears 1952; Steinitz-Sears 1973; Makino et al.
1977; Morris et al. 1977; Vega and Feldman 1988).

Wagenaar and Bray (1973) noticed that at first meiotic
metaphase of wheat hybrids, the two sister kinetochores of a
univalent chromosome are located adjacent to each other, as
in normal bivalents, and then move to take on a typical
mitotic configuration, with sister kinetochores on opposite
faces of the chromosome, interacting with microtubules of
opposite poles. During this shift in orientation, one of the
sister kinetochores is simultaneously attached to micro-
tubules originating from both polar regions, suggesting not
only the presence of several microtubule-binding sites within
a given sister kinetochore, but also, the independent activi-
ties of these sites. The possibility of multiple microtubule-
binding sites on each sister kinetochore was supported by
Vega and Feldman (1988), who observed a pair of parallel
fibers perpendicularly protruding from each sister kineto-
chore in dividing univalent chromosomes of bread wheat.
This is in agreement with the observations of Zinkowski
et al. (1991), who reported that multiple fragments resulting
from detached mammalian kinetochores still progress
through mitosis.

3.1.3 Telomeres

Telomeres are DNA sequences located at chromosome ends
that stabilize chromosomes and protect them from deterio-
ration or from fusion with neighboring chromosomes. Their
absence leads to abnormal chromosome behavior, e.g., the
induction of breakage-fusion-bridge cycle due to chromo-
some break (McClintock 1942). Telomeres cannot normally
be transposed to intercalary positions in the chromosomes.
They have a compound structure, a special cycle of division
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and a tendency for non-homologous association at the
beginning of first meiotic prophase.

Telomeres are complex nucleoprotein structures consist-
ing of several proteins and non-coding DNA repetitive
nucleotide sequences at each end of a chromatid. Most plant
telomeres have TTTAGGG repeats (Riha and Shippen 2003;
Fajkus et al. 2005; Watson and Riha 2010). The telomeres of
barley, rye and wheat chromosomes contain an array of
repeats that hybridize with the Arabidopsis thaliana
TTTAGGG telomeric sequence (Schwarzacher and Heslop-
Harrison 1991; Werner et al. 1992; Roder et al. 1993;
Cheung et al. 1994; Mao et al. 1997). Telomeric sequences
can be added de novo to broken wheat chromosome ends,
presumably during gametogenesis (Werner et al. 1992).
Triticeae species contain telomere-associated sequences next
to the telomere. These sequences have been subjected to
divergence, amplification, and deletion processes in different
lineages of Triticeae, so that different variants of the
telomere-associated sequences and different quantities of
these sequences are present in different lineages (Bedbrook
et al. 1980; Appels et al. 1989). The wheat sub-telomeric
regions contain several features, such as genes, transposable
elements, repeats, GC content, recombination hotspots and
sequence motifs for relevant DNA-binding proteins. Com-
parison of these features among wheat chromosomes shows
a high polymorphism between homoeologous chromosomes
(Aguilar and Prieto 2020). This polymorphism might pro-
vide a physical basis to differentiate homologs from
homoeologous chromosome during meiotic pairing
initiation.

Telomeres are complex nucleoprotein structures consist-
ing of non-coding DNA and several proteins. They have a
unique mode of replication that involves telomerase, a spe-
cialized and specific ribonucleoprotein enzyme complex
(Greider and Blackburn 1985). This enzyme adds repetitive
nucleotide sequences to the ends of the DNA, thereby
elongating the telomere. In plants, telomerase remains active
in organs and tissues containing dividing cells (Fitzgerald
et al. 1996; Heller et al. 1996; Riha et al. 1998) and is
regulated in a cell cycle-dependent manner, with a peak level
in S-phase. Telomere dynamics are coupled to meristem
activity and continuous growth, disclosing a critical associ-
ation between telomere length, stem cell function, and the
extended lifespan of plants (Gonzalez-Garcia et al. 2015).
Correspondingly, the lengths of telomeres are maintained
during plant development. Telomere shortening to a critical
level is a signal to stop the cell cycle and start the processes
of cellular senescence (Dvorackova et al. 2015).

The very distal end of the telomere is comprised of a
300-bp single G-rich strand, which forms a specific struc-
ture, termed the t-loop (Griffith et al. 1999). The t-loop is
believed to be essential for telomere capping (reviewed in de
Lange 2004), stabilizes the telomere and prevents the
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telomere ends from being recognized as break points by the
DNA repair machinery. In plants, the G-rich strand at the 3’
end of the chromosome is longer than the C strand. The
G-rich strand forms duplex telomeric DNA, effectively
hiding the end of the chromosome. The t-loop is held
together by several telomere-specific binding proteins,
referred to as the shelterin complex (Martinez and Blasco
2010). Shelterin provides protection against double-strand
break, repair by homologous recombination and non-
homologous end joining (Lundblad 2000; Martinez and
Blasco 2010). T-loops have been observed in humans, pro-
tozoans and plants (Griffith et al. 1999; Cesare et al. 2003).

The function of telomeric repeats in protecting the ends of
chromosomes is well established (Blackburn 1986; Harper
et al. 2004; Scherthan 2007), but the function of the
telomere-associated sequences is not known. Their con-
served occurrence in the Triticeae genomes implies that they
are important, presumably to discriminate between telomeres
of different species.

3.1.4 Nucleolar Organizers

Satellites are chromosome segments that are separated from
the rest of the chromosome by a constriction, called a sec-
ondary constriction. In each Triticeae species, there is at least
one pair of chromosomes with satellites, referred to as
SAT-chromosomes. Most species contain two, and in few
cases, even three such pairs. Most satellites exist on the short
arm of the chromosome, in a sub-telomeric position, but in
Eremopyrum distans, the satellites are on the long arm. The
secondary constrictions are associated with the formation of
the nucleolus and thus, referred to as the nucleolar orga-
nizing region (NOR) (McClintock 1934). The NOR is active
in nucleolus formation and contains ribosomal (rDNA)
genes that code for the ribosomal RNA (rRNA), the pre-
cursor particles of ribosomes that are assembled in the
nucleoli and are active inside the nucleolus. The extent of the
activity of the rDNA genes is proportional to the size of the
nucleolus (Birnstiel et al. 1971; Appels et al. 1980). Con-
sequently, nucleolus formation is considered evidence for
the expression of the ribosomal genes, and the lack of
nucleolus indicates the absence of rRNA transcription (Fla-
vell et al. 1986). Moreover, the relative size of nucleoli
within the same nucleus has been taken as a measure of the
differential activity of ribosomal genes of one versus another
nucleolar organizer (Flavell et al. 1986).

The ribosomal genes are highly redundant, with several
hundreds or even thousands of tandemly arranged copies per
secondary constriction. Each copy is composed of genes that
code for the 18S, 26S, and 5.8S rRNA, separated by a
non-coding spacer DNA (Flavell and O’Dell 1979; Appels
and Honeycutt 1986). Only transcriptionally active NOR
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loci give rise to a nucleolus and there is a relationship
between the number of rDNA genes, nucleolus organizer
activity, and nucleolus size (Flavell and O’Dell 1979). Since
these genes are also active in prophase, the region is still
uncondensed at metaphase and therefore, appears
constricted.

The number of rRNA-encoding genes in each of the four
NOR sites of allohexaploid wheat was first determined by
Flavell and coworkers. In the standard laboratory Chinese
Spring cultivar of bread wheat, chromosomes 1A and 5D
contain a very small proportion of the rRNA-encoding genes
(10%), while chromosomes 1B and 6B possess 30% and
60% of these genes, respectively (2700 and 5500 copies,
respectively) (Mohan and Flavell 1974; Flavell and O’Dell
1976). In full accord with these findings, chromosomes 1A
and 5D produced very small nucleoli or none at all in the
Chinese Spring cultivar (Crosby 1957; Crosby-Longwell
and Svihla 1960). These findings align with the small pro-
portion of total IDNA gene complement in chromosomes 1A
and 5D. Similar patterns were found in allotetraploid wheat
(Frankel et al. 1987). The total number of rDNA units in the
fully sequenced genome of Chinese Spring was estimated at
11,160 copies corresponding to 100 Mb (Handa et al. 2018),
30.5% of which are on the Nor-B1 locus (Chr. 1B), 60.9%
on Nor-B2 (Chr. 6B) and 8.6% in other NORs (Handa et al.
2018). These numbers based on genome sequence analysis
are consistent with earlier estimates (Flavell and O’Dell
1976). Four main subtypes of rDNA units were identified in
Nor-B1 and Nor-B2 with one particular subtype, S1, more
strongly expressed than the other three, even though it was
not the most abundant (Handa et al. 2018).

Dubcovsky and Dvorak (1995) summarized data showing
that the major NOR loci are located in homoeologous groups
1, 5, and 6 across the Triticeae. A single major rDNA locus
per genome is present in rye and Ae. tauschii on chromo-
somes 1 and 5, respectively (Appels 1982; Lawrence and
Appels 1986; Lassner et al. 1987). When two loci are present
per genome, all possible pairwise combinations have been
recorded; they are on chromosomes 1 and 5 in the T.
monococcum, T. urartu and Ae. umbellulata genomes
(Gerlach et al. 1980; Miller et al. 1983), on chromosomes 1
and 6 in the Ae. speltoides and wheat B subgenomes (Crosby
1957; Crosby-Longwell and Svihla 1960; Dvorak et al.
1984), and on chromosomes 5 and 6 in the Elymus elongatus
(= Lophopyrum elongatum) and barley genomes (Dvorak
et al. 1984; Saghai-Maroof et al. 1984). Three major NOR
loci were identified in the Ae. longissima genome, on
chromosomes 1, 5, and 6 (Friebe et al. 1993), and in the
Psathyrostachys fragilis genome, but in this species the
chromosomes harboring these loci were not identified
(Linde-Laursen and Baden 1994). The variation in number
and position of the NOR loci indicate that they are mobile in
the Triticeae genomes (Dubcovsky and Dvorak 1995).

3 Genome Structure of Triticeae Species

In addition, several minor loci can be present per genome
(Mukai et al. 1991; Leitch and Heslop-Harrison 1992; Jiang
and Gill 1994; Dubcovsky and Dvorak 1995). rDNA
evolved in concert and loci on different chromosomes share
the same sequence variants (Appels and Dvorak 1982;
Dvorak and Appels 1982).

Triticeae 5S DNA loci harboring tandem arrays of the 5S
rRNA genes, evolve like rDNA (Dubcovsky et al. 1996). In
Triticum, Aegilops, and Elymus (= Lophopyrum), 5S DNA
loci are on the short arms of the chromosomes of homoe-
ologous groups 1 and 5 (Dvorak et al. 1989). However, they
are on the long arms of chromosomes 2H and 3H in barley
(Kanazin et al. 1993). Like rDNA, the 5S DNA loci are
mobile due to translocation into new sites.

In hybrids and allopolyploids, the rDNA genes of one
parental set are transcribed, while most or all rDNA genes
inherited from the other parent remain silent. This phe-
nomenon is known as nucleolar dominance (Navashin 1928,
1934; Pikaard 1999, 2000) and is the general phenomenon in
the allopolyploid species of the genera Aegilops and Triti-
cum (Feldman et al. 2012). The diploid species of wheat, T.
monococcum and T. urartu, contain two nucleolar organizer
regions, one on chromosome arm 1AS and the second on
5AS (Gerlach et al. 1980; Miller et al. 1983). In the
allopolyploid wheat species, the NOR of 1AS is inactive,
while that of SAS was lost (Miller et al. 1983; Jiang and Gill
1994). Thus, allohexaploid wheat (genome BBAADD)
possesses four pairs of NORs on the short arm of chromo-
somes 1A, 1B, 6B, and 5D (Crosby 1957; Crosby-Longwell
and Svihla 1960; Bhowal 1972; Darvey and Driscoll 1972).
In this species, the nucleolar organizers of the B subgenome
suppress the nucleolar organizers of the A and D sub-
genomes (Crosby 1957; Crosby-Longwell and Svihla 1960;
Darvey and Driscoll 1972; Flavell and O’Dell 1979). Sim-
ilarly, the nucleolar organizers of the B subgenome suppress
those of the A subgenome in allotetraploid wheat (genome
BBAA) (Frankel et al. 1987) and those of the R subgenome
in 6xand 8x triticale (genome BBAARR and
BBAADDRR, respectively) (Darvey and Driscoll 1972;
Cermefio et al. 1984a; Martini and Flavell 1985; Appels
et al. 1986; Brettell et al. 1986). Nucleolar dominance was
also observed in all allopolyploid species of Aegilops (Cer-
meno and Lacadena 1985; Cermefio et al. 1984b). In these
species, the U genome from Aegilops umbellulata com-
pletely suppresses the NOR activity of the M, S and D
subgenomes (Cermefio et al. 1984b). The nucleolar orga-
nizers of the U genome also suppress the activity of the NOR
loci of the rye R genome in hybrids between allopolyploid
species of the U genome-bearing Aegilops and Secale cer-
eale or S. vavilovii (Cermeno and Lacadena 1985).

Nucleolar dominance in the allopolyploid species of the
wheat group is achieved either by elimination of
rRNA-encoding genes, as is the case of 5AS, or by
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suppression of their activity. Silencing of NOR loci is
brought about by increased cytosine methylation at their
CCGG sites (Gustafson and Flavell 1996; Houchins et al.
1997). Similarly, Chen and Pikaard (1997) found that
silencing of rRNA-encoding genes in Brassica allote-
traploids is achieved by DNA methylation and histone
acetylation. Reversal of the suppression of the NOR loci of
genome R in wheat x rye hybrids and in hexaploid triticale
by treatment with the demethylating agent 5-Azcytidine, are
in keeping with the role of cytosine methylation in nucleolar
suppression (Vieira et al. 1990; Neves et al. 1995; Amado
et al. 1997).

Newly synthesized allopolyploids exhibit genetic and
epigenetic changes in their rRNA-encoding genes similar to
those occurring in natural allopolyploids, i.e., the same
nucleolar organizers were affected in natural and synthetic
allopolyploids having the same genomic combinations,
indicating that these changes are reproducible. Moreover,
these changes in the newly synthesized allopolyploids show
that they were generated during allopolyploid formation
(Shcherban et al. 2008; Baum and Feldman 2010). Wheat 5S
DNA also undergoes immediate elimination of unit classes
in response to allopolyploidization (Baum and Feldman
2010). This elimination was reproducible, indicating that no
further elimination occurred in the unit classes of the 5S
DNA during the life of the allopolyploids.

A detailed molecular analysis of the fate of wheat NORs
was done in several allopolyploids, including the synthetic
and natural BBAADD genomes (Guo and Han 2014). It
shows that the NORs from the B subgenome are dominant in
several genomic combinations, and that the elimination of
the other NORs proceeds in two steps—first through
silencing and hypermethylation in the first generations of the
nascent allopolyploids—interestingly, this silencing is not
reversible when ploidy level is reduced—then, elimination
of the non-B rDNA copies takes place progressively, starting
in the fourth and ending by the 7th generation since poly-
ploidization (Guo and Han 2014).

3.1.5 Use of C- and N-Banding for Chromosome
Identification

The distribution of eu- and hetero-chromatin along chro-
mosomes has been determined through the position, size and
intensity of Giemsa stain (C-banding). Giemsa stain interacts
specifically with constitutive heterochromatin and thus, the
C-bands expose the position of this type of chromatin in the
chromosomes (Gill 1987). The dark (stained) bands and light
(unstained) bands represent heterochromatic and euchro-
matic regions, respectively. The C-banding technique stains
all classes of constitutive heterochromatin and identifies
each of the 21 chromosomes in T. aestivum (Endo and Gill
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1984), and each of the 14 chromosomes of T. rurgidum (Seal
1982; Bebeli and Kaltsikes 1985; Badaeva et al. 2015).

Chromosomes 1B, 3B, 5B, 6B and 7B of the B sub-
genome and chromosome 4A of the A subgenome are most
heavily C-banded in the standard laboratory cultivar Chinese
Spring of allohexaploid wheat (Endo and Gill 1984). As in
allohexaploid wheat, subgenome B in allotetraploid 7. tur-
gidum ssp. durum is also more heavily C-banded than sub-
genome A; the same chromosomes that are heavily banded
in allohexaploid wheat also heavily banded in ssp. durum
(Seal 1982; Bebeli and Kaltsikes 1985; Badaeva et al. 2015).
Yet, there is widespread banding polymorphism among
different lines of wild and domesticated forms of 7. turgidum
(Badaeva et al. 2015). For example, Badaeva et al. (2015)
found that karyotypes of wild and domesticated emmer
showed an extremely high diversity of C-banding patterns.
B subgenome chromosomes were more polymorphic than A
subgenome chromosomes. The lowest diversity of
C-banding patterns was found for chromosome 3A, while
chromosomes 2A and 4A proved to be most variable among
the A subgenome chromosomes. On the B subgenome, the
lowest polymorphism was observed for chromosome 4B and
the highest, for chromosomes 3B and 7B, respectively.

The C-banding method has been used in studies of sev-
eral aspects of cytogenetics and evolution of T. turgidum.
For example, Bebeli and Kaltsikes (1985) constructed the
karyotypes of cultivars Capeiti and Mexicali, two durum
wheat cultivars, on the basis of C-banding of their chro-
mosomes. Using C-bands, Seal (1982) identified all 14 T.
turgidum chromosome pairs in hexaploid triticale (genome
BBAARR). While little variation was found between
genotypes in the distribution of C-bands, considerable
variation was found in their size, total number and total
length. The bands in both A and B subgenomes were con-
centrated in the centromeric, distal and terminal regions.

Natarajan and Sharma (1974), using Giemsa C-banding,
examined the distribution of heterochromatic regions in the
chromosomes of diploid, allotetraploid and allohexaploid
wheats and found that the distribution pattern of hete-
rochromatin of Ae. speltoides was more similar to that of the
B subgenome chromosomes than the patterns of other
Sitopsis species, but was not identical to it. C-banding
results regarding the phylogeny of T. furgidum, and partic-
ularly the origin of its B subgenome, were not conclusive,
which may be due, in part, to the wide occurrence of
intraspecific polymorphism in C-banding patterns, especially
differences in the distribution of intercalary and telomeric
C-bands (Badaeva et al. 2015).

C-banding has been used quite extensively in the identi-
fication of intraspecific chromosomal rearrangements in the
different subspecies of T. furgidum (e.g., Badaeva et al.
2007, 2015, 2019). During a C-banding survey of a large
collection of cultivars of domesticated emmer, ssp. dicoccon,
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Rodriguez et al. (2000) and Badaeva et al. (2015) identified
different types of chromosomal rearrangements, some of
which were novel to T. turgidum. Chromosomal rearrange-
ments were represented by single translocations and or
multiple translocations, as well as by paracentric and peri-
centric inversions. The use of C-banding enabled the
detection of the position of translocation breakpoints, which
was either at or near the centromere, or interstitial. Cen-
tromeric translocations significantly prevailed in tetraploid
wheat (Badaeva et al. 2015).

Use of the C-banding technique in the identification of
individual chromosomes and chromosome arms at first
meiotic metaphase of F; hybrids involving T. furgidum and
related species, enabled determination of the type of pairing
of each T. turgidum arm, i.e., homologous versus homoe-
ologous pairing. Thus, for example, Naranjo (1990) ana-
lyzed meiotic pairing in the hybrid tetraploid triticale
(genome BARR x rye) and identified the arm homoeology
of A-B chromosomes of T. turgidum using the C-banding
technique. Results confirmed that the homoeologous rela-
tionships between chromosome arms of the A and B sub-
genomes in 7. turgidum are the same as in 7. aestivum, and
that a double translocation involving 4AL, SAL, and 7BS,
and a pericentric inversion involving a substantial portion of
chromosome 4A, are present in 7. turgidum as well as in T.
aestivum. C-banding studies also successfully identified
alien chromosomes, which were added to the hexaploid
wheat complement or which substituted one of its chromo-
somes (Gill 1987).

C-banding was also applied in T. turgidum to determine
the approximate location of the Phl gene in the 5BL arm.
Dvorak et al. (1984) C-banded the long arm of chromosome
5B of a mutant line of the Italian cultivar Cappelli of T.
turgidum ssp. durum deficient for the Phl gene and of
another Cappelli line bearing a duplication of part of the
long arm of 5B that carries Phl. Compared with arm SBL of
the parental cultivar, the 5B long arm of the PhJ/ mutant was
shorter, owing to a deletion of one of two inter-band regions
in the middle of the arm. In the line suspected to have a
duplication, the SBL arm was longer than in ‘Cappelli’ and
the interband region that was absent in the Ph/ mutant was
twice as long.

Genetic mapping of polymorphic C-bands also enables
direct comparisons between genetic and physical maps
(Curtis and Lukaszewski 1991). More specifically, Curtis
and Lukaszewski used eleven C-bands and two seed storage
protein genes on chromosome 1B, polymorphic between
cultivar Langdon of ssp. durum and four accessions of
ssp. dicoccoides, to study the distribution of recombination
along the entire length of the chromosome. The genetic maps
obtained from the four individual ssp. dicoccoides chromo-
somes were combined to yield a consensus map of 14
markers (including the centromere) for the chromosome.

3 Genome Structure of Triticeae Species

In contrast to the C-banding technique that stains all types
of constitutive heterochromatin (Gill 1987), the N-banding
technique specifically reveals heterochromatin containing
polypyrimidine DNA sequences (Dennis et al. 1980). Using
this technique, Gerlach (1977) was able to identify nine of
the twenty-one chromosome pairs of hexaploid wheat cul-
tivar Chinese Spring. These nine chromosomes, 4A, 7A and
all of the B subgenome chromosomes, showed distinctive
N-banding patterns. The remaining chromosomes show
either faint bands or no bands at all. Wild allotetraploid
wheat, T. turgidum ssp. dicoccoides showed banded chro-
mosomes similar to those observed in hexaploid wheat. Of
the diploid species, wild and domesticated 7. monococcum,
T. urartu and Aegilops tauschii showed little or no banding
as would be expected of donors of the A and D subgenomes.
Ae. speltoides had a number of N-banded chromosomes as
would be expected of a species closely related to the B
subgenome donor. Endo and Gill (1984) using an improved
N-banding technique, succeeded to identify 16 of the 21
chromosomes of 7. aestivum.

3.2 Main Components of the Triticeae
Genomes

In this section we describe the general features of the gen-
ome’s main components shared among the Triticeae species.
We discuss both the relative stability of genome size within
species and genera, as well as the dynamic processes that can
cause genome expansion or reduction in size.

3.2.1 Genome Size
Genome size, determined via analysis of nuclear DNA
amount, is known for a large number of Triticeae species
(Table 2.4). These studies showed that Triticeae species are
characterized by a relatively large genome, compared with
that of Oryza sativa and Brachypodium distachyon, in which
1C nuclear DNA size is 0.51 and 0.30 pg, respectively
(Bennett and Leitch 2005), while in Triticeae diploids, it
ranged from 4.0 pg in Elymus libanoticus and in E. stipi-
folius to 8.9 pg in Psathyrostachys stoloniformis or to 9.4 pg
in Secale strictum (Table 2.4). This, more than two-fold
difference in genome size between diploid Triticeae species,
indicates that, even though the tribe evolved in a mono-
phyletic manner (Fig. 2.4), genome size changed rapidly
already in the primordial species. These large differences in
genome size among the diploid species of the tribe imply
that genome size expansion during evolution is not a general
characteristic of the tribe.

No significant intra-specific variation in 1C nuclear DNA
size was found among diploid, allopolyploid, and
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autopolyploid Triticeae species (Eilam et al. 2007, 2008,
2009). The genome-size stability at the intra-specific level is
striking in view of the fact that retrotransposons comprise a
significant fraction of the genomes of many Triticeae species
(Kumar and Bennetzen 1999; Vicient et al. 2001; Sabot et al.
2005) and as such, these genomes have a considerable
potential to undergo rapid changes in nuclear DNA amount.

Relatively little variation in 1C nuclear DNA size is seen
within genera, the exception are the genera Elymus and
Aegilops. Diploid Elymus species with St genome have 4.0—
4.9 pg whereas Elymus species with Ee and Eb genomes
have 5.85 and 7.4 pg, respectively (Table 2.4). Aegilops
caudata has 4.84 pg and Ae. sharonensis 7.3 pg (Table 2.4).
In contrast to the intra-specific and intra-generic levels, there
are large differences in nuclear DNA size at the inter-generic
level, ranging from 4.0 pg per 1C nucleus in Elymus
libanoticus to 8.9 pg in Psathyrostachys stioloniformis
(Table 2.4). At the diploid level, self-pollinating species and
cross-pollinating species present similar nuclear DNA sizes.
Likewise, nuclear DNA sizes of the perennial species were
within the same range as those measured for the annual
species [only Secale strictum (= S. montanum)] has a larger
genome than its annual relative). Diploid Aegilops species
that grow in the southern part of the distribution area of the
genus, i.e., in hotter and drier habitats (Ae. bicornis, Ae.
searsii, Ae. longissima and Ae. sharonensis) have signifi-
cantly more DNA than diploid species growing in other parts
of the species distribution region.

As found for the grass family (Caetano-Anollés 2005),
the Triticeae tribe also shows no clear trend of genome size
evolution on the inter-generic level; in some species, gen-
ome size increased while in others, it decreased (Table 2.4).
An increase in genome size can be brought about by the
activation of transposons, especially retrotransposons (Ben-
netzen and Kellogg 1997; Bennetzen 2000, 2002; Wendel
et al. 2002), whereas a decrease in DNA amount can result
from a variety of recombinational mechanisms, such as
unequal homologous recombination between homologous
chromosomes, sister chromatids, or intra-chromatids, where
the latter, can take place between long terminal repeats
(LTRs) of retrotransposons (Vicient et al. 1999; Shirasu
et al. 2000; Bennetzen 2002; Devos et al. 2002), or via
deletions resulting from non-homologous end joining upon
double-strand break (DSB) repair (Gorbunova and Levy
1997). The relative extent of these two counteracting
mechanisms determines the direction of genome size
change.

The inter-generic differences in genome size mostly
reflect variation in the non-coding DNA sequences, since
grass genomes contain, more or less, a similar number of
genes (Bennetzen et al. 2005; Table 3.1). Differences in
genome size are mainly related to differences in transposable
element, primarily retrotransposons, content, (Fedoroff 2000,
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2012; Bennetzen et al. 2005). The regulation of transposable
elements proliferation and the evidence for their role in
genome size evolution are discussed in Sect. 3.2.2.2. The
contrast between the low variation in DNA size at the
intra-specific and intra-generic levels and the high variation
at the inter-generic level (Table 2.4), suggests that genome
size differences occurred mostly during genera divergence.

3.2.2 Repetitive DNA

Repetitive DNA is the largest component of the genome in
species from the Triticeae. It can reach a percent > 90% as
in the genome of the Sitopsis species of the genus Aegilops
(Table 3.1). It is a major contributor to plant chromosome
structure and genome evolution (Flavell 1986; Fedoroff
2000, 2012; Bennetzen 2005; Wessler 2006). It is generally
packaged as heterochromatin, giving rise to the banding
patterns described in Sect. 3.1.5. Repetitive DNA sequences
are present either in arrays of tandemly repeated sequences
(satellite DNA), or in repeats dispersed throughout the
genome, and are classified into two major classes, depending
on their structure, position on the chromosomes, and/or the
mode of multiplication (transposable elements). The main
components of the repetitive DNA described in this section
are the Transposable elements and Satellitte DNA. Large
repeats arrays such as in the nucleolar organizer (Sect. 3.1.4)
are also significant components of the genome.

3.2.2.1 Satellite DNA

The satellite DNAs of plants are organized as
tandemly-arrayed, highly-repetitive and highly-conserved
monomer sequences that are predominantly organized in
the genome in uninterrupted tracts (Mehrotra and Goyal
2014). The monomer unit of satellite DNA may range from a
few nucleotides to 400 base pairs in length. The tandemly
repeated satellite DNAs are found preferentially in the
constitutive heterochromatin at specific positions of the
chromosomes, such as the pericentromeric, sub-telomeric,
telomeric or intercalary regions, e.g., the rDNA in the
nucleolar organizing regions. These arrays can be visualized
along chromosomes with the C-banding technique that has
been widely used in wheat to stain specifically the consti-
tutive heterochromatin in cytological preparations of somatic
and meiotic metaphase chromosomes (Gill 1987). Dennis
et al. (1980) isolated satellite sequence from bread wheat and
found it to be a repeat of (GAA),(GAG),, where m and
n may have different values in different arrays. In situ hy-
bridization showed that this satellite sequence is located on
all seven chromosomes of the B subgenome and chromo-
somes 4A and 7A of the A subgenome in hexaploid wheat,
equivalent to the location of the N-bands (Gerlach et al.
1979).
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Table 3.1 Genome size and features in fully sequenced species from the Triticeae and other grasses

Species Genome Genome 1C DNA  Transposable Number of References
formula size in amount elements as percent  high-confidence
Gbp (pg) of genome genes
Oryza sativa OsOs 0.372 0.51 37 41,046 International Rice Genome
Sequencing Project (2005)
Brachypodium BdBd 0.272 0.30 26.1 25,532 International Brachypodium
distachyon Initiative (2010)
Triticum urartu AA 4.94 6.02 81.4 37,516 Ling et al. (2013, 2018)
Aegilops DD 4345 5.17 84-85.9 42,828-39,622 Jia et al. (2013), Luo et al. (2017),
tauschii Zhao et al. (2017), Zimin et al.
(2017)
Ae. speltoides SS 4.60- 5.81 75.2 36,928-37,607 Li et al. (2022), Avni et al. (2022)
5.13
Ae. searsii S3s® 5.55 6.65 82.5 37,995 Li et al. (2022)
Ae. sharonensis §ehgsh 6.07-6.7 7.52 84.3 31,198-38,440 Li et al. (2022), Avni et al. (2022)
Ae. bicornis SPsP 5.73 6.84 83 40,222 Li et al. (2022)
Ae. longissima s'st 6.22-6.7 7.48 81 31,183-37,201 Li et al. (2022), Avni et al. (2022)
T. aestivum cv. AA 5.95 — 85.9 35,345 International Wheat Genome
CS Sequencing Consortium (2018)
Subgenome A
T. aestivum cv. BB 6.29 - 84.7 35,643 International Wheat Genome
CS Sequencing Consortium (2018)
Subgenome B
T. aestivum cv. DD 4.79 - 83.1 34,212 International Wheat Genome
CS Sequencing Consortium (2018)
Subgenome D
T. aestivum BBAADD 17 17.67 84.7 107,891 Murat et al. (2014b), International
Ssp. aestivum Wheat Genome Sequencing
cv. CS Consortium (2018)
Triticum BBAA 10.5 12.91 82.5 65,012 Avni et al. (2017)
turgidum SubA:
ssp. dicoccoides 4.9
SubB:
5.2
Triticum BBAA 12.31 12.8 82.2 66,559 Maccaferri et al. (2019)
turgidum
ssp. durum
Secale cereale RR 791 8.65 > 80 - Martis et al. (2013), Bauer et al.
(2017)
Hordeum HH 5.10 5.50 84 26,159 The International Barley Genome
vulgare Sequencing Consortium (2012)
Simple sequence repeats (SSRs) is a group of essential for wheat breeding (Roder et al. 1998; Pestsova

microsatellites occurring universally in plant genomes as
tandem repetitions of short sequence motifs. SSRs that are
located in non-coding DNA may not affect the organism
fitness. This, together with their structure that promotes
slippage by DNA polymerase, allows them to accumulate
mutations that have been used as highly-polymorphic
genetic markers in mapping, identification, characterisation
and management of wild and domesticated genetic resour-
ces, as well as in tagging genes controlling traits that are

et al. 2000; Gupta and Varshney 2000; Gupta et al. 2002;
Somers et al. 2004). On the other hand, SSRs that are located
in coding regions, can lead to genetic changes. Analysis of
more than 15,000 Arabidopsis and more than 16,000 rice
SSRs indicated that they may affect the expression of a large
number of genes (Sharopova 2008). Data on DNA methy-
lation, histone acetylation, and transcript turnover suggest
that SSRs may affect gene expression at transcriptional and
posttranscriptional levels.
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3.2.2.2 Transposable Elements

The second group of repetitive DNA sequences comprises a
vast array of DNA sequences, with a dispersed organization,
which are scattered throughout the genome. This group
includes transposable elements (TEs), that range in size from
a few hundred base pairs (bp) to 15 kb. TEs have the ability
to move to new sites in genomes either directly by a
cut-and-paste mechanism involving DNA intermediates
(transposons; Class 2) or indirectly through a copy-and-paste
mechanism involving RNA intermediates (retrotransposons;
Class 1) (Fedoroff 2012). Other DNA elements include
smaller families such as Mutator, Harbinger, Mariner,
Miniature inverted repeats elements (MITEs) or hAT ele-
ments that are less abundant. Helitrons are an interesting but
small class of DNA elements that transpose via DNA
replication rather than excision-insertion and that are thought
to contribute to gene duplication (Morgante et al. 2005).

Class 2 DNA, cut-and-paste transposons include several
types of families, the most abundant of which is the CACTA
family. These TEs have inverted repeats at their termini that
contain the conserved CACTA motif. In addition, they code
for a transposase protein.

Class 1 DNA, retrotransposons or retroelements, com-
prise two main types: (1) long terminal repeat (LTR) retro-
transposons, flanked by LTRs, and (2) non-LTR elements
[such as long interspersed nuclear elements (LINEs) and
short interspersed nuclear elements (SINEs)]. LTR retro-
transposons are the most abundant mobile elements in plant
genomes (Feschotte et al. 2002). Indeed, in some grasses,
LTR retrotransposons represent up to 90% of the genome
(Bennetzen and Kellogg 1997; Kumar and Bennetzen 1999;
Vicient et al. 2001; Feschotte et al. 2002; Sabot et al. 2005;
Senerchia et al. 2013; Table 3.1). Due to their mechanism of
reverse-transcription, LTR-elements can be classified as
young, when the LTR are identical, or old, when LTRs are
different. Sequence divergence between the LTRs of an
element provides thus a useful tool to deduce the age of
transposition events. This tool has enabled to date different
waves of transposition during wheat evolution and specia-
tion (Wicker et al. 2018).

In bread wheat TEs constitute ~ 80-85% of the total
genome, depending on the lines, the overall composition
is ~ 70% long terminal-repeat retrotransposons
(LTR) and ~ 12% DNA transposons (Walkowiak et al.
2020), altogether wheat TEs were divided into 505 families
(IWGSC 2018). Among DNA elements, CACTA elements
represent the largest class accounting for ~ 15% of all
genome while other elements constitute less than 0.5% of the
genome. By contrast retroelements constitute ~ 70% of the
wheat genome (~ 69% LTR retroelements and ~ 1%
LINEs and SINEs). LTR elements that are “young”, i.e., that
have transposed recently, tend to be located in the gene-rich
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recombinogenic distal part of chromosomal arms, while
“old” LTR elements tend to be conserved among wheat lines
and to be located in the pericentric heterochromatic regions
of the chromosomes (Walkowiak et al. 2020). Overall TEs
amount is relatively similar in the three subgenomes of
allohexaploid wheat, however, they do account for part of
the subgenome size difference between B and D and their
distribution is highly variable between subgenomes.

TEs have the potential to affect genome structure and
function through transposition, ectopic recombination and
epigenetic re-patterning (Shalev and Levy 1997; Bennetzen
2005; Slotkin and Martienssen 2007; Fedoroff 2012). They
have served as building blocks for epigenetic phenomena,
both at the level of single genes and across larger chromo-
somal regions (Slotkin and Martienssen 2007). Since TE
activity is governed by epigenetic regulation (Slotkin and
Martienssen 2007; Fedoroff 2012), their activation might be
induced by genetic and environmental stresses (Fedoroff
2012). Hence, TEs may mutate genes, alter gene regulation,
and generate new genes, in response to environmental
challenges, thus providing fuel for evolution (Kidwell and
Lisch 2000).

Remarkably, while the intergenic TE composition is not
conserved between the subgenomes, the overall TEs com-
position, the spacing between genes and the enrichment of
TEs near genes is highly conserved. TEs associated with
genes are particularly interesting as they can affect tran-
scription of neighboring genes as shown for retroelements
(Kashkush et al. 2002, 2003) or they can affect splicing as
shown for wheat SINEs that are enriched in introns and may
affect intron retention (Keidar et al. 2018). MITEs also show
a strong association with wheat genes, being near genes, or
even within the transcriptome and are thus able to affect both
expression and protein composition (Keidar-Friedman et al.
2018). All this suggests that TEs are drivers of dynamic
genomic changes and modulation of gene expression and
contribute massively into shaping genome structure,
expression and evolution. However, these dynamic changes,
which can lead to deleterious genome instability are miti-
gated by epigenetic genome stabilizing factors that suppress
TEs activities (Fedoroff 2012). Repressive protein com-
plexes, histone methylation, RNA interference (RNAi) and
RNA-directed DNA methylation, as well as recombinational
regulatory complexes may cause epigenetic silencing of TEs
(Law and Jacobsen 2010; Feng et al. 2010; Zhang and Zhu
2011; Simon and Meyers 2011). Plants have a more complex
and redundant array of epigenetic silencing mechanisms than
animals, making use of multiple DNA methylation mecha-
nisms, chromatin protein modification, and feedback mech-
anisms involving small noncoding RNAs (Zaratiegui et al.
2007; Law and Jacobsen 2010; Simon and Meyers 2011).
Plants methylate C residues in nucleotides within all
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sequence contexts (C™G; C™NG, or C"NN), thus stabilizing
the silencing and inactivation of genes and other genetic
elements in plants (Bird 2002; Law and Jacobsen 2010).

Despite these multiple silencing mechanisms, TEs have
retained some extent of mobility throughout wheat evolution
as suggested from their high diversity between the sub-
genomes of bread wheat (Wicker et al. 2018) and between
varieties in the same subgenome. While there is no evidence
for a TEs mobility burst upon allopolyploidization (Choulet
et al. 2014; Wicker et al. 2018), transcriptional activation
(but not transposition) of wheat retroelements was shown in
a wheat synthetic allopolyploid (Kashkush et al. 2002, 2003)
and smoking gun evidence for mobility of MITEs in a newly
synthesized wheat allohexaploid was reported (Yaakov and
Kashkush 2012). Allopolyploidization might be to some
extent a trigger for TEs mobility and mutation tolerance in
allopolyploids might have facilitated mobility in allopoly-
ploid backgrounds during wheat evolution. Nevertheless, TE
mobility is highly controlled through epigenetic modifica-
tions, such as cytosine methylation and small RNAs
(Kenan-FEichler et al. 2011) and through histone modifica-
tions. The H3K27me2 modification has been shown for
example to contribute to TEs stability in wheat euchromatin
(Liu et al. 2020).

Middleton et al. (2013) found that the abundance of
several TE families varies considerably between the Trit-
iceae species, indicating that TE families can thrive extre-
mely successfully in one species, but go virtually extinct in
another. In this regard, Senerchia et al. (2013) suggested that
ancestral TE families followed independent evolutionary
trajectories among related species, highlighting the evolution
of TE populations as a key factor of genome differentiation.
The balance between genome expansion through TE pro-
liferation and contraction through deletion of TE sequences,
drives variation in genome size and organization (Bennetzen
and Kellogg 1997). Indeed, TEs were found to be one of the
main drivers of genome divergence and evolution in the
Triticeae (Yaakov et al. 2012; Wicker et al. 2018).
Remarkably TEs, which are probably under low selection
can rapidly “decay” and be eliminated from genomes, or
when a transposition burst occurs they rapidly expand in
copy number (Wicker et al. 2018). The genome shrinking
and expansion cause a great diversity in the size of the
genomes in the Triticeae and its close relatives (Table 2.4).
Two extreme cases are Brachypodium, with a small ~
272 Mb genome and ~ 25% TEs (International Brachy-
podium Initiative 2010) versus Rye, which has the largest
genome in the Triticeae (7.9 Gb) and also the highest per-
centage of TEs (~ 90%) (Rabanus-Wallace et al. 2021 and
Li et al. 2021).

The genome size stability at the intra-specific level of
Triticeae (Eilam et al. 2007, 2008, 2009) is striking in view
of the fact that retrotransposons comprise a significant
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fraction of the genome (Kumar and Bennetzen 1999; Vicient
et al. 2001; Sabot et al. 2005; Senerchia et al. 2013). This is
likely due to epigenetic silencing (Fedoroff 2012). On the
other hand, the expansion and diversification of TEs in
different lineages of the Triticeae, point to an interesting
correlation between speciation and transposition. Silent
inactive transposons can be activated by a variety of envi-
ronmental and genetic stresses that cause a “genomic shock™
(McClintock 1984). A variety of DNA-damaging agents,
biotic and abiotic stresses, as well as pathogen infection and
the passage of plant cells through tissue culture were indeed
shown to activate TEs, supporting McClintock’s genomic
shock hypothesis (Hirochika et al. 1996; Grandbastien et al.
1997; Kim et al. 2002; Ito et al. 2011). Transposon activa-
tion is also triggered by interspecific hybridization and
allopolyploidization (Kashkush et al. 2002, 2003; Madlung
et al. 2005; Kenan-Eichler et al. 2011). Such activation can
cause bursts of transposition that result in genome expansion
for a long period before it is silenced or silenced the trig-
gered activity quickly within few generations (Ito et al.
2011). The activation also contributes to speciation due to
the mutagenic effect of transposition bursts that potentially
reduce the viability and fitness of the interspecific hybrid,
thereby contributing to formation of a genetic barrier
between species (Levy 2013).

3.3 Whole Genome Sequencing in Species
of the Triticeae

3.3.1 Triticum aestivum L. ssp. aestivum (Bread
Wheat)
3.3.1.1 Assembly of the Bread Wheat Genome

Common wheat, Triticum aestivum (genome BBAADD), is
an allohexaploid species with a huge genome (17,000 Mbp),
about five times larger than the human genome, ~ 40 times
the genome of Oryza sativa and ~ 60 times that of
Brachypodium distachyon (Table 3.1). Sequencing the
genome of allohexaploid wheat, T. aestivum, has been a
challenging task, due to its large size (a haploid genome, 1C
of ~ 16 pg), the high proportion (~ 85%) of repetitive
sequences, and its allohexaploid nature harboring three
related subgenomes that share partial homology (homoeol-
ogy). An important milestone for the wheat community has
been the publication of a first version of an annotated
high-quality sequence of the standard laboratory cultivar,
Chinese Spring (CS) of bread wheat, ssp. aestivum, (Inter-
national Wheat Genome Sequencing Consortium (IWGSC)
2018). This version presented the assembly of 97% of CS
genome into large contigs and scaffolds mapped along the 21
chromosomes. This accomplishment has been achieved
through the integration of data from various sources derived



3.3 Whole Genome Sequencing in Species of the Triticeae

from several years of community efforts, including BAC
sequencing, molecular markers, and more recent Illumina
sequencing data together with NRGene’s deNovoMagic2
assembly algorithm and Hi-C data. Another later milestone
has been the publication of sequencing and de novo
assembly of 15 additional wheat lines that enabled to get
insight into the genomic variation between varieties that
accumulated following hexaploid wheat formation and to
start defining a wheat pangenome (Walkowiak et al. 2020).
While cv. Chinese Spring has been a standard for the wheat
community, owing to its excellent combining ability that
lead to a broad use in early studies on wheat evolution and
genome composition (Sears 1954; Sears and Miller 1985), it
turns out that it is a landrace that is little bit of an outgroup
from the pool of modern varieties (Walkowiak et al. 2020).
Nevertheless, we keep referring to it as the standard and
mention other varieties only when CS is a clear outlier.

New updates are published by the ITWGSC and are
available at the IWGSC web site for both genome and
transcriptome data. The sequence data has provided new
insights into the hexaploid wheat genome structure that are
summarized here.

3.3.1.2 Protein Coding Genes

Genes are obviously the most important component of the
genome, even-though they represent only a small fraction of
the total wheat genome (roughly 5-10%, depending on
inclusion of coding regions, introns, UTRs, promoters).
There has been contradicting values published on the num-
ber of genes in the bread wheat genome. This was due to low
quality of the genomic sequences in early estimates and also
due to the difficulty to define a gene, or a genuine
open-reading frame, and because many genes have decayed
and became truncated or mutated pseudo-genes. Some
standard emerged in the field, sorting genes as “high confi-
dence” (HC) genes, or as “low confidence” (LC) genes or
pseudo-genes.  Sequence  analysis, searching  for
protein-coding open reading frames in CS IWGSC 2018),
has identified a total of 107,891 “high confidence”
(HC) genes, which are distributed almost equally between
the A, B and D subgenomes (Table 3.1). Presence of a
transcript and a good prediction of a function (based on
homology with known genes from other species) was
attributed to 85 and 82% of HC genes, respectively. Another
group of 161,537 putative genes, referred to as “low confi-
dence” (LC) genes, i.e. that had weaker features expected for
genes, was identified. Only 49% of these putative genes had
a corresponding transcript. Finally, 303,818 pseudogenes,
i.e. DNA segments that share homology to genes but do not
code for proteins, due to truncation or stop codons, were
detected. Interestingly, pseudogenes were less abundant in
subgenome D (27%) than in A (33%) and B (36%). Overall,
if we consider only HC genes, the number of genes per
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subgenome is similar to other plant species. However, if we
consider the allohexaploid nature of wheat and the fact
that ~ half of the LC genes have some coding potential,
and maybe some of the pseudogenes too, wheat seems to
have much more genes than other cereals and than most
other plant species.

3.3.1.3 RNA Genes

RNA genes, that code only for an RNA but not a protein,
include as main groups Ribosomal RNAs (rRNAs), the long
non-coding RNAs (IncRNAs), micro-RNAs (miRs), small
interfering RNAs (siRNAs) and transfer RNAs (t-RNAs).

Ribosomal RNAs (rRNAs) are transcribed from rDNA
genes, and do not code for proteins but rather are a major
component of the ribosomes. Their structure, expression,
and their rapid changes in expression and copy number as a
result of allopolyploidy have been described in detail in
Sect. 3.1.4.

IncRNAs are typically transcripts > 200 nt that are in
general 5’ capped and polyadenylated (Budak et al. 2020).
They have not been fully curated in bread wheat but their
number is probably > 100,000 considering that in tetraploid
wheat they were estimated at 89,623 for wild emmer wheat
(Akpinar et al. 2018), 115,437 for durum cultivar Svevo
(Maccaferri et al. 2019) and 20,338 in Ae. tauschii (Luo
et al. 2017). They regulate a broad range of functions such as
various stress responses such as cold stress (Lu et al. 2020)
or developmental processes such as germination (Budak
et al. 2020).

MicroRNAs are ~ 21 nt-long single strand RNA mole-
cules, processed from a hairpin precursor. They function as
post-transcriptional regulators of gene expression (Axtell
and Meyers 2018). Their function is typically of suppressors
of stress-related or developmental processes. They were
shown to be associated with response to nitrogen levels,
grain development (Hou et al. 2020), water deficit, heat
stress and germination (Liu et al. 2020). With the availability
of the wheat genome sequence, it has been possible to pre-
dict their abundance, based on a combination of structural
features and homology to known microRNAs as well as with
support from their expression, in particular from libraries of
transcribed small RNAs (Jaiswal et al. 2019). With such
partial validation, their total number ranges from ~ 2500
to ~ 4500 depending on the prediction and validation tools
(Jaiswal et al. 2019). Their distribution is very variable,
between homoeologues and between groups from the same
subgenome in a way that is not fully related to chromosome
size—for example chromosome 3B counts 614 predicted
microRNAs while 3D only 45 and 7B counts 52.

Small interfering RNAs (siRNAs) are an abundant class
of small non-coding RNAs produced from a double-stranded
RNA precursor and processed through a variety of Dicer-like
endonucleases with different properties which can generate
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small RNAs of 21, 22, 23, or more commonly 24 nt in size
(Pikaard and Mittlestein-Scheid 2014). They provide path-
ways for RNA-directed DNA methylation, transcriptional
silencing of transposons and repeats, viruses, and transgenes.
Considering the abundance of transposons in the wheat
genome (discussed below), the importance of the thousands
of 24 nt siRNAs species in guiding the methylation
machinery to transposons and in mediating their silencing is
critical for the maintenance of the wheat genome integrity
(Kenan-FEichler et al. 2011). The control of transposons by
siRNAs can in turn affect neighboring genes and have
consequences on gene expression. For example, gametocidal
action in wheat was found to be related to the activity of both
miRNAs and siRNAs (Wang et al. 2018). Another example,
from the study of synthetic tetraploid wheats is the correla-
tion between genome-wide changes in siRNAs and in the
expression of associated genes or transposons and of
chromatin modifications (Jiao et al. 2018).

3.3.1.4 The Wheat Transcriptome

In parallel to the publication of the wheat genome IWGSC
2018), a thorough analysis of the wheat transcriptome was
reported (Ramirez-Gonzalez et al. 2018) based on data from
850 RNA-Seq experiments, derived from 32 tissues and
different growth stages or stress treatments. This work pro-
vides a comprehensive description of gene expression in
wheat as summarized below. This analysis showed that ~
85% of the HC genes were expressed versus ~ 50% of LC
genes. Non-expressed genes might have a very low
expression, or are expressed under very specific conditions
not tested yet or might be defective, e.g., in promoter region,
as might be the case for most LC genes. Differential
expression between genes was mostly related to differences
in tissue origin rather than developmental stage or stress.
Only ~ 10% of the expressed HC genes were tissue-
exclusive. These tissue-specific genes were enriched for
reproductive functions, transcripts were shorter in length and
had a weaker expression that ubiquitous house-keeping
genes. Interestingly, genes located in distal regions of the
chromosome tended to have a weaker expression level than
genes in proximal regions. Expression levels correlated with
typical activating or repressive chromatin modifications.
Inspection of the expression of homoeologs for which all
three subgenomes were represented (triads) showed that
for ~ 70% of the triads, the level of expression was bal-
anced, i.e., homoeoalleles were generally expressed at the
same level. For 30% of the triads, expression was unbal-
anced with one of the three subgenomes being suppressed
(most common) or one of the three being active (less com-
mon). The D-subgenome was slightly less frequently sup-
pressed than the A or B subgenomes. When looking at gene
expression regulation, modules of co-expressed genes were
defined. In 83.6% of the cases, the members of the triads
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were co-regulated, i.e., were in similar modules of expres-
sion. The remaining 16.4% of triads showed differential
expression patterns in the three homoeoalleles, suggesting
sub- or neo-functionalization. Syntenic triplets where more
coregulated than non-syntenic ones. Likewise, in cases
where only two homoeologs are present, conservation in
expression patterns was more prominent than divergence and
synteny was a good predictor of conserved expression.
Differential expression was often associated with the diver-
sity of TEs in proximity to the promoter region.

A comparison of the grain development transcriptome of
bread wheat as well as of its diploid and tetraploid
progenitors/relatives showed that the factors affecting
divergence in gene expression were (by order of impor-
tance): the tissue, the developmental stage, the subgenomes
and the species (Xiang et al. 2019). This work constitutes a
transcriptome atlas for grain development, starting from the
embryonic phase (two cells) through endosperm and embryo
development as well as for the pericarp, in bread wheat,
tetraploid Triticum turgidum (ssp. durum), and in diploid
ancestors Triticum urartu, Aegilops speltoides, and Aegilops
tauschii. Patterns of gene expression seen in bread wheat
might be the result of an evolutionary process caused among
other factors by selection under domestication or alterna-
tively by intergenomic interactions established upon merg-
ing of the sub-genomes.

To understand the interactions between sub-genomes, an
insightful experimental system has been to compare gene
expression in parents and derived hybrids and allopolyploids
at the early stages of interspecific hybridization and
allopolyploidization that gave rise to bread wheat. Indeed,
bread wheat can be re-synthesized from its tetraploid and
diploid progenitors as shown by McFadden and Sears
(1944). Since then, several studies on synthetic allopoly-
ploids have enabled us to learn on interactions between the
subgenomes and the effect of dosage on overall gene
expression (see review in Li et al. 2015). When comparing
the expression of homoeoalleles in the diploid (Genome D)
and tetraploid (Genome BBAA) progenitors, to that of the
derived synthetic allohexaploid wheat (Genome BBAADD),
mid-parent values is the prominent pattern of gene expres-
sion, nevertheless significant levels of non-additivity were
reported, the extent of which was variable between studies,
ranging from ~ 3 to 20% (Pumphrey et al. 2009; Akhunov
et al. 2010; Chague et al. 2010; Li et al. 2014). In these
studies, biased expression dominance towards the AB
sub-genome progenitor was observed using either microar-
rays or RNA-seq analysis. Moreover, while non-additive
expression of homoeoalleles established upon allopoly-
ploidization was not always transmitted to the next genera-
tions, there is strong evidence showing that these new
expression patterns are often maintained in modern bread
wheat.
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Gene expression is not only affected by the interactions
between different subgenomes in allohexaploid wheat, but
also by the ploidy level. Aneuploidy, often encountered in
newly formed allopolyploids, can affect gene expression due
to imbalance between homoeologous chromosomes. How-
ever, even when chromosome dosages are balanced, ploidy
can affect both phenotype and gene expression. Comparison
of gene expression was done between the polyhaploid,
genome BAD, to the allohexaploid, genome BBAADD
(Wang et al. 2011) and between the allohexaploid and a
nonaploid, genome BBBAAADDD (Guo et al. 2020). Only
a small fraction (~ 0.2%) of the genes were affected (si-
lenced or activated) in the polyhaploid (Wang et al. 2011).
By contrast, in the nonaploid, there was a significant dys-
regulation of gene expression (~ 25% of the genes) (Guo
et al. 2020) and nevertheless the relative ratio between
triplicated homoeologs remained relatively unchanged.

Overall these experiments show that there is both a high
potential for plasticity as a result of allohexaploidy and at the
same time, the system is robust with additivity and
mid-parent values remaining the most prominent patterns of
gene expression. Understanding the mechanisms that con-
tribute to plasticity and robustness of gene expression and
how this contributes to fitness is a major challenge for future
research. Genome wide studies on intergenomic interactions
in advanced model systems, such as budding yeast (Tirosh
et al. 2009) have shown how divergent gene expression in
parental species can be caused by cis or trans factors. The
same kind of interactions must be taking place in allo-
hexaploid wheat with a higher degree of complexity due to
the higher ploidy level and the epigenetic regulators absent
in yeast (e.g. cytosine methylation and small RNAs). For
example, mutations in cis-acting factors, e.g. promoter
regions or coding regions, are maintained in an additive
manner upon genome merging of the two related species.
However, divergences due to mutations in trans-acting fac-
tors in parental species, e.g. transcription factors, small
RNAs, chromatin remodelers, can abolish differences
between homoeologs in the allopolyploid and can trigger a
rewiring of gene expression by activating or suppressing
genes that were otherwise silent. Certain types of methyla-
tion can be stably inherited in cis or modified due to frans
effects as with RNA-dependent DNA methylation.

Small RNAs (siRNAs or MicroRNAs) expression can be
affected by cis and trans factors and small RNAs can act as
trans-acting factors, being synthesized by one subgenome
and suppressing genes or transposons in another subgenome.
This makes for a high potential for small RNAs-mediated
regulation and rewiring of target genes expression during
allopolyploidization. Kenan-Eichler et al. (2011) and Li
et al. (2014) have shown non-additive and dosage-dependent
expression of small RNAs and of their targets in allo-
hexaploid wheat. Typical targets of siRNAs are transposons,
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and a correlation between the presence of certain siRNAs
whose expression was non-additive in allohexaploid wheat
together with methylation and transcriptional activity of their
transposons targets has been found (Kenan-Eichler et al.
2011). Specific genes are also affected by non-additive
expression of microRNAs: for example, miR9863 was
hypothesized to control the enhanced powdery mildew
resistance in synthetic hexaploid wheat (Li et al. 2014).
Finding more evidence for small RNAs-Targets expression-
phenotypic function has been limited so far but should
become more effective using current genomics tools and
high-quality reference genomes.

On top of these interactions, dosage effects related to
ploidy levels also seem to contribute to fitness in a not yet
fully understood manner. For example, it seems that the
ability to establish in new niches is affected by the ploidy
level: hexaploid wheat is more widespread than tetraploid
wheat which in turn is more widespread than diploid wheat.
However, higher ploidy levels (> 6) seem to have a reduced
fitness (Guo et al. 2020) suggesting an optimal ploidy level
for wheat fitness and maybe for productivity. The reasons for
this success are largely unknown.

A search for the genes that have contributed to wheat
success as a crop, in relation to polyploidy, has started in
recent years, establishing a causal relationship between such
genes and fitness is an important and challenging task. An
interesting example is the immediate and increased salt
resistance that was obtained in nascent allohexaploid wheat
compared to its diploid progenitors due to an altered
upregulation of a High Affinity K transporter (Yang et al.
2014). Remarkably this salt tolerance which was obtained
already upon allopolyploidization has persisted in natural
hexaploid wheat and might have enabled wheat to settle in a
broader range of soils.

3.3.2 Triticum turgidum L.
3.3.2.1 Ssp. dicoccoides (Korn.exAsch.

and Graebn.) Thell. (Wild Emmer)

Wild emmer wheat, Triticum turgidum ssp. dicoccoides,
(2n = 4X = 28, genome BBAA) is the direct progenitor of
the A and B subgenomes of both tetraploid macaroni wheat
and hexaploid bread wheat. Its domestication, which gave
rise to emmer wheat (Triticum turgidum ssp. dicoccon), was
described in Chap. 10, Sect. 10.3.2. Its chromosomes show
full pairing and recombination with the A and B subgenomes
of bread and macaroni wheat, therefore it is an important
source of diversity for breeders. The whole genome
sequence of emmer wheat was therefore an important
milestone (Avni et al. 2017). Moreover, it was the first wheat
genome where a high quality of assembly was achieved,
with very few gaps. The whole genome size was estimated at



56

10.5 Gb, out of which 98.4% of the whole genome could be
assembled in very large scaffolds from small Illumina Reads
(Avni et al. 2017). This achievement was at large due to a
new assembly algorithm developed by NRgene combined
with a fine genetic mapping of markers that served as
anchors to the DNA scaffolds from the Distelfeld lab toge-
ther with Hi-C data. In total, 10.1 Gb (out of 10.5 Gb whole
genome size) was assigned to the 14 chromosome pairs and
0.4 Gb was unassigned. 65,012 High-Confidence genes
were identified; 30,730 in sub-genome A and 32,083 in
sub-genome B and 82% of the genome was annotated as
transposable elements. The wild emmer wheat genome
enabled to identify key gene(s) that contributed to domes-
tication, such as the Brittle-Rachis loci (BTRI-A and
BTRI-B), which when mutated give rise to the non-fragile
rachis (Avni et al. 2017; Nave et al. 2019). It also enabled to
evaluate the extent of introgression of wild emmer wheat
DNA into the hexaploid genome (see details in Sect. 13.2).

Gene expression studies, under 20 different conditions,
indicated that 30.4% of the genes are expressed in all con-
ditions, 48% in at least one (but not all) condition, and 21%
were expressed at a low level or not at all (Avni et al. 2017).
The number of genes expressed in each sub-genome was
very similar, and there was a slight (5%) higher expression
on average for genes of the A sub-genome.

3.3.2.2 Ssp. durum (Desf.) Husn. (Macaroni
Wheat)

Durum  wheat, Triticum  turgidum  ssp.  durum
(2n = 4X = 28, genome BBAA), is an allotetraploid species
whose genome is genetically very close to that of its
domestic progenitor, domesticated emmer wheat Triticum
turgidum ssp. dicoccon (2n = 4X = 28, genome BBAA),
and of its wild progenitor, wild emmer wheat, Triticum
turgidum ssp. dicoccoides (2n = 4X = 28, genome BBAA)
(Feldman 2001). The F; hybrid between these species is
fully fertile. Durum wheat is a leading crop used for pasta,
bulghur, couscous, frikeh and certain types of bread. It
represents ~ 7% of the global wheat production. Sequenc-
ing its genome has therefore been an important goal. Early
studies consisted in high-resolution mapping of the durum
genome using ~ 30,000 genetic markers, mostly SNPs,
spread throughout the genome, yielding a genetic size of
2631 cM for a physical size estimated at 12 Gb (Maccaferri
et al. 2015). Whole genome sequencing was first performed
on the durum cultivar Svevo (Maccaferri et al. 2019).
Genome assembly was performed using the method descri-
bed for wild emmer (Sect. 3.3.2.1). It gave rise to 10.45 Gb
sequences, out of which 9.96 Gb were assigned to the 14
chromosome pairs and 449 Mb were unassigned scaffolds.
Overlapping the SNP markers of the genetic map (Macca-
ferri et al. 2015) with the physical map (Maccaferri et al.
2019) showed that a large pericentric region representing

3 Genome Structure of Triticeae Species

449% of the genome has a very low recombination rate
(107 Mb/cM on average) while distal regions represent-
ing ~ 22% of the genome, had high recombination rates
(1.8 Mb/cM on average). Genome annotation revealed
66,559 HC genes and expression studies, from a set of 21
different RNA-Seq samples, showed that 90.5% of these
genes were expressed in at least one of the 21 conditions
tested.

3.3.3 Triticum urartu Tum. ex Gand. (Donor
of Bread Wheat A Subgenome)

The genome of Triticum urartu, wild einkorn wheat, was
sequenced by Ling et al. (2013), first as a draft, and later as a
high-quality genome (Ling et al. 2018). Being a diploid
(2n = 2x = 14; genome AA) it was of interest due to its
reduced complexity. Moreover, it is the diploid donor of the
A subgenome of tetraploid 7. furgidum species (genome
BBAA), T. timopheevii (genome GGAA) and of hexaploid
wheat (genome BBAADD). The high-quality genome was
sequenced combining bacterial artificial chromosome
(BAC)-by-BAC  sequencing, whole-genome shotgun
sequencing, and optical mapping (Ling et al. 2018).
Sequences assembly generated 4.86 Gb of scaffold sequen-
ces, which is very close to the estimated 4.94 Gb genome
size. Genome annotation identified 37,516 high-confidence
and 3991 low confidence genes. Average gene size is of
1453 bp transcripts, 332 amino acids proteins and 4.5 exons
per transcript, which is similar to that of other grasses. In
addition, 31,269 microRNAs (miRNAs), 5810 long
non-coding RNAs (IncRNAs), 3620 transfer RNAs
(tRNAs), 80 ribosomal RNAs (rRNAs) and 2519 small
nuclear RNAs (snRNAs) were identified (Ling et al. 2018).
Repetitive DNA represented 3.90 Gb (81.42%) of the gen-
ome, out of which 3.44 Gb (71.83%) were retrotransposons
and 355 Mb (7.41%) were DNA transposons. The distribu-
tion of LTR retrotransposons was uneven for each chro-
mosome, with Copia elements enriched at both telomeric—
subtelomeric regions, and Gypsy retrotransposons enriched
in the pericentromeric—centromeric regions. Intact retroele-
ments (tens of thousands) suggest a burst of Gypsy elements
more than 1 Mya and of Copia elements less than 1 Mya,
both after the divergence of A and B genomes.

High density SNP analyses were carried for 147 (Ling
et al. 2018) and 298 T. urartu accessions (Brunazzi et al.
2018) from across the fertile crescent, spanning Jordan,
Lebanon, Syria, Turkey, Armenia, Iraq and Iran. Genetic
diversity was correlated with geographical distance,
R? = 019 (Brunazzi et al. 2018). Interestingly, a principal
component analysis performed on climatic variation across
the collection of accessions showed that 52% of the genetic
variation could be accounted for by temperature indices and
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to a lesser extent by altitude and rainfall parameters. More-
over, using a GWAS analysis, 57 markers showed associa-
tion with environmental parameters, including loci
associated with frost resistance and dormancy.

3.3.4 Aegilops tauschii Coss. (Donor of Bread
Wheat D Subgenome)

The genome of Aegilops tauschii, the diploid donor of the D
subgenome to hexaploid wheat, was first sequenced as a
draft, in year 2013, by Jia et al. (2013), Luo et al. (2013).
Then in 2017, three high-quality whole genome sequences
were published. A high-quality genome, from Ae. tauschii
ssp. strangulata, which is closely related to subgenome D of
hexaploid wheat, was sequenced by Luo et al. (2017) using
ordered BAC clones sequencing, shotgun sequencing and
BioNano optical genome mapping and merging with a pre-
vious map (Zimin et al. 2017) that included long Pacific
Biosciences (PacBio) reads. In addition, Zhao et al. (2017)
used a combination of high coverage Illumina sequencing
with the DeNovoMAGIC2 assembly software and PacBio
long reads to sequence the same accession of ssp. strangu-
lata (AL8/78) as Luo et al. 2017. The estimated genome size
of Ae. tauschii is ~ 4.3-4.5 Gb, of which 4.0-4.3 Gb (de-
pending on the studies) were assembled into super-scafolds
representing ~ 95% of the total genome. The total of
high-confidence genes varied in the different stud-
ies, ~ 42,828 (Zhao et al. 2017) compared to 39,622 HC
genes according to Luo et al. (2017) eventhough the same
accession was used in both studies. This is probably due to
the annotation method and the large amount of low confi-
dence genes and pseudogenes that could be mis-classified.
For some unclear reasons, Ae. tauschii had longer genes and
transcripts than previously sequenced plant species, essen-
tially due to longer exons (Luo et al. 2017; Zhao et al. 2017).
The high-confidence genes can be clustered into gene fam-
ilies; a total of 12,607 clusters were shared between other
grass genomes (Barley, Brachypodium, Rice and Sorghum).
The same comparison with wheat subgenomes showed
15,180 shared gene family clusters. Interestingly, duplicated
genes were the most abundant category of the Ae. tauschii
genes (71.5%) with 4001 tandem (10.3%) and 23,722 dis-
persed (61.2%) duplicates, only 5050 (13%) genes were
single-copy. Overall, the ratio of duplicated vs single copy
genes is higher than in other species.

Repetitive DNA was highly abundant with transposable
elements representing 84% (Luo et al. 2017) or ~ 86%
(Zhao et al. 2017) of the genome. LTR retroelements were
the most abundant (65.9% of the whole genome), with
Gypsy elements constituting the highest component of the
retroelements and among DNA transposons, CACTA
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elements were the most abundant. The density of the Gypsy
superfamily showed a gradient of density, lowest near
telomeres and higher in centromeric regions. One particular
family, Gypsyl2, homologous to Barley cerebra elements,
was clustered in the centromere, constituting part of the
centromere core. While the LTR retroelements showed a
peak of transposition burst ~ 1Mya, there was evidence for
multiple bursts for specific sub-families for the past 3 M
years. Beyond that TEs could not be identified due to fast
turnover (Luo et al. 2017). 80% of the pseudogenes were
somehow disrupted by TEs, suggesting TEs roles in pseu-
dogenization (Zhao et al. 2017). Moreover, ~ half of the
genes contained TEs and on average such genes had a lower
expression than genes free of TEs, presumably due to
increased cytosine methylation (Zhao et al. 2017).

3.3.5 Species of Aegilops Section Sitopsis (Jaub.
and Spach) Zhuk.: Ae. speltoides Tausch;
Ae. bicornis (Forssk.) Jaub. and Spach; Ae.
sharonensis Eig; Ae. longissima Schweinf.
and Muscl.; Ae. searsii Feldman and Kislev
ex Hammer

While the origin of the A and D subgenomes of wheat is
well established (see above Sects. 3.3.3 and 3.3.4), the ori-
gin of the B subgenome has remained elusive. It has been
proposed, on the basis of morphological and karyotypic
similarities between Triticum and the five diploid Sitopsis
species (2n = 2x = 14), that the donor of the B genome
could belong to a species from the Sitopsis section, most
probably from Ae. speltoides (Sarkar and Stebbins 1956;
Riley et al. 1958). However, the analysis of meiotic pairing
between a low-pairing genotype of Ae. speltoides and bread
wheat showed very little or no synapsis (Kimber and Athwal
1972), and C-banding pattern fwas different (Gill and
Kimber 1974; Ruban and Badaeva 2018). Early molecular
analyses showed that while Ae. speltoides was the known
species with the highest similarity to the B subgenome, it
remained quite divergent at both molecular and cytogeneti-
cal levels (Huang et al. 2002; Petersen et al. 2006; Gornicki
et al. 2014; Miki et al. 2019). This led to various hypotheses
regarding the B subgenome progenitor. First, is the mono-
phyletic origin, with a direct progenitor, either Ae. speltoides
itself, or an extinct or an undiscovered species. Second, is
the polyphyletic scenario, whereby the B subgenome
evolved rapidly in the polyploid background through
hybridization and introgressions from other Sitopsis species
(Glémin et al. 2019; Bernhardt et al. 2020) or other related
allopolyploid species (Zohary and Feldman 1962; Natarajan
and Sharma 1974; El Baidouri et al. 2017). Whole genome
sequencing of the five Sitopsis species has helped better
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understand their genomic structure as well as the phyloge-
netic relationships within the section, and with the B sub-
genome (Li et al. 2022, Avni et al. 2022).

High-quality de novo reference genome sequencing of the
five Sitopsis species was assembled by a combination of
Oxford Nanopore Technologies, single-molecule real-time
technology and Hi-C based scaffolding strategy, followed by
Ilumina short read-based sequencing (Li et al. 2022).
Genome sizes of the five species ranged from 4.11 to
5.89 Gb, which is lower from the size range estimated by
flow cytometry, namely, 5.81-7.52 pg (Table 3.1). Ae.
speltoides (4.11 Gb) had the smallest genome among the
five species. It is close in size to the bread wheat D sub-
genome and its donor Ae. fauschii (Table 3.1). In contrast,
the remaining four Sitopsis species, Ae. bicornis (5.64 Gb),
Ae. longissima (5.80 Gb), Ae. searsii (5.34 Gb) and Ae.
sharonensis (5.89 Gb), all have much larger genomes,
similar in size to the B subgenomes (5.11-5.18 Gb)
(Table 3.1).

Avni et al. (2022) combined Illumina 250-bp paired-end
reads, 150-bp mate-pair reads, 10X Genomics and Hi-C
libraries  for  whole  genome  sequencing  and
chromosome-level assembly of Ae. longissima and Ae.
speltoides genomes. They also compared these genomes
with the recently assembled Ae. sharonensis genome (Yu
et al. 2021). The genome of Ae. longissima has an assembly
size of 6.70 Gb, highly similar to that of Ae. sharonensis
(6.71 Gb) and substantially larger than the 5.13-Gb assem-
bly of Ae. speltoides. These values are in agreement with
nuclear DNA quantification that showed 1C-values of ~
7.5, ~ 1.5, and ~ 5.8 pg for Ae. longissima, Ae. sharo-
nensis, and Ae. speltoides, respectively (Eilam et al. 2007)
(Table 3.1). Quality control tools showed a high level of
genome completeness with 97.8% for Ae. sharonensis,
97.5% for Ae. longissima, and 96.4% for Ae. speltoides. The
predicted chromosome sizes in Ae. longissima and Ae.
sharonensis were similar for all chromosomes, except for
chromosome 7, which is much smaller in Ae. longissima due
to a translocation to chromosome 4 (Friebe et al. 1993;
Zhang et al. 2001).

The differences in genome size were mostly due to the
activity of transposable elements (Li et al. 2022). The dif-
ference in genome size among the five Sitopsis species can
be mainly attributed to the total length of repetitive DNA
(86.13-88.11% of the total), including 2.94-4.21 Gb
(66.48-71.47%) retrotransposons and 0.52-1.03 Gb (12.54—
19.21%) DNA transposons (Table 3.1). A general feature of
the five Sitopsis species and of the bread wheat subgenome
B, is that copia-like retrotransposons tend to cluster at
telomeric regions of all chromosomes while gypsy-like
retrotransposons cluster in pericentric regions (Li et al.
2022).
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A total of 37,201-40,222 HC protein-coding genes were
predicted in the five Sitopsis genome (Table 3.1). The
average transcript size of the Sitopsis genes encode tran-
scripts of 1193-1319 bp in length, which are comparable to
the bread wheat subgenomes.

Consistently with other sequenced Triticeae species, gene
density was higher in the distal than the proximal chromo-
somal regions in all Sitopsis species. These Sitopsis genes
could be classified into ~ 24,000 gene families, out of
which ~ 17,600 are shared with other diploid or allopoly-
ploid Triticum/Aegilops species. A total of 419-1086 genes
were Sitopsis-specific genes. A total of 38,994 structural
variants were identified in the five Sitopsis species (ranging
from 37,039 to 37,721 in each species), 18,153 of which are
shared with the two diploid species, Ae. tauschii (DD) and T.
urartu (AA).

The Sitopsis species represent a very broad germplasm
from which valuable agronomic genes could be transferred
to the domestic wheat backgrounds. Of particular interest are
disease resistance genes which are widely available within
the Sitopsis (Anikster et al. 2005; Olivera et al. 2007; Scott
et al. 2014). The Mining of the Sitopsis genomes has
enabled to identify the spectrum of multiple and new resis-
tance candidate genes. Several hundreds of NBS-LRR genes
were detected in each species (Li et al. 2022; Avni et al.
2022), some genes are homoeologous to known resistance
genes which can provide resistance to different races of
diseases such as Stripe rust or powdery mildew, and other
are species-specific loci.

3.3.6 Secale cereale L. (Domesticated Rye)

Rye, Secale cereale, is an important crop in several coun-
tries, in particular in Northern Europe, being used for food
and feed. It distinguishes itself from other Triticeae species
through a strong allogamy. It is notorious for its climate
resilience, being able to grow in poor soils and under biotic
and abiotic stress. It is a diploid species (2n = 2x = 14;
genome RR), belonging to the Triticineae subtribe, that can
be crossed to both tetraploid and hexaploid wheat. The
resulting F; hybrid is sterile but fertility can be restored by
genome doubling. The resulting synthetic amphiploid shows
heterotic features that have been exploited to generate Trit-
icale, a new man-made crop. Moreover, hybridization with
wheat can be used to introgress genes into the wheat
germplasm, as was done to transfer the powdery mildew
resistance gene from chromosome 1RS of rye to the wheat
background. Rye therefore constitutes an important resource
by itself, or as a parent of new crops or for wheat
improvement. Sequencing of its genome was achieved in
two inbred lines, a Chinese elite line Weining (Li et al. 2021)
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and Lo7, an inbred cultivar (Rabanus-Wallace et al. 2021).
These genome sequence are a valuable resource for breeding
in Rye and in the Triticineae. Rye turns out to have one of
the largest genome, among the diploids of the Triticeae
estimated at 7.9 Gb via flow cytometry, essentially due to
transposable elements which constitute ~ 90% of the gen-
ome. To construct a high-quality genomic sequence, Li et al.
(2021) integrated data generated by long-range PacBio and
Ilumina sequencing, and from chromatin conformation
capture (Hi-C), genetic mapping and BioNano analysis.
A genome assembly of 7.74 Gb was achieved, i.e. 98.47%
of the total estimated genome size. The genome assembly by
Rabanus-Wallace et al. (2021) using short reads together
with genetic maps, Hi-C and BioNano analysis, assembled
6.74 Gb, i.e. ~ 78% of the estimated size. Li et al. (2021)
annotated 45,596 high-confidence (HC) and 41,395
low-confidence genes. HC genes include 4217 single copy
genes, 23,753 dispersed duplicated genes, 6659 proximal
duplications, 7077 tandemly duplicated genes and 1866
segmentally duplicated genes. They also annotated 34,306
microRNA, 14,226 long non-coding RNA, 11,486 transfer
RNA and 1956 small nucleolar RNA species. The average
intron length of HC genes was the longest among sequenced
grass genomes, but exons and coding sequences were similar
in size compared to other genomes. TEs content (~ 90%)
was higher than for other genomes, with retroelements being
the dominant TEs (~ 84.5%) and among these, the Gyp-
sy-like elements were responsible for most of the genome
size expansion in the Weining genome. One burst of TE
amplification (mostly that of Gypsy-like TEs) occurred ~
0.5 MYA while an earlier peak took place ~ 1.7 MYA.
Interestingly, TE transpositions was associated to a high
proportion of dispersed gene duplications (10,357 out of
23,753) and to neofunctionalization of genes selected for
breeding.

The contribution of large-scale structural variants to
genome evolution was assessed by comparing two rye cul-
tivars ‘Lo7’ and ‘L0225’ representing two distinct heterotic
gene pools (Rabanus-Wallace et al. 2021). Megabase-scale
inversions were identified on four of the seven rye chro-
mosomes, including a 50-Mb inversion on chromosome 5R,
which coincides with a region lacking genetic recombina-
tion. Considering that 382 HC genes are present in this
inversion, this can hinder breeding progress in that region.

3.3.7 Hordeum vulgare L. (Domesticated Barley)

Domestic barley, Hordeum vulgare, is an ancient and impor-
tant crop used mostly as food, feed and for alcoholic bever-
ages. Its genome is diploid (2n = 2x = 14; genome HH). It
was one of the first crops of the Triticeae to have a high-quality
physical map constituted of single BACs assembly
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(International Barley Genome Sequencing Consortium 2012).
This map, together with a genetic map, an optical map, a
population sequencing (POPSEQ), Hi-C data and Illumina
reads, enabled to assemble a high-quality full genome
sequence (Mascher et al. 2017). A length of 4.79 Gb of
non-redundant sequences was assembled, out of a total gen-
ome size estimated by flow cytometry at ~ 5.1 Gb (Dolezel
et al. 1998). A total of 39,734 high-confidence genes and
41,949 low-confidence genes were identified. In addition,
19,908 long non-coding RNAs and 792 microRNA precursor
loci were predicted. 29,944 genes were part of families with
multiple copies.

Hi-C data was useful not only in joining contigs, but also
into probing the three-dimensional structure of the chromatin
in the nucleus. Data on adjacency of chromosomal regions
suggested that the genome is organized into a
Rabl-configuration, with centromeres clustered at one pole
and telomeres at the opposite pole. This structure was sup-
ported by fluorescence in situ hybridization when using
telomere or centromere probes (Mascher et al. 2017).

In a followup study from the Gatersleben team, Jayakodi
et al. (2020) reported on the de-novo assembly of 20 vari-
eties of barley, including modern cultivars, landraces and a
wild barley. In addition, a shotgun analysis was done for 300
genebank accessions. This analysis enabled to identify the
abundance and size of structural variants. Large inversions
(> 5 Mb) were frequent in the genome of the 20 lines, with
one inversion being 141 Mb-long. Structural variants were
also found. It was estimated that on average, each of the 20
lines contained 2.9 Mb of single-copy sequence not present
in the other lines.

Mascher et al. (2017) reported that a total of 3.7 Gb, or
80.8% of the total assembled sequence, was derived of
transposable elements, with a majority of retroelements.
A similar proportion of TEs was found in all 20 genomes
sequenced by Jayakodi et al. (2020), however, their location
was variable in the different genomes. TEs had typical
insertion patterns along the chromosome (Mascher et al.
2017). For examples, MITEs and LINEs were found mostly
in gene-rich distal regions, the pericentric regions were rich
in Gypsy retroelements while Copia TEs were in distal or
interstitial regions. Mariner elements were located ~ 1 kb
upstream or downstream of genes while Helitrons and
Harbinger elements had a preference for promoter regions.
LTR elements were more distant from genes.

3.4 Gene Order, Comparative Genomics
and Karyotypic Evolution

Grasses have a monophyletic origin dating back at an esti-
mated ~ 70 MYA (Linder 1986; Clark et al. 1995),
although the discovery of grass phytoliths into dinosaurs
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coprolites suggests it might have been even older (Prasad
et al. 2005, 2011). One of the fascinating discoveries
emerging from genome mapping with DNA markers in the
late 80’s to early 90’s was that despite their long period of
divergence, the differences in morphology, habitat, number
of chromosomes and genome sizes, grass genomes show a
very significant collinearity (synteny) in gene order. This
was shown first when comparing Sorghum and maize
(Hulbert et al. 1990). This was not totally unexpected as they
diverged only 15-20 MYA. However, subsequent compar-
ative mapping showed that long collinear segments are also
found between rice and maize which diverged ~ 70 MYA
and also between wheat and rice (Ahn et al. 1993; Kurata
et al. 1994). Collinearity is also conserved when comparing
extremes in diploid genome size, such as Brachypodium
distachyon (272 Mb) and the ~ 30 fold larger rye genome
(7.9 Gb), (Li et al. 2021). This led to the building of
collinearity maps aimed at integrating data from the various
grasses (Bennetzen and Freeling 1993) and to the very useful
circular viewing configuration of syntenic genomes (Moore
et al. 1995) which altogether provided a new understanding
of the ancestral grass karyotype and of karyotypic evolution.

Recent sequencing of several Triticeae genomes and
construction of high-resolution gene-based genetic maps,
enabled comparison of modern Triticeae genomes with their
reconstructed founder ancestral genomes (Salse et al. 2008;
Murat et al. 2010, 2014a, b; Salse 2012). Such a comparison
has revealed the evolutionary history of the present-day
Triticeae genomes and has provided insight into how the
wheat, barley, and rye genomes are organized today com-
pared to their grass relatives (rice, sorghum, millet and
maize) (Murat et al. 2014a, b).

Such comparisons show that grasses are derived from an
ancestor having n = 7 protochromosomes containing 8581
ordered protogenes, dating back to ~ 90 MYA. This
ancestor went through a whole-genome duplication to reach
the n = 14 ancestral grass karyotypes (Murat et al. 2014b).
This chromosome number was then decreased to n = 12, as
a result of two telomeric/centromeric fusions, three inver-
sions and two translocations (Murat et al. 2014a). The
genomes of maize, millet and sorghum were proposed to
have derived from this duplicated intermediate, through
distinct ancestral chromosome fusion patterns (Murat et al.
2014a). According to this scenario, the modern rice genome
retained the n = 12 chromosome profile, making this the
ancestral genome reference karyotype for comparative
genomics investigation in grasses (Murat et al. 2014a, b). In
fact, it is estimated that all the diploid grass species are
paleopolyploids, since their ancestor underwent, at least one
event of whole-genome duplication (Salse et al. 2008; Jiao
et al. 2014; Wang et al. 2015; Murat et al. 2017). This
polyploidization was followed by cytological and genetic
diploidization, which explains the divergence of the diploid
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grass genomes during their evolution from a common
ancestor (Bolot et al. 2009).

The ancestral Triticeae karyotype has been proposed to
have derived from the n = 12 ancestral grass karyotype
(Salse et al. 2008; Luo et al. 2009). Comparative genetics
showed that the reduction from n = 12 to n = 7, without the
loss of genes, was accomplished through four centromeric
ancestral chromosome fusions (leading to functional mono-
centric neochromosomes), one fission and two telomeric
ancestral chromosome fusions (Salse et al. 2008; Luo et al.
2009). These changes involved translocation of the euchro-
matic portion of each arm of rice chromosomes to one of the
seven Triticeae chromosomes; the heterochromatic cen-
tromeric region was subsequently lost (Luo et al. 2009). The
Triticeae basic chromosome number of n = 7 evolved via
the loss of five functional centromeres, four of which cor-
respond to those of rice chromosomes Os4, Os5, Os6, and
0s9 and the fifth to either that of Os3 or Osl1 (Luo et al.
2009). Elucidation of these changes in the basic chromo-
some number in Triticeae was made possible by locating the
sites of the seven active and five lost Triticeae centromeres,
the present and past chromosome termini, and their rela-
tionships to those in rice (Luo et al. 2009).

The modern genome of barley, Hordeum vulgare,
retained the original ancestral Triticcae n = 7 karyotype
(The International Barley Genome Sequencing Consortium
2012), turning it into a reference karyotype for comparative
genomics investigation within the Triticeae tribe (Mayer
et al. 2011; International Barley Genome Sequencing Con-
sortium 2012). The genome of modern rye, Secale cereale,
derived from the n =7 ancestral Triticeae Kkaryotype.
A comparison of the rye genome (cv Weining) to an
ancestral grass karyotype (similar to the rice genome),
showed 23 large syntenic blocs that encompass 10,949
orthologous gene pairs (Li et al. 2021). Chromosome 3R was
mostly derived from rice chromosome Osl. Other blocs
were more complex, with nested insertions and transloca-
tions. When comparing the Weining assembly to that of
bread wheat, each subgenome had ~ 50% conserved
orthologous gene pairs. The order of these genes in chro-
mosomes 1R, 2R, 3R was entirely colinear with that of
wheat group 1, 2 and 3, respectively. Chromosome 4R,
showed collinearity with parts of groups 4, 7 or 6. Chro-
mosome 5R was entirely collinear with 5A and partly col-
linear with 5B and 5D due to translocation of 4B or 4D
segments at the ends of SBL or 5DL. Chromsome 6R
showed collinearity with groups 6, 3 and 7 of wheat.
Chromosome 7R was mostly colinear with group 7 with non
co-linear regions due to translocations (Li et al. 2021). The
genome of common wheat, Triticum aestivum, shares the
ancestral reciprocal translocation (between A4 and A5 on the
A subgenome) characterized in rye, and underwent two
allopolyploidization events, first involving species with
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subgenomes A and B, and later between AB and D, as well
as an additional lineage-specific translocation (between
chromosomes 4A and 7B) to reach the modern 21 chro-
mosomes (Salse et al. 2008; Luo et al. 2009; Murat et al.
2014a, b). Interestingly, ryegrass, Lolium perenne, which is
not a Triticeae, presents a modern karyotype of n =7
chromosomes that is close to the ancestral Triticeae kary-
otype (Pfeifer et al. 2013), suggesting that this ancestral
Triticeae karyotype structure already existed before the
formation of the Triticeae (Murat et al. 2014a, b). One of the
most prominent large-scale karyoptypic variant that occurred
in wheat is a translocation between chromosomes 5B and
7B. The translocation was found in the majority of the lines
tested by Walkowiak et al. (2020). Sequence data showed
that the translocation between chromosomes 5B and 7B,
which are ~ 737 and 762 Mb long, respectively, gave rise
to translocated chromosomes of 488 Mb (5BS/7BS) and
993 Mb (7BL/SBL) in length. The translocation breakpoint
was mapped to a ~ 5 kb GAA microsatellite when com-
paring cv. Arinal.rFor and SY Mattis. Interestingly, the Phl
locus is near the breakpoint but remained syntenic among all
the lines tested regardless of the presence or absence of the
translocation.

The T. urartu genome was compared to the 7. aestivum A
and B subgenomes and to the rice genome (Ling et al. 2018).
Overall, syntenic blocs A versus A or A versus B are well
conserved with unaligned regions resulting mostly from
retroelements insertions. Some rearrangements of syntenic
blocks were observed, such as a reciprocal translocation at
the distal end of the long arms of T. urartu chromosomes 4
and 5; a non-reciprocal translocation from 7. aestivum 7B to
T. aestivum 4A; and a pericentric inversion on 7. aestivum
4A involving most of the long and short arms. The com-
parison with rice enabled fine mapping of the regions that
underwent the chromosomal fusions that enabled the kary-
otypic transition from 12 (in rice) to 7 chromosome pairs in
wheats.

Synteny was also assessed in more recent divergence
events, such as between wild emmer and durum wheat.
Comparison between the durum (Svevo) and dicoccoides
(Zavitan) genomes, as described by Maccaferri et al. (2019)
indicated a high synteny for high-confidence genes and a
similarity in high-confidence genes copy numbers, namely,
66,559 versus 67,182 for durum and dicoccoides respec-
tively. Out of 36,434 HC unigene groups, 12,842 had a
syntenic copy between Svevo and Zavitan for both A and B
genomes (with all homoeologs present and conserved); 6793
had a synthenic copy in A only or in B only; 4313 HC genes
were only found in Svevo and a similar number (4227) was
in Zavitan only. Intriguingly, the length of the coding
sequence (CDS) of the genes that were not present in all
sub-genomes or had no corresponding allele in durum vs
dicoccoides, i.e. genes that tended to be eliminated during
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evolution, had a significantly smaller CDS (~ 750 bp),
compared to genes retained in all subgenomes (~ 1250 bp).
Several syntenic LTR transposons were also identified,
suggesting that there was no major burst of transposition
during the time of divergence from a common ancestor.

In bread wheat, synteny is highly conserved in the three
subgenomes. Synteny was more prominent, with larger
syntenic blocks, in interstitial regions compared to sub-
telomeric regions or pericentric regions (IWGSC 2018).
Higher gene duplication in the sub-telomeric regions was in
part responsible for the reduction in synteny. Only 55% of
the genes had a syntenic homoeolog in all three subgenomes;
15% had at least one missing homoeolog but had a paralog.
The percent of missing homoeologs (gene loss) was similar,
i.e. ~ 10%, in each subgenome (IWGSC 2018).

When analyzing the genomic sequence of different bread
lines (Walkowiak et al. 2020), it was found that overall, gene
order on homologous chromosomes revealed a high
collinearity and overall genome size was similar (Walk-
owiak et al. 2020). Nevertheless, ~ 12% of the genes
showed a “Presence/Absence Variation” (PAV) between the
different cultivars and 26% of the predicted genes were
found in tandem duplications. This suggests a dynamic gene
copy number variation (CNV) that could have been stimu-
lated by allopolyploidy following bread wheat formation and
further shaped by selection. Several evidences suggest that
CNV contributes to agronomic adaptation. For example,
analysis of the repertoire of genes that control disease
resistance, such as the nucleotide-binding leucine-rich repeat
(NLR) coding genes, showed that only ~ 1/3 of ~ 2500
NLR loci are shared between all sequenced cultivars, the
remaining 2/3 being partly shared between some of the
cultivars and tens or hundreds of unique cultivar-specific
NLR signatures were found (Walkowiak et al. 2020). Con-
sidering that hexaploid wheat was formed under domesti-
cation only ~ 9000 years ago, this very rapid
diversification of disease resistance genes likely points out to
a response to selective pressure caused by diseases under
wheat cultivation.

On a micro-scale, gene distribution was also found to be
non-random. Pre-genome studies of Gill et al. (1996a, b),
Sandhu and Gill (2002), Erayman et al. (2004) proposed that
common wheat genes are clustered into a limited number of
very large gene islands that are separated from each other by
inter-genic regions regularly containing transposable ele-
ments. However, studies on gene distribution in the fully
sequenced chromosome 3B of common wheat (Rustenholz
et al. 2011) and in the seven chromosomes of Aegilops
tauschii (Luo et al. 2013), failed to support this claim.
Sequencing of single wheat BAC clones and BAC clone
contigs suggested that gene clustering into many small
islands is a more likely scenario (Feuillet and Keller 1999;
Wicker et al. 2005; Choulet et al. 2010). Similarly,
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sequences obtained from a few BACs of Ae. tauschii gen-
ome, namely, loci from Glu-D1 (Anderson et al. 2003), Ha
(grain hardness/softness) (Chantret et al. 2005), and equiv-
alent region of Lr21 (leaf rust resistance) (Brooks et al.
2002) have revealed a structure of gene islands within highly
repetitive  DNA (Ogbonnaya et al. 2006). Comparison
between the Ha locus region in Ae. tauschii with that of the
D subgenome of hexaploid wheat, showed a conserved gene
order of the Gsp-1 (grain softness protein) and the puroin-
doline genes Pina and Pinb, with the main differences
confined to the insertion of various retroelements (Chantret
et al. 2005). In order to gain a better understanding of the
gene arrangement and its evolution in grass genomes, Got-
tlieb et al. (2013) studied gene distribution in orthologous
regions of the genomes of four grass species differing in
genome size, Sorghum bicolor, Oryza sativa, Brachypodium
distachyon, and Ae. tauschii. Aegilops tauschii, like all
members of the tribe Triticeae, has a large genome
(Table 3.1), while the genomes of O. sativa and B. dis-
tachyon, are more than an order of magnitude smaller
(Table 3.1). The sorghum genome, at 730 Mb (Paterson
et al. 2009), is about one-sixth the length of the Ae. tauschii
genome. By comparing these four genomes, Gottlieb et al.
(2013) found that genes are distributed rather uniformly in
the small genomes of O. sativa and B. distachyon, but in the
larger S. bicolor and Ae. tauschii genomes, genes tended to
cluster into islands.

Gottlieb et al. (2013) proposed to call the gene islands
“gene insulae” to distinguish them from other types of gene
clustering that have been proposed earlier, namely gene-rich
regions and gene islands. An average insula is estimated to
contain 3.7-3.9 genes, with an average inter-genic distance
within an insula of 2.1 kb in S. bicolor and 16.5 kb in Ae.
tauschii. The average inter-insular distances are 15.1 and
205 kb, in S. bicolor and Ae. tauschii, respectively. Gene
density in many grass genomes generally increases from the
proximal towards the distal regions of chromosome arms
(Gottlieb et al. 2013). Using regression analysis, Gottlieb
et al. (2013) showed that gene number per insula and gene
density within an insula, were similar along Ae. tauschii
chromosomes but that inter-insular distances were shorter in
distal, high-recombination regions compared to proximal,
low-recombination regions. Therefore, the increase in gene
density toward the distal regions of Ae. fauschii chromo-
somes (Luo et al. 2013) can be ascribed to shortening of
inter-insular distances. The variation in inter-insulae dis-
tances is mostly determined by LTR retroelements insertion
or deletion. This is consistent with the hypothesis that the
accumulation of LTR retroelements occurs principally in
regions already containing LTR retroelements (Bennetzen
and Kellogg 1997). Data from whole genome analysis
confirmed these earlier studies showing that genes tend to be
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organized in small clusters localized in-between repetitive
DNA (Luo et al. 2017).

In contrast, to the insulae relative fixed size along the
chromosome reported in Ae. tauschii, insulae in the distal
gene-rich regions of wheat chromosome 3B were reported to
contain more genes than in insulae in the proximal,
gene-poor chromosome regions (Rustenholz et al. 2011).
The higher gene density in the distal regions of chromosome
3B of common wheat was related to a higher incidence of
duplicated genes in these regions (Luo et al. 2013; Dvorak
and Akhunov 2005) and these duplicated genes are not
syntenic with Oryza sativa and Brachypodium distachyon
(Rustenholz et al. 2011). For example, when comparing the
Ae. tauschii and bread wheat D subgenome, only 87.4% of
the genes were present at the expected orthologous position,
highlighting a dynamic gene copy-number variation that is
not related to whole genome duplication (Zhou et al. 2021).
Some gene families, such as prolamine genes (including
glutenins and gliadins) and disease-resistance genes were
among those most prone to be non-orthologous with other
grasses (Zhou et al. 2021). This is also consistent with the
findings of Walkowiak et al. (2020) that CNV tend to be
more frequent in subtelomeric regions.

In bread wheat, a genome-wide average of 27% of the
high-confidence genes are organized in arrays of tandem
duplicates IWGSC 2018). These gene families show a trend
of expansion as determined by comparing the number of
family members in each subgenome to their progenitor or
related species. Gene expansion had generally occurred in
the wild progenitor or the common ancestor of the sub-
genomes: out of 8592 expanded families, 6216 expanded in
all three A, B, D subgenomes while 1109 expanded in only
one of the subgenomes (IWGSC 2018). Only 78 gene
families contracted. Interestingly, when the families that
expanded were assigned to functions, there were significant
differences between subgenomes. There was an
over-representation of seed-related genes (embryo and
endosperm) in the A subgenome and of vegetative growth
and development in the B subgenome. Families that
expanded in all three genomes were enriched in genes that
play an important role in wheat breeding such as yield or
biotic and abiotic stress resistance IWGSC 2018). Disease
resistance-related NLR loci and WAK (wall-associated
receptor)—like genes were clustered in high numbers at
the distal regions of all chromosome arms. The
restorer-of-fertility-like (RFL) subclade of P class
penta-tricopeptide repeat (PPR) proteins, potentially of
interest for hybrid wheat production, comprised 207 genes,
nearly threefold more per haploid subgenome than have
been identified in any other plant genome analyzed to date.
They localized mainly as clusters of genes in regions on the
group 1, 2, and 6 chromosomes, which carry
fertility-restoration QTLs in wheat. Within the dehydrin
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gene family, implicated with drought tolerance in plants, 25
genes that formed well- defined clusters on chromosomes
6A, 6B, and 6D showed early increased expression under
severe drought stress. From these few examples, it is evident
that flexibility in gene copy numbers within the wheat
genome has contributed to the adaptability of wheat to
produce high-quality grain in diverse climates and environ-
ments (Feldman and Levy 2015). Knowledge of the complex
picture of the genome-wide distribution of gene families,
which needs to be considered for selection in breeding
programs in the context of distribution of recombination and
allelic diversity, can now be applied to wheat improvement
strategies.

3.5 Meiotic Recombination in the Wheat
Genome

Meiotic recombination between homologous chromosomes
is a major engine of diversity in wheat evolution and
breeding. In bread wheat, Gill et al. (19964, b), Sandhu and
Gill (2002) noted that recombination was suppressed in the
centromeric regions and was mainly confined to the distal
gene-rich regions. In accordance with these findings,
Lukaszewski and Curtis (1993) and Akhunov et al. (2003)
noticed that crossover (CO) events locate in the distal
chromosomal regions. Dvorak (2009) reviewed data indi-
cating that Triticeae genomes have a steep recombination
gradient along the centromere-telomere axis and gene
content is structured in a similar pattern along this axis,
namely, the number of genes increases from the proximal
towards the distal region. In their detailed study of the
pattern of COs along chromosome 3B of bread wheat,
Saintenac et al. (2009) found, like Dvorak (2009), that the
crossover frequency increases gradually from the cen-
tromeres to the telomeres. These findings have been rein-
forced by physical mapping of wheat chromosomes, which
revealed small chromosome segments of high gene density
and frequent recombination interspersed with relatively
large regions of low gene density and infrequent recombi-
nation (Saintenac et al. 2009). Multiple COs occurred
within these gene-dense regions, and the degree of recom-
bination in these regions is at least 11-fold greater than the
genomic average (Faris et al. 2000). In chromosome 3B,
most of the crossovers occurred in the distal regions, rep-
resenting 40% of the chromosome, which contain most of
the gene-rich regions (Saintenac et al. 2009). In contrast, the
proximal regions, representing about 27% of chromosome
3B, showed a very weak crossover frequency, with only
three crossovers found in the 752 gametes studied (Sain-
tenac et al. 2009).
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Fine mapping of crossover in chromosome 3B showed
that 82% of the COs occurred in 19% of the chromosome
length in the sub-telomeric regions which carry 60-70% of
the genes (Valenzuela et al. 2013; Darrier et al. 2017). The
remaining ~ 35% of the genes are located in
recombinationally-poor chromosomal regions (Erayman
et al. 2004; Darrier et al. 2017). This hinders the elimination
of deleterious mutations or the introgression of beneficial
ones during evolution and breeding. Recombination tends to
occur in or near genes, often in promoter regions (Darrier
et al. 2017). Most recombination events take place in hot-
spots that are characterized by specific sequence motifs, such
as CCN or CTT repeats, or A-rich regions (Darrier et al.
2017) and are associated with typical chromatin modifica-
tions (Liu et al. 2021). A new member of the RecQ helicase
gene family was recently shown to be associated with high
CO frequency in hexaploid wheat (Gardiner et al. 2019). In
tetraploid wheat, silencing of methylation-controlling genes
METI and DDM]I affected the distribution of COs in
sub-telomeric regions, while silencing of XRCC2 (a RAD51
paralog) lead also to an increase of CO rates in pericentric
regions of several chromosomes (Raz et al. 2021). Altering
the landscape of meiotic recombination might become a
useful tool for wheat breeding. Recombination between
homoeologous chromosomes is very rare in wheat due to the
suppressing effect of the Pairing homoeologous 1 (Phl)
locus (see Chap. 12). Nevertheless, it can happen, in par-
ticular in allopolyploids lacking the Phl locus (Feldman
1965; Zhang et al. 2020). Another suppressor of homoeol-
ogous recombination, the Ph2 locus, was isolated (Serra
et al. 2021). It encodes for the wheat homolog of DNA
mismatch repair gene MSH7, TaMSH7, located on chro-
mosome 3DS. Homoeologous recombination events were
shown to occur preferentially within exons, generating novel
hybrid transcripts and proteins (Zhang et al. 2020). The
ability to control the rate and location of homologous and
homoeologous recombination would facilitate classical
breeding processes as well as the gene transfer from wild
relatives of wheat to the wheat background.
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4.1 Introduction

B chromosomes (Bs, also known as supernumerary or
accessory chromosomes) are dispensable chromosomes,
presenting in addition to the standard complement (A
chromosomes) and occur in a wide range of species from
fungi to higher eukaryotes, including plants and animals
(Jones and Rees 1982). B chromosomes were first discov-
ered in Secale cereale by Gotoh (1924) and in Maize, by
Kuwada (1925), Longley (1927). Longley (1927) called
them supernumeraries, but Randolph (1928) used the term B
chromosomes to distinguish them from the chromosomes of
the basic complement. The term B chromosomes was later
simplified to Bs (Jones et al. 2008a, b). Bs are present in
about 15% of all eukaryotes (Beukeboom 1994), have been
detected in more than 1500 plant species, and their proper-
ties have been well documented (Jones and Rees 1982; Jones
1995; Puertas 2002; Jones and Houben 2003; Jones et al.
2008a, b).

The distribution of Bs among different groups of
angiosperms is not random (Jones et al. 2008a). The Poaceae
is the plant family with the largest number of species con-
taining Bs (Levin et al. 2005). There is virtually no differ-
ence in its frequency among diploids versus polyploids
(Jones and Rees 1982; Palestis et al. 2004; Trivers et al.
2004). Some have suggested that Bs have a higher frequency
in families with a large genome size (Trivers et al. 2004),
ascribed to the larger amounts of noncoding DNA that may
create a more conducive, or more tolerant, environment for
the origin of Bs.

Bs vary in size, structure and chromatin properties, but
also share certain characteristics that make them unique and
distinguishable from other types of chromosome polymor-
phisms, e.g., aneuploidy (Banaei-Moghaddam et al. 2015).
According to Jones and Houben (2003) and Jones et al.
(2008a), Bs can be recognized by the following criteria:
(i) they are dispensable and can be present or absent from
individuals within a population; (ii) they pair only among
themselves at meiosis and do not pair or recombine with any
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members of the standard set of A chromosomes. (iii) their
inheritance is non-Mendelian and irregular, mainly due to
nondisjunction at the first mitosis in the gametophytes;
(iv) they lack any known major gene loci but have adverse
and quantitative effects on phenotype, especially on fertility,
when present in high numbers; (v) they significantly con-
tribute to intraspecific variation in genome size; and (vi) they
have no obvious adaptive properties.

Because of their non-Mendelian mode of inheritance, B
chromosomes have a tendency to accumulate in gametes,
resulting in an increase of B counts over generations.
However, the large number of Bs is counterbalanced by
selection against infertility. Hence, B-chromosome fre-
quencies in populations result from a balance between their
transmission rates and their effects on host fitness. In spite of
this balance, it seems unlikely that Bs would persist in a
species unless there was some positive adaptive advantage,
which in a few cases, has been identified (see below).

One of the main features of Bs is that they are not
essential for the life of a species and are not necessary for its
normal growth and development (Jones et al. 2008a, b).
Because of their dispensable nature, Bs can be present or
absent among individuals of the same population in a species
and can vary in number. In Secale cereale, for instance, Bs
counts vary from zero to eight per plant, with a mean fre-
quency of Bs in a number of populations of Secale cereale
ranging from 6.6 to 54.0% plants having Bs (Jones and Rees
1982). In Secale cereale, Bs can be found in every region
where the species grows in the wild, under semi-wild con-
ditions or under cultivation (Jones and Puertas 1993). In
most plant species, however, Bs are found in low numbers
(0-5) in natural populations. In many species, several mor-
phological types of Bs may exist within a single species
(Houben et al. 2014). Several cases of B structural poly-
morphisms have been reported in plants, e.g., Aegilops
speltoides (Belyayev and Raskina 2013) and Secale cereale
(Miintzing (1946). However, in most populations of
domesticated and weedy Secale cereale, Bs exhibit a similar
molecular and cytological structure, suggesting that after a
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period of rapid B development, the process of chromosome
modification has slowed. Regarding the size of Bs, there is
no known species in which the Bs exceed the size of the
largest A chromosome (Jones et al. 2008a).

The existence and evolution of B chromosomes has been
a topic of considerable discussion and speculation for dec-
ades, in particular their persistence in natural populations
and conflicting opinions regarding their ‘selfish’ and/or
‘adaptive’ nature (Jones 1975, 2012; Jones and Rees 1982;
Jones et al. 2008a). Bs equilibrium models depend on their
effects on fitness as well as their transmission ratio (accu-
mulation mechanism) in comparison to the regular chro-
mosome complement, which together, dictate their
evolutionary significance (Camacho et al. 2000). Although
natural Secale cereale populations cover a broad range of
geographical regions (Jones and Puertas 1993), there is, so
far, no solid indication of positive fitness provided by Bs
(Pereira et al. 2017). In most cases, Bs do not confer any
advantage to the host and can even be detrimental if they
exceed a certain number (Klemme et al. 2013). For instance,
S. cereale plants are sterile when they harbor eight Bs (Rees
and Ayonoadu 1973).

B-chromosomes are only known to occur spontaneously
in cross-pollinating taxa (Miintzing et al. 1969) and are fully
absent from self-pollinators (Jones et al. 2008b). In the
sub-tribe Triticineae, B chromosomes exist in plants of the
cross-pollinated species, namely, in Agropyron cristaum
(Knowles 1955; Baenziger 1962; McCoy and Law 1965;
Assadi 1995; Asghari et al. 2007), Secale cereale (Emme
1928; Darlington 1933; Hasegawa 1934; Miintzing 1944,
1950; Kranz 1963; Jones and Rees 1969; Niwa et al. 1990),
Amblyopyrum muticum (Mochizuki 1957, 1960, 1964; Ohta
1995) and Aegilops speltoides (Simchen et al. 1971; Men-
delson and Zohary 1972).

The sub-telocentric Bs of rye, Secale cereale, are roughly
half the length of the As, consisting of approximately
580-Mbp sequences (Martis et al. 2012). In this species, Bs
are found in both domesticated (Secale cereale ssp. cereale)
and in wild and weedy (S. cereale ssp. ancestrale) sub-
species. Their cytological morphology is virtually invariant
throughout geographical regions (Jones and Puertas, 1993),
and meiotic pairing of Bs in F; hybrids derived from weedy
and cultivated rye lines of different origins, indicated that the
Bs of wild and domesticated rye have a monophyletic origin
(Niwa and Sakamoto 1995, 1996). No Bs are known from
the older Secale cross-pollinating species, Secale strictum
(formerly S. montanum) (Niwa et al. 1990). Thus, the origin
of the Bs in S. cereale might be linked to the divergence of
S. cereale from S. strictum (Martis et al. 2012).

The sub-metacentric Bs of Ae. speltoides are about 2/3 of
the average length of the A chromosomes (Simchen et al.
1971). Chromosome counts and flow cytometric analysis of
Aegilops speltoides revealed a tissue type-specific
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distribution of the roughly large 570 Mbp B chromosomes.
The Bs of this species are absent in the roots but stably
present in the aerial tissue of the same individual (Mendel-
son and Zohary 1972), with a maximum number of eight Bs
per cell reported (Raskina et al. 2004). Comparable tissue
type-specific B chromosome distribution is also known for
Agropyron cristatum (Baenziger 1962), and Amblyopyrum
muticum (Ohta 1995). Bs of related species are unique and
nonhomologous. The B chromosomes of Amblyopyrum
muticum did not pair with the B chromosomes of Aegilops
speltoides in F| hybrids between these two species (Vardi
and Dover 1972).

Bs often accumulate by a ‘drive’ mechanism (Jones 1991;
Jones and Houben 2003), as best demonstrated in Rye
(Gonzalez-Sanchez et al. 2004). Because they do not par-
ticipate in meiotic recombination with As, Bs take a distinct
evolutionary path and their sequence composition may differ
from that of the As. (Houben et al. 2014). Since Bs are under
little or no selection pressure, various transposable elements,
retrotransposons and other DNA sequences may insert,
spread, or amplify in Bs, altering their composition from that
of the As (Klemme et al. 2013).

4.2 Origin and Molecular Characterization

Our knowledge of the origin and sequence composition of B
chromosomes was limited until recently. Technological
advances in sequencing and genome analysis have shed
considerable light on these aspects (Houben et al. 2014). It is
widely accepted that B chromosomes derive from A chro-
mosomes, either of the same or of related species (Camacho
et al. 2000). B chromosomes can derive from A chromo-
somes of the same species, often in progeny of trisomic
(2n + 1) plants. After going through several rapid structural
changes, it finally stabilized as a heterochromatic chromo-
some with features of a B chromosome (Jones et al. 2008b).
Alternatively, Bs can arise from the same species as a result
of chromosomal rearrangements. However, there is also
evidence suggesting that Bs can spontaneously arise fol-
lowing interspecific hybridization or polyploidization (Jones
and Rees 1982; Jones and Houben 2003; Houben et al.
2013a, b).

The B chromosomes of Aegilops speltoides likely origi-
nated from the standard set of A chromosomes as a conse-
quence of interspecific hybridization or, more likely, from
trisomic (2n + 1) plants. Several lines of Ae. speltoides
occasionally form unreduced gametes (Feldman M, unpub-
lished), leading to the production of triploid progeny upon
fertilization of a reduced gamete. Self-pollination of such
triploids yields, trisomic plants, aside from other aneuploids.
Proposed potential donors of the Bs are the A chromosomes
1S, 4S and 5S of the Ae. speltoides genome (Friebe et al.
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1995; Belyayev and Raskina 2013). The Ae. speltoides Bs
are also characterized by a number of A
chromosome-localized repeats like Spelt/, pSc119.2 tandem
repeats, 5S rDNA and Ty3-gypsy retroelements (Friebe et al.
1995; Raskina et al. 2011; Hosid et al. 2012; Belyayev and
Raskina 2013).

The age of Secale cereale Bs was estimated to be c. 1.1—
1.3 MYA (Martis et al. 2012). Considering the assumed age
of the species Secale cereale (1.7 MYA), it is tempting to
speculate that B chromosomes originated as a by-product of
a chromosome rearrangement event during the development
of the annual S. cereale from the perennial S. strictum
(Martis et al. 2012). In fact, the genome of Secale cereale
differs from that of S. strictum by several rearrangements
(Stutz 1972; Koller and Zeller 1976; Shewry et al. 1985;
Naranjo et al. 1987; Naranjo and Fernandez-Rueda 1991;
Liu et al. 1992; Rognli et al. 1992; Devos et al 1993;
Schlegel 2013).

Early attempts to elucidate the DNA composition of Bs
were mainly based on comparative studies of — B ver-
sus + B genomic DNA (Rimpau and Flavell 1975; Timmis
et al. 1975; Sandery et al. 1990; Wilkes et al. 1995). Later,
microdissection (Houben et al. 2001) and flow-sorting
(Martis et al. 2012) enabled more reliable isolation of
B-derived DNA. The use of next-generation sequencing
(Martis et al. 2012), sophisticated bioinformatics tools, e.g.,
genome zipper (Mayer et al. 2011) and repeat clustering
analysis (Novak et al. 2010) shed light on the origin and
composition of rye B chromosomes (Martis et al. 2012;
Klemme et al. 2013). These studies showed that Bs of rye
contain sequences that originated from one or more A
chromosomes (Houben et al. 2001; Martis et al. 2012). Even
sequences considered as B-specific are also present on As
but in low copy numbers, indicating an intraspecific origin of
the Bs. Comparison of sequences of flow-sorted B and A
chromosomes showed that rye Bs originated from multiple
As, most likely by a pathway involving partial genome
duplication and chromosome rearrangements (Martis et al.
2012; Klemme et al. 2013). Their subsequent molecular
evolution involved gene silencing, heterochromatinization
and the accumulation of repetitive DNA and transposons
(Camacho et al. 2000). Klemme et al. (2013) showed that
rye Bs contain a similar proportion of high-copy sequences
as A chromosomes, but differ substantially in repeat com-
position. They found a massive accumulation of B-enriched
repeats, mostly in the nondisjunction control region at the
terminal part of the long arm (see below), which is tran-
scriptionally active and very late replicating, as well as in the
extended pericentromeric region.

Sequencing of rye B chromosomes showed that the Bs
descended from chromosome arm 3RS and chromosome 7R
(Klemme et al. 2013), with subsequent accumulation of
repeats and genic fragments from other A chromosome
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regions (Martis et al. 2012; Banaei-Moghaddam et al. 2015).
The multi-chromosomal origin of B-chromosome sequences
is further supported by the many short sequences that are
similar to other regions of the rye A chromosomes (Martis
et al. 2012). Thus, the rye Bs represent a conglomerate of
mainly tandem repeat sequences derived from different A
chromosome sites and could therefore not have originated by
a single excision of an A fragment (Houben et al. 2001).
Jones et al. (2008b) proposed that B-founder sequences were
‘released’ from a polymorphic A chromosome region and
were then stabilized by the addition of other sequences such
as organellar DNA and sequences necessary for their func-
tion as chromosomes (e.g., telomeric and centromeric
sequences). Indeed, it should be noted that Bs contain coding
and non-coding repeats similar to those found in organellar
DNA of various organisms (Cohen et al. 2003). Indeed,
studying the molecular structure of rye Bs revealed their
origin as a mosaic of nuclear and organellar DNA sequences
(Martis et al. 2012) that contain functional domains includ-
ing centromeric and telomeric sequences homologous to
those found on A chromosomes (Jones 2012). However,
several B-specific regions exist as well (Timmis et al. 1975;
Tsujimoto and Niwa 1992; Wilkes et al. 1995; Houben et al.
1996).

Different A chromosome sequences may enter Bs via
trafficking, that occurs during double-strand break repair or
via hitchhiking of genomic fragments with transposable
elements (Scholz et al. 2011). Alternatively, Bs may repre-
sent an evolutionary mechanism aimed at sequestering
additional copies of genes that are generated at the chro-
mosome breakpoints associated with speciation. In addition
to this basic A-derived architecture, rye Bs display large
amounts of B-specific repeats and cytoplasmic organellar
DNA. It seems that the B acts like a “genomic sponge” (or
garbage can) that collects and maintains sequences of
diverse origins (Martis et al. 2012).

Analysis of the composition and distribution of rye
B-located, high-copy sequences revealed that Bs contain a
similar proportion of repeats as A chromosomes but differ
substantially in repeat composition (Klemme et al. 2013).
The most abundant mobile elements (Gypsy, Copia) in the
genome of rye are similarly distributed along As and Bs,
while the ancient retroelement Sabrina (Shirasu et al. 2000),
is less abundant on Bs than on As. In contrast, the active
element Revolver (Tomita et al. 2008), as well as the pre-
dicted Copia retrotransposon Sc36¢82, are disproportion-
ately abundant on the Bs.

Houben et al. (2014) proposed a multi-step model for the
origin of B chromosomes as autonomous elements. Initially,
a proto-B chromosome was derived from a segmental (tri-
somy) or whole-genome duplication, followed by reductive
chromosome rearrangements, unbalanced segregation of a
translocation chromosome, and subsequent sequence
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insertions. Soon after, pairing and recombination with donor
A chromosomes became restricted. This restriction is con-
sidered as the starting point for the independent evolution of
the B chromosome. The development of functional cen-
tromere and de novo telomeres, combined with fast-evolving
repetitive sequences, along with reduced selective pressure
on gene integrity, then predisposed nascent Bs to rapidly
accumulate further structural modifications. The develop-
ment of a preferential transmission system and the relative
absence of phenotypic effects, enabled the persistence of Bs
in a species. However, this apparently neutral “hitchhiking”
is probably limited, as suggested from the deleterious effects
of large Bs number (Rees and Ayonoadu 1973; Klemme
et al. 2013).

Hence, one of the first requirements for the independent
existence of Bs is to achieve meiotic isolation, i.e., to
develop a system that prevents pairing and recombination
with the A chromosomes. Prevention of meiotic pairing
between B and A chromosomes is due to structural and
epigenetic changes in Bs as well as to development of
B-specific sequences, resulting in Bs homoeologous rather
than homologous to the As. In addition, it led to the
development of a homoeologous-pairing suppressor system
that prevents homoeologous pairing between Bs and As.
Because of such a system, in almost all cases studied, there
is an absolute barrier to recombination between A and B
chromosomes (Jones et al. 2008b). Examples of pairing
between B chromosomes and A chromosomes are very rare
in plants; when such pairing was observed, it was not due to
synapsis but, rather, to end-to-end associations (Battaglia
1964). Yet, Vardi and Dover (1972) reported that a plant of
Amblyopyrum muticum with one B chromosome, showed
one cell in which the B chromosome formed a trivalent with
two A chromosomes. On the other hand, Secale cereale Bs
frequently pair with each other and themselves in pachytene
(Diez et al. 1993), but bivalents are less connected by chi-
asmata than A chromosomes (Jiménez et al. 2000).

Rye B chromosomes have accumulated significantly
greater amounts of chloroplast- and mitochondrion-derived
sequences than the A chromosomes (Martis et al. 2012). All
parts of the chloroplast and mitochondrial genomes are
found on the Bs, indicating that all sequences are transfer-
able. The higher amount of organelle-derived DNA inserts in
B, as compared to A chromosomes, and the increased
mutation frequency of B-located organellar DNA, suggests a
reduced selection against the insertion of organellar DNA in
Bs. Insertion of organellar sequences into B DNA has fewer
deleterious genetic consequences than their insertion into
As. This may reflect the generally silent B chromosome,
which may enable tolerance to essentially uncontrolled DNA
insertions of all sorts. In contrast, insertions into A chro-
mosomal DNA may disrupt gene expression with lethal
consequences, particularly when they become homozygous.
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Transfer of organellar DNA to the nucleus is very frequent
(Timmis et al. 2004), but much of the organellar DNA is also
rapidly lost again within one generation by a partially
counterbalancing, but largely elusive, removal process
(Sheppard and Timmis 2009).

The presence of a disproportionately large amount of
organellar DNA on the rye B chromosomes suggests a
long-term evolutionary role of the Bs. The considerable
amount of B-specific accumulation of chloroplast- and
mitochondria-derived sequences is due to a reduced selec-
tion against the insertion of organellar DNA in B chromo-
somes, whereas there is probably a considerable selection
against the insertion of organellar DNA in genetically active
A chromosomes (Jones et al. 2008b, a; Martis et al. 2012).
Natural selection has certainly played an important role in
determining the Bs DNA composition, however alternative
mechanisms might be also at play. While there is no evi-
dence for active capturing of mobile DNAs into B chro-
mosomes, it cannot be ruled out, as B chromosomes being
repeat-rich, might undergo more DNA breaks, due to stalled
replication or transposons activity, with such breaks serving
as entry points for extrachromosomal DNAs. In addition,
recent works suggest that heterochromatin can serve as a
preferred insertion site for certain types of mobile DNA
(Shilo et al. 2017).

Klemme et al. (2013) provided detailed insight into the
changes that high-copy rye sequences underwent in B
chromosomes. Although most repeats are similarly dis-
tributed along As and Bs, several transposons are either
amplified or depleted on the Bs. Accumulation of B-enriched
high-copy sequences was found mostly in the nondisjunction
control region of the Bs, which is transcriptionally active and
late-replicating (see below).

Because any increased gene dosage may affect gene
expression, the expression of paralogues on B chromosomes
might be reprogrammed (potentially through epigenetic
mechanisms) early during the evolution of the Bs (Klemme
et al. 2013). Thus, proto-B genes, derived from
A-chromosomal regions and cytoplasmic organellar gen-
omes, might first be suppressed and then degenerate due to
mutations. Exceptions could include those sequences that
promote preferential transmission of Bs, an advantage for the
maintenance of B chromosomes in populations. Thus, B
chromosomes provide a kind of safe harbor for genes and
sequences without immediate selective benefit (Klemme
et al. 2013).

Detailed analysis of rye B-located high copy sequences
revealed that Bs contain a similar proportion of repeats as A
chromosomes, but differ substantially in their repeat com-
position (Martis et al. 2012; Klemme et al. 2013; Marques
et al. 2013). More specifically, B-specific accumulation of
Gypsy retrotransposons and other repeated sequences
have been reported for rye (Sandery et al. 1990).
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The accumulation of active retrotransposons on Bs might be
rooted in a relaxed selection pressure. Reduced
crossing-over in Bs might further facilitate retroelement
accumulation.

As mentioned above, B-located genic sequences origi-
nated from A chromosomes or from organellar DNA.
Because Bs are dispensable, it is expected that they are prone
to mutation accumulation as they undergo pseudogenization
(Banaei-Moghaddam et al. 2015). Pseudogenes can encode
endo-siRNAs and regulate the expression of their parental A
chromosome genes (Johnsson et al. 2014). Thus, as
B-specific transcripts would might be aberrant due to less
selective pressure, they can serve as a substrate for
RNA-directed RNA polymerase, which would make double
strand RNA (dsRNA) (Banaei-Moghaddam et al. 2015). The
dsRNA is then processed to small regulatory RNA. This
model is consistent with the cumulative effects of an
increasing number of Bs (Banaei-Moghaddam et al. 2015).
Alternatively, pseudogene transcripts can function as indi-
rect post-transcriptional regulators. For example, they might
act as miRNA sponges. Due to high similarity between
parental and pseudogene transcripts, both could compete for
miRNA, leading to degradation of parental gene transcripts
(Muro et al. 2011). Further, it has been shown that some
pseudogene transcripts translate and produce short peptides
or truncated proteins of functional importance (Johnsson
et al. 2014). Pseudogene transcripts could also act as a
source of siRNAs via pathways involving RNA-directed
RNA polymerases (Banaei-Moghaddam et al. 2015). It is not
yet known whether B-derived siRNAs acting as regulators
exist.

Little information is available on the chromatin compo-
sition of Bs. Preliminary classical cytological observations
(e.g., Giemsa-banding) suggested that the Bs in about half of
the plant species carrying them are heterochromatic (Jones
1975). In rye, the sub-terminal heterochromatic domain of
the B is characterized by a unique combination of histone
methylation marks (Carchilan et al. 2007; Marques et al.
2013). Contrary to the heterochromatic regions of the A
chromosomes, this domain is simultaneously marked by
tri-methylated histone H3K4 and tri-methylated H3K27. In
addition, this domain shows a dark Giemsa band at mitosis,
but undergoes decondensation during interphase and tran-
scription of B-specific high copy repeat families
(Banaei-Moghaddam et al. 2015).

4.3 Preferential Transmission (Accumulation
Mechanism) of B Chromosomes

B chromosomes dispensability, i.e., non-essentiality for
normal development of their host, remains undetermined. In
addition, while they may have negative effects on nuclear

physiology and phenotype, it remains unclear if Bs have any
selective advantages and how they manage to persist in
specific populations. Certainly, their maintenance requires
means of survival against selection. To counteract elimina-
tion, Bs of many species have evolved a ‘drive’ mechanisms,
which ensures their transmission to the next generation at
frequencies that are higher than expected according to
Mendelian rules (Jones 1991; Jones et al. 2008a). Such
transmission enables the maintenance of Bs in natural pop-
ulations. The variety of mechanisms, including segregation
failure, by which B chromosomes gain heritable advantage
in transmission, are known as accumulation or drive mech-
anisms. Depending on the species, B chromosome drive can
be pre-meiotic, meiotic, or post-meiotic, but the underlying
molecular process remains unclear (Jones 1991; Burt and
Trivers 2006). Post-meiotic drive is frequent in flowering
plants during gametophyte maturation.

Survival in populations is achieved by various mecha-
nisms of mitotic and meiotic drive (Jones 1991, 1995). The
more common drive process for Bs in plants, especially in
the family Poaceae, is based on directed nondisjunction in
the gametophyte phase of the life cycle. In rye, it takes place
both at first pollen mitosis and at first egg cell mitosis, in
maize, it occurs at the second pollen mitosis, and at other
time points in other species (Jones and Rees 1982).

Matthews and Jones (1982, 1983) assumed that the dif-
ferential transmission of Bs in rye is strong enough to
overcome their negative effects on plant vigor and fertility.
Moreover, they suggested that the main factor enabling
variation in population equilibrium for B-frequency is the
level of bivalent or multivalent pairing of Bs with them-
selves at meiosis. Confirmation of the predicted variation in
pairing levels was achieved when selection for high and low
transmission genotypes was found to correlate with the level
of B pairing at first meiotic metaphase in lines of Korean rye
(Jiménez et al. 1997). It was found that plants with 2B of the
low line formed bivalents in only 20% of first meiotic
metaphase cells, whereas, in the high line, there were more
than 90% of bivalents. Puertas et al. (1998, 2000) later
proposed that what Jiménez et al. (1997) assumed were
‘genes’ dictating transmission rate, were actually the sites of
chiasma formation, or the binding sites, in the Bs
themselves.

In most species carrying Bs, the mitotic transmission of
Bs during growth and development is normal and hence, all
cells within the individual carry the same number of Bs
(Houben et al. 2014). However, there are some exceptions in
which the Bs show mitotic instability and are therefore
present in variable numbers, sometimes characterizing
specific tissues and/or organs. For example, in the grasses
Aegilops speltoides and Amblyopyrum muticum, Bs exist in
aerial organs but not in roots (Mendelson and Zohary 1972;
Ohta 1996).
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The behavior of rye Bs during pollen mitosis was first
studied by Hasegawa (1934), who described how the two
chromatids of the B chromosome do not separate at ana-
phase of the first pollen grain mitosis and, in most cases, are
included in the generative nucleus. In the second pollen
grain mitosis, the generative nucleus divides to produce two
sperm nuclei, each with an unreduced number of Bs.
A similar nondisjunction process may occur in the female
gametophytes of rye as well (Hékansson 1948).

Banaei-Moghaddam et al. (2012) proposed a model
describing the B chromosome accumulation mechanism in
rye. The model is based on analysis of the cellular mecha-
nism of B chromosome drive in the male gametophyte of
rye. At all mitotic stages of microgametogenesis, the As and
Bs centromeres are active. However, at first pollen mitosis,
sister chromatid cohesion differs between As and Bs. The
B-specific pericentromeric repeats are involved in the for-
mation of pericentric heterochromatin, which plays a critical
role in the cohesion of sister chromatids and in their
non-disjunction at the first pollen mitosis. Failure to resolve
the pericentromeric cohesion is under the control of the
B-specific nondisjunction control element. The asymmetry
of this division plays a critical role in the determination and
subsequent fate of the two unequal mitotic products: the
vegetative and the generative cells. Due to unequal spindle
formation, joined B chromatids preferentially migrate
towards the generative pole. Thus, at first pollen mitosis of
rye, the mitotic spindle asymmetry seems to play a central
role in B accumulation. In the second pollen mitosis, the
generative nucleus divides to produce two sperm nuclei,
each with an unreduced number of Bs. Hence, a combination
of nondisjunction and of unequal spindle formation at first
pollen mitosis, results in the directed accumulation of Bs to
the generative nucleus, which consequently ensures their
transmission at a higher than Mendelian rate to the next
generation.

The B centromeres demonstrate standard behavior at
anaphase of the first pollen mitosis, and can be seen sepa-
rated and pulling to opposite poles. In contrast, the B
chromatids appear to be transiently held together at sensitive
sticking sites on either side of the centromere (the receptors),
and since the spindle is asymmetric, the equator is closer to
the pole which will include the B chromatids in the gener-
ative nucleus. The question to be answered is how the
B-specific region signals the receptors to remain conjoined
just long enough to facilitate directed nondisjunction? This is
a fundamental question in terms of genome evolution, since
the mechanism had to arise de novo, and then become
rapidly established in a highly conserved way to allow the
rye Bs to survive following their origin. Furthermore,
nondisjunction works equally well when the rye B is intro-
duced as an additional chromosome into hexaploid wheat
(Lindstrom 1965; Miintzing 1970; Niwa et al. 1997; Endo
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et al. 2008), into hypo-pentaploid Triticale (Kishikawa and
Suzuki 1982), or into Secale vavilovii (Puertas et al. 1985).
Thus, the B autonomously controls the process of nondis-
junction (Matthews and Jones 1983; Romera et al. 1991).

Miintzing (1946) demonstrated in Secale cereale that in
the standard B chromosome, as well as in isochromosomes
consisting of the large and small arms of the standard B
chromosome, the centromeres divided normally at anaphase
of the pollen mitosis. However, in the standard and large
isochromosomes, there were sticking sites on either side of
the centromere which prevented normal anaphase separation
of the chromatids, thereby causing nondisjunction of these
two types. The chromosomal region that carries the element
controlling nondisjunction is comprised of a concentration of
B-specific sequences from two families, E3900 and D1100,
assembled from a variety of repetitive elements, some of
which are also represented in the A genome (Sandery et al.
1990; Blunden et al. 1993; Houben et al. 1996; Langdon
et al. 2000). No genes have been found in the region, which
raises questions regarding the genetic process controlling
nondisjunction (Matthews and Jones 1983; Ortiz et al.
1996).

Deficient Bs lacking the heterochromatic terminal region
of the long arm, undergo normal disjunction at first pollen
anaphase. Therefore, it seems that the accumulation mech-
anism of the B by nondisjunction requires factors located at
the end of the long arm (Miintzing 1948; Hékansson 1959;
Endo et al. 2008). This factor can act in trans because, if a
standard B (Lima-de-Faria 1962) or the terminal region of
the long arm of the B (Endo et al. 2008) is present in the
same cell containing a deficient B, nondisjunction occurs for
both the standard and the deficient B. The nondisjunction
control region is enriched in B-specific repeats, which are
highly transcriptionally active in anthers (Banaei-
Moghaddam et al. (2012). In addition, the distal hete-
rochromatin of the long arm is marked with the
euchromatin-specific histone modification mark H3K4me3
(Carchilan et al. 2007).

Lima-de-Faria (1962) initially proposed that the rye B
drive mechanism is controlled by the sub-telomeric domain
of the B long arm, where two sequence families, D1100
(Sandery et al. 1990) and E3900 (Blunden et al. 1993),
accumulate (Langdon et al. 2000). Later, analysis of chro-
mosome behavior of wheat lines with introgressed fragments
of rye Bs, established that non-disjunction is in fact depen-
dent on the D1100 and E3900 sequence families (Endo et al.
2008). More recently, a B-specific chromatid adhesion site
involving the pericentromeric repeat ScCI11, was implicated
in the delay of sister chromatid separation (Banaei-
Moghaddam et al. 2012). Langdon et al. (2000) suggested
that E3900 and D1100 repeats evolved via amplification of
ancestral A-located sequences within the dynamic nondis-
junction control region on rye B. The B-enriched tandem
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repeats could have been amplified via unequal crossover
(Smith 1976).

It has been previously suggested that Bs of the two sub-
species of rye have a monophyletic origin (Niwa and Saka-
moto 1995; Marques et al. 2013), and that the organization of
D1100 and E3900 is highly conserved (Klemme et al. 2013).
The complex organization of the E3900 and D1100 sequence
families as high copy repetitive DNA is specific to Bs
(Klemme et al. 2013). FISH showed that D1100 accumulates
in two zones in the sub-telomeric region of the long B arm,
physically separated by an interstitial less labeled space, while
E3900 has a more homogeneous and distal signal that over-
laps with the D1100 domain closer to the telomere (Wilkes
et al. 1995). Besides the 3.9-kb form of E3900, a shorter
2.7-kb E3900-related sequence, which also accumulates on
the B-specific domain, has been identified (Pereira et al.
2009). Estimates of copy number have shown that E3900
sequences are highly conserved and are present in 100-150
copies on Bs and in single or low copy numbers in A chro-
mosome (Pereira et al. 2009). Importantly, E3900 sequences
are differentially expressed in a tissue- and developmental
stage-specific manner in plants with and without B chromo-
somes (Pereira et al. 2009). While the expression levels of
E3900 do not vary in leaves from plants with and without Bs,
they are significantly upregulated during meiosis exclusively
in plants with Bs, maintaining a high level of transcription in
the gametophyte (Pereira et al. 2009).

Transcripts of the recently identified D1100 and E3900
tandem repeats were only observed in + B plants, mostly
restricted to anthers, where post-meiotic nondisjunction of
rye Bs takes place (Carchilan et al. 2007). Although it
remains to be directly demonstrated, anther-specific tran-
scripts of sequences residing within the terminal nondis-
junction control region might be related to the
non-Mendelian accumulation of Bs, for example, by medi-
ating stickiness of sister pericentromeric regions.

The discovery that some of the nondisjunction control
region-specific repeats produce noncoding RNA, predomi-
nantly in anthers of rye (Prestel et al. 2010), suggests an
intriguing possibility that the nondisjunction of Bs occurs
because the control region somehow maintains cohesion in
key regions of B-sister chromatids. Failure to resolve the
pericentromeric heterochromatin during first pollen mitosis
leads to the question: in which aspect does the first pollen
mitosis differ from other mitotic events in other cell types? It
is argued that either a haploid tissue type-specific expression
of nondisjunction controlling transcripts (Carchilan et al.
2007) and/or the formation of a contrasting chromatin
composition during first pollen mitosis (Houben et al. 2011)
ensures this non-disjunction that results in specific accu-
mulation of B chromosomes.

4.4 Effect on Morphology, Fitness
and Meiotic Chromosomal Pairing
in Species and Hybrids

44,1 Effect on Morphology and Fitness

The presence of Bs is associated with mild or no obvious

change in phenotype in many species. This feature led to the

conclusion that Bs are depleted of functional genes. How-
ever, an excessive number of Bs can cause phenotypic

effects and may reduce host fertility (Jones and Rees 1982).

The maximum number of Bs tolerated by individuals varies

among different species. The harmful effects of Bs on fitness

were charged to the energy cost of their maintenance and

their potential interference with the proper assortment of A

chroosomes during meiosis (Jones and Rees 1982). Besides

reduction of fitness, further phenotypic effects have been
associated with the presence of Bs in several plant species

(Jones and Rees 1982).

The phenotypic effects of the presence of B chromosomes
are usually cumulative, depending upon the number of Bs,
with a positive correlation between severity of effects and Bs
counts (Jones and Rees 1982; Jones 1995; Bougourd and
Jones 1997; Carlson 2009; Houben et al. 2013a).

A significant amount of information is available regard-
ing the effects of rye Bs upon sporophyte and gametophyte
fitness and viability, from seed germination to seed set
(Jones and Rees 1982). As the number of Bs increases,
negative effects on fertility (Miintzing 1943), seed germi-
nation timing (Moss 1966) and vigor (Miintzing, 1963) have
been described. Bs also induce nuclear physiological effects
in proportion to their number, such as increased cell cycle
length (Evans et al. 1972) and decreased nuclear protein and
RNA levels (Kirk and Jones 1970). These extra chromo-
somes have various effects on mitotic and meiotic A chro-
mosome behavior. For example, Bs alter rDNA
condensation patterns in mitotic cells (Morais-Cecilio et al.
1997; Delgado et al. 2004) and induce alterations in the
frequency and distribution of A chromosome chiasmata at
meiosis (Jones and Rees 1982). A dosage-dependent
increase in the frequency of anomalous adherences
between sister chromatids at anaphase and metaphase cells
in the first mitosis of pollen grains provided more direct
evidence that Bs affect A chromosome behavior (Pereira
et al. 2009). Pereira et al. (2017) provided detailed cytoge-
netic and molecular insight into the effects of heat stress
during reproductive development on meiosis in rye plants
with 0 and 2B chromosomes. Their findings are the first
indication that rye B chromosomes have implications in heat
tolerance and protection against heat stress-induced damage
at early stages of meiosis.
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4.4.2 Effect on Meiotic Chromosome Pairing
in Species and Hybrids

B chromosomes have been reported to have an effect on
meiotic chromosome pairing in specie. Using the C-banding
technique, Alvarez et al. (1991) studied the effect of Bs on
homologous pairing, by examining first metaphase associa-
tion of S. cereale chromosomes both in normal plants
(2n=14) and in plants with B chromosomes
(2n = 14 + Bs). They noted a promoting effect on homolo-
gous meiotic chromosome pairing by B chromosome, par-
ticularly by its short arm.

Miintzing et al. (1969) studied meiosis in common wheat
plants bearing one to several S. cereale B chromosomes that
were transferred to common wheat from Secale cereale by
Lindstrom in 1965. The effect of these B chromosomes on
meiotic pairing of common wheat chromosomes was
insignificant, whereas the meiotic pairing of the Bs was poor
and the frequency of B chromosome univalents was much
higher than in the corresponding strain of rye. The reason for
this difference must involve an influence of the wheat
chromosomes or the wheat cytoplasm on the rye chromo-
somes. Likewise, the influence of B-chromosomes of Secale
cereale on homologous chromosome pairing at first meiotic
metaphase of the inter-varietal common wheat hybrid, Chi-
nese Spring x Lindstrdom (carrying B chromosomes of S.
cereale) was studied by Viegas (1979) in the presence and
absence of chromosome 5D of common wheat, that carries a
promoter of homologous pairing (Feldman 1966). The
presence of these B chromosomes did not change the normal
pattern of chromosome pairing in disomic plants, although it
slightly increased chiasma frequency in monosomic 5D
plants at 20 °C. When chromosome 5D was absent, e.g.,
nullisomic 5D, the increase in chiasma frequency was more
pronounced, especially the number of ring bivalents. In
nullisomic 5D plants, at 10 °C, where a high degree of
asynapsis was observed, the addition of B chromosomes
increased chromosome pairing, but no increase in the fre-
quency of monosomics was observed, which at 10 °C
showed a slight reduction in pairing.

The effect of B chromosomes on homoeologous pairing
in hybrids with common wheat is ambiguous. B chromo-
somes of Amblyopyrum muticum and Aegilops speltoides
suppress homoeologous meiotic pairing of A chromosomes
in intergeneric hybrids with common wheat lacking the phl
gene, which suppresses homoeologous pairing (Mochizuki
1964; Vardi and Dover 1972; Dover and Riley 1972; Ohta
and Tanaka 1982). Thus, the effect of Bs is similar to that of
Phl of wheat on homoeologous pairing in wheat hybrids
with alien species. The B chromosomes of A. muticum do
not affect homologous pairing but suppress homoeologous
pairing in interspecific hybrids (Mochizuki 1964; Dover and
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Riley 1972; Vardi and Dover 1972). Similarly, studies on
meiotic chromosomal pairing in F; hybrids between A.
muticum and most of the diploid species of Aegilops and
Triticum containing B-chromosomes of A. muticum, showed
notably reduced chromosomal pairing (Vardi and Dover
1972; Ohta and Tanaka 1983; Ohta 1990, 1991).

Vardi and Dover (1972) assumed that B chromosomes of
Ae. speltoides and A. muticum interact with specific gene loci
of the A chromosome complement that inactivate the sup-
pression of Phl. Furthermore, they suggested that Bs affect
chromosomal pairing by causing disturbances in the mitotic
and meiotic spindle. The similarity between the effects of
Phl and B chromosomes on chromosomal pairing suggests
that the phl gene of polyploid wheat was transferred from B
chromosomes of A. muticum or Ae. speltoides to chromo-
some 5B of common wheat, via an ancestral translocation
between a B chromosome and an A chromosome, presum-
ably 5B (Vardi and Dover 1972). However, the absence of
meiotic pairing between the B chromosome and chromo-
some 5B of common wheat refutes this idea. Alternatively,
since B chromosomes derived from one of the A chromo-
somes in these two diploid species and contain many DNA
sequences of other A chromosomes, one of the most
essential prerequisites for the establishment of the B chro-
mosome as an independent entity was to prevent pairing and
recombination between B and A chromosomes. Thus, the
development of a genetic system suppressing homoeologous
pairing was a necessary event for the independent existence
and evolution of B chromosomes.

On the other hand, conflicting results were obtained
concerning the effect of Secale cereale B chromosomes on
homoeologous pairing in hybrids with common wheat.
Viegas (1980) reported that B chromosomes of S. cereale
suppressed homoeologous pairing in hybrids with common
wheat, irrespective of the presence or absence of chromo-
some Phl, while Cuadrado et al. (1988) found that cereale B
chromosomes only suppressed homoeologous pairing in
hybrids with common wheat in the absence of Phl. Romero
and Lacadena (1980) found that cereale B chromosomes
also suppress homoeologous pairing in hybrids with com-
mon wheat lacking the pairing suppressors on wheat chro-
mosomes 3A and 3D, although they increased the level of
pairing when a chromosome with a promoter effect (3B, SA
or 5D) was absent. Roothaan and Sybenga (1976) found that
B chromosomes of S. cereale do not compensate for the
absence of Phl in hybrids with common wheat lacking Phl.
Estepa et al. (1993) studied the effect of different numbers of
B chromosomes on homoeologous pairing in common wheat
x S. cereale hybrids and found no significant quantity-related
effect, but the variance of distribution of means of bivalent
and paired chromosome complements was significantly
increased when odd numbers (3 or 5 B-chromosomes) were
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present. Jenkins and Jones (2004) concluded that
B-chromosomes of S. cereale carry genes that act together
with the pairing control genes of common wheat.

Kousaka and Endo (2012) studied the effect of a rye B
chromosome and its segments (B-9 and B-10) on homoeol-
ogous pairing in hybrids between common wheat and Aegi-
lops peregrina. The B-9 and B-10 chromosome segments are
derived from reciprocal translocations between a wheat and B
chromosome; B-9 had the B pericentromeric segment,
whereas B-10 had the B distal segment. Kousaka and Endo
(2012) found that both the complete B chromosome and the
B-9 segment suppressed homoeologous pairing when chro-
mosome 5B was absent. On the other hand, the B-9 and B-10
segments promoted homoeologous pairing when 5B was
present. The mean chiasma frequency (10.23/cel) in the
hybrid of common wheat x Ae. Peregrina possessing 5B and
one B-9, was considerably higher than that of a hybrid pos-
sessing 5B alone (2.78/cell), and was comparable to that of a
hybrid lacking 5B (14.09/cell). The results suggested that the
effect of the B chromosomes on homoeologous pairing was
not confined to a specific region, i.e., it resulted from a
polygenic system, and that the intensity of the effect varied
and depended on the presence or absence of Phl and on the
dose of the B chromosome and the B segments.

4.5 Transcriptional Activity of B
Chromosomes

Considering the intra- or interspecific origin of Bs and the
above-listed B-associated effects, many have sought to
determine whether Bs carry genes. Studies have led to dif-
ferent conclusions regarding the transcriptional activity of Bs.
In contrast to single- or low-copy genes that were rarely found
on Bs in early studies, rRNA genes have been frequently
identified on Bs of many species (Green 1990; Bougourd and
Jones 1997). This is most likely due to the fact that their
detection is rather easy by cytogenetic techniques in contrast
to unique genes. In contrast to the prevalent view that Bs do
not harbor genes, recent analysis revealed that Bs of
sequenced species are rich in gene-derived sequences (Hou-
ben et al. 2014). Recent application of next generation
sequencing-based approaches revealed that rye Bs contain
more than 4000 putative genic sequences (Martis et al. 2012),
many of which are partly transcriptionally active
(Banaei-Moghaddam et al. 2013). Some of the rye B gene
sequences had lower similarity to their A-located counter-
parts, reflecting their faster degeneration or earlier insertion in
Bs (Banaei-Moghaddam et al. 2013). These studies suggest
that B chromosomes carry transcriptionally active genic
sequences that could affect the transcriptome profile of their
host genome (Banaei-Moghaddam et al. 2015). Thus, the
view that B chromosomes are genetically inert, selfish

79

elements without any functional genes, is gradually changing.
This can partly explain the deleterious effects associated with
their presence as well as the possible advantages that Bs
confer on their host.

A comparative cDNA-AFLP analysis indicated that rye
Bs can modulate the transcription of corresponding gene
copies on A chromosomes (Carchilan et al. 2009) and, from
these studies, regulatory interactions between A- and
B-located coding sequences have been proposed
(Banaei-Moghaddam et al. 2015). It is likely that Bs influ-
ence A-localized sequences through epigenetic mechanisms,
such as homology-dependent RNA interference pathways
(Slotkin and Martienssen 2007), as has been proposed for
the modulation of gene-activity in newly formed hybrids and
allopolyploids (Comai 2005; Kenan-Eichler et al. 2011). Bs
may also exert control over A chromosomes via the spatial
organization of As in interphase nuclei, and it has been
suggested that spatial positioning of genes and chromosomes
can influence gene expression (Misteli 2007).

As Bs are dispensable, it is expected that they are prone to
accumulate mutations as they undergo pseudogenization
(Banaei-Moghaddam et al. 2013). Indeed, next-generation
sequencing technologies have shown that B chromosomes of
S. cereale harbor many pseudogenes originating from the A
chromosomes and organellar DNA sequences (Houben et al.
2013b). It has been further demonstrated that some of the
A-derived sequences are transcribed in a genotype-specific
manner (Banaei-Moghaddam et al. 2013). This could
explain the apparently contradictory findings and complex
interactions associated with the effect of B chromosomes on
homoeologous pairing in hybrids with common wheat.

It is possible that only part of the B-located genes is
inactive (Houben et al. 2014). If Bs share many, almost
identical, genic sequences with As, why is the presence of Bs
not associated with more severe phenotypes, particularly
assuming that some sequence variants may still have a bio-
logical effect? Bearing in mind that the relative dosage of a
chromosome is critical for normal development, it is striking
that organisms with an additional B are little affected. It is
probable that during early evolution of a proto B, A-derived
genes are likely to be downregulated by dosage compensation.

Transcripts coming from a B chromosome in combination
with their related A-located genes, provide additional com-
plexity to the transcriptome of their host and this may par-
tially explain the phenotypes and effects associated with the
presence of Bs. The transcriptional activity of Bs could form
regulatory transcripts such as siRNAs which have the
potential to modulate the level of A-derived transcripts or to
change the chromatin status of a target region by DNA or
chromatin modification (Dalakouras and Wassenegger 2013;
Filipowicz et al. 2005). In addition, transcripts from Bs
similar to pseudogenes may lead to indirect effects by
competing with A-derived transcripts for regulatory factors
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such as miRNAs (Pink et al. 2011). If truncated proteins or
overexpression of functional proteins are produced in the
presence of Bs, they can cause overloading of the protea-
some machinery, required to process these unfolded, mis-
folded, aggregated, and/or uncomplexed proteins, thereby
imparting an energetic burden in the host (Gordon et al.
2012). But Bs may also produce functional proteins that may
have some role in maintenance of B chromosomes.

Banaei-Moghaddam et al. (2015) postulated the potential
activity modulation of A chromosome-located genes by
homologous sequences on B chromosomes. When the B
chromosome is absent, each gene on A has a defined level
and pattern of expression. In the presence of a B chromo-
some, when the B-located gene is transcribed, transcripts can
serve as a substrate for RNA-directed RNA polymerase,
which would generate dsRNA, which is then processed to
small RNAs. These small RNAs could cause mRNA
degradation or epigenetic changes of A-located sequences.
Alternatively, the B-transcripts may compete for regulatory
factors responsible for regulation of A-located genes,
yielding up- or down-regulation of the counterpart A gene.
In the presence of B, if the corresponding B-located gene is
inactive, the expression level and pattern of an A-located
gene will not change. Likewise, when both A- and B-located
genes express from the same strand, the expression level of
that gene may remain unchanged compared to that of plants
lacking B, due to dosage compensation.

Transcription of B-enriched repetitive sequences have also
been demonstrated in rye. A comparative analysis of
RNA-seq reads obtained from rye plants with and without Bs,
was recently performed to assess the transcriptional activity of
repetitive sequences. In this species, several B-repeats are
active in a tissue-dependent manner (Klemme et al. 2013;
Carchilan et al. 2007). Transcripts derived from vegetative
(root and leaf) and generative (anthers) tissues, represented by
26-151 million RNA-seq reads, were screened for their
sequence similarity to a complete set of previously identified
rye repetitive elements (Martis et al. 2012). Low levels of
transcription were found for most repetitive elements, which
represented a combined total of 3.1-4.9% of transcripts in
analyzed tissues (excluding rRNAs). Repeat expression pro-
files were similar for plants with and without B chromosomes,
with the exception of highly expressed B-specific satellite
E3900, which was found in both vegetative tissues and
anthers. This finding confirms previously reported data based
on Northern blot experiments (Carchilan et al. 2007). On the
other hand, none of the other satellites enriched on or specific
to B chromosomes (Martis et al. 2012; Klemme et al. 2013)
were expressed at comparable levels.

Dosage-sensitive genes are less likely a part of an
evolving B, as duplication of a B chromosome-donor frag-
ment containing such genes could result in a detrimental
phenotype. In contrast, dosage-insensitive genes, such as
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structural genes bearing no regulatory roles in transcription
or translation, could be B-hosted and eventually undergo
loss or pseudogenization. Duplicated genes are often asso-
ciated with detrimental effects and are removed by natural
selection. As most of the mutations are degenerative, it is
more likely that duplicated gene underwent inactivation
rather than acquiring a new function. Nevertheless, evidence
of the beneficial role of duplicated genes, especially in
stressful conditions, exists. In some circumstances, selective
retention of duplicated genes could occur, e.g., when their
redundancy protects corresponding parental genes from
immediate detrimental mutations, or when overdominance
exists between their products. In this case, duplicated genes
could convert to new genes by achieving a beneficial
mutation. Therefore, B-located duplicated genes may
accelerate the evolution of their carriers.

Could a B-located genic sequence with the ability to
modulate the activity of a corresponding A-located gene
cause long-term evolutionary effects? If the product of the
B-located gene would become beneficial, positive selection
would act to preserve the respective B present in the popu-
lation. This could release the pressure on a B-specific dif-
ferential transmission, namely, a former selfish B
chromosome would transform into a beneficial genome
component. It would be intriguing to test whether Bs affect
the epigenetic status of As, by comparing epigenetic modi-
fications and expression levels of parental A genes in the
presence and absence of Bs, over several generations.
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5.1 General Description of the Subtribe
Whereas the economically important cereals, Triticum L.,
Secale L., Hordeum L., and Aegilops L., have been sub-
jected to intensive taxonomic, cytogenetic, molecular, and
evolutionary studies, several other Triticeae genera received
less attention. These “orphan” genera are Agropyron
Gaertner, Eremopyrum (Ledeb.) Jaub. & Spach, Henrardia
C. E. Hubbard, Dasypyrum (Coss. & Dur.) Dur., Heteran-
thelium Jaub. & Spach., Taeniatherum Nevski, and
Crithopsis Jaub. & Spach. Several diploid Elymus species,
having the St and E genomes, are also included in this
group. They are small genera containing few species, most
of which diploids that are characterized by a distinct mor-
phology, and grow in different regions of the tribe distri-
bution area, some in more arid environments. Their genetic
relationships to the other well-studied genera of the tribe are
vaguely known. Studies of these small genera may provide
additional knowhow on the range of genetic diversity in the
tribe, on processes that have led to diverge evolutionary
developments as well as on the phylogenetic relationships
among members of the tribe. As relatives of the crops,
species of these orphan genera may contain valuable genes
that, may be transferred to the crops and enhance greater
tolerance to biotic and abiotic stresses, improve quality and
performance. As such, these orphan genera deserve greater
attention.

A number of interspecific and intergeneric hybrids
involving those genera were produced during the years (e.g.,
Cauderon 1966; Sakamoto 1967, 1968, 1969, 1972, 1973,
1974, 1979; Sakamoto and Muramatsu 1963; Dewey 1969,
1970, 1984; Frederiksen 1991a, b, 1993; Frederiksen and
von Bothmer 1986, 1989, 1995). Successful production of
the hybrids suggests fairly good genetic or cytoplasmic
compatibility among those species. However, there is very
little chromosome pairing in F; hybrids between them as
well as between wheat and these species, indicating limited
homology between their genomes. Hence, these genera seem
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to be highly differentiated from the taxonomic and the
genetic viewpoints.

5.2 Elymus Species with St or E Genome

5.2.1 Group Description

The delimitation of the genera Elymus L. and Agropyron
Gaertner has been the subject of controversy over the years
(Assadi and Runemark 1995), primarily due to the absence
of clear-cut generic characters and from the presence of
numerous intergeneric hybrids that gave rise to conflicting
results as discussed below (Melderis 1978). Their delimita-
tion using different taxonomic treatments was changed
several times over the last eight decades. Nevski (1933), Bor
(1968), Tzvelev (1976), and Sakamoto (1974) kept these two
genera separated, while Gould (1947) and Runemark and
Heneen (1968), assuming that the traditional subdivision
into Elymus s. 1. and Agropyron s. 1. (including Pseu-
doroegneria, Elytrigia, and Thinopyrum) is artificial, united
them into a single genus, Elymus.

The species within the Elymus-Agropyron group have
traditionally been referred to as Agropyron, if the spikelets
are solitary, and as Elymus, if they are arranged in pairs or
larger numbers at each rachis node. Yet, this division is not
very distinct and Runemark and Heneen (1968) and Mel-
deris (1978) pointed out that the number of spikelets at each
node has a limited taxonomic value since several Agropyron
species contain pairs of spikelets at several rachis nodes,
especially in the lower or in the middle part of the spike,
while several species of Elymus contain only one spikelet on
each rachis node. Also, with regard to leaf anatomy, no
difference was found between Elymus and Elytrigia that was
included in Agropyron (Runemark and Heneen 1968).
Dewey (1969, 1970) found homology between the genomes
of several Elymus and Elytrigia species and Runemark and
Heneen (1968) noted similar chromosome morphology in
Agropyron elongatum (now Elymus elongatus) and Elymus
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caninus. In reality, the two genera only represent different
levels in the reduction of a paniculate inflorescence (Rune-
mark and Heneen 1968). Cytogenetic studies (e.g., Cauderon
1966; Sakamoto 1973; Dewey 1984, and reference therein)
contributed to a better understanding of the genomic rela-
tionships among species of Elymus and Agropyron and, as a
result, to modification of the delimitation of the species in
these two genera. Based on the above information, as well as
on the absence of morphological discontinuities between the
taxa Pseudoroegneria, Elytrigia, Thinopyrum, and Elymus,
Melderis (1978, 1980) included these taxa in the genus
Elymus s. 1., while retaining Agropyron s. str. as a separate
genus for the crested wheatgrasses, that contains only spe-
cies with a solitary spikelet at each rachis node. The
restricted Agropyron genus contains diploid and polyploid
species that are based on the P genome (Table 2.4) and are
morphologically distinct from other genera in Triticeae. The
genus Elymus is treated by Melderis (1978, 1980, 1985a, b)
in a broad sense, as comprising the genera Elytrigia Desv.,
Pseudoroegneria (Nevski) A. Love, Thinopyrum A. Love,
Lophopyrum A. Love, and Trichopyrum A. Love (Table 2.2
). Wang (1989) supported Melderis’ classification which
viewed separation of Pseudoroegneria from Elymus as
unjustified for both evolutionary and morphological reasons,
since several Elymus species include St genomes from dif-
ferent Pseudoroegneria diploids, and Pseudoroegneria and
Elymus can hardly be distinguished from each other. This
taxonomic classification makes the discrimination between
these two genera more straightforward and has been
accepted by various taxonomists, e.g., Clayton and Renvoize
(1986), Assadi and Runemark (1995), Watson and Dallwitz
(1992), Watson et al. (1985). Therefore, this book follows
the Melderis classification.

A large number of hybrids within and between the Ely-
mus s. 1. and Agropyron s. str. genera have spontaneously
emerged in nature. Many hybrids are sterile, but a consid-
erable number are more or less fertile, at least upon back-
cross to one of the parents. Apparently, introgressive
hybridization has played an important role in the evolution
of these two genera.

Melderis (1978, 1980) transferred the following two sec-
tions from Agropyron s. 1. to Elymus s. 1.: Caespitosae (Rouy)
Melderis, comb. nov. (Syn.: Agropyron sect. Caespitosa
Rouy; Elytrigia sect. Caespitosae (Rouy) Tzvelev) and Jun-
ceae (Prat) Melderis, comb. nov. [Syn.: Agropyron sect.
Junceae (Prat) Tzvelev]. The subdivision of these two sec-
tions was mainly based on caespitose or rhizomatous habit.
The constituent species contain the St, Ee (=E) and the Eb
(=J) genomes (Table 5.1), three genomes that occur in species
that were included by Nevski’s classification (1933), in the
genus Elytrigia, but, later on, Nevski himself (1934a, b)
included Elytrigia as a section in Agropyron. Tzvelev (1973)
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maintained the generic status of Elytrigia, but pointed out
that species of this genus are close to species of Elymus.

The Elymus L. section Caespitosae is characterized by
caespitose plant, lax and erect spikes, tough rachis, solitary
or sometimes two spikelets on the node at the lower part of
the spike, usually with 6-13 florets, and glumes 5-8 mm
long, unkeeled with 5-9 veins. In some species, the rachilla
is fragile and disarticulates above the glumes and beneath
each floret (floret-type disarticulation). This section contains
about 13 species (Table 5.1) comprising a polyploid series
(2n = 14, 28, 56, and 70), and most of them are allogamous,
and have long anthers.

The Elymus L. section Junceae is characterized by rhi-
zomatous or caespitose plants, lax, erect, and sometimes
curved spikes, a fragile rachis, disarticulating at maturity into
spikelets with the rachis segment below them (Fig. 2.3; wedge
type dispersal unit), solitary spikelets on the rachis, with 2-9
florets and keeled glumes, 5-18 mm long. This section
comprises only three species, E. farctus (Viv.) Runemark ex
Melderis, occurring in Europe and the Middle East, E. curv-
ifolius (Lange) Melderis, occurring in south and central Spain,
and E. distichus (Thumb.) Melderis, native to South Africa.
Elymus farctus and E. distichus grow on maritime coasts.

The species of sections Caespitosa and Junceae presum-
ably originate in Europe or west Asia. Genome St is found in
several diploid and polyploid species, Ee exists in the diploid
taxon E. elongatus (Host) Runemark subsp. elongatus [for-
merly Agropyron elongatum (Host) Beauv.] and in several
auto- and allo- polyploids, whereas genome Eb occurs in the
diploid taxon E. farctus (Viv.) Runemark ex Melderis
subsp. bessarabicus (Savul. & Rayss) Melderis [formerly
Agropyron junceum subsp. bessarabicum Savul. & Rayss;
Thinopyrum bessarabicum (Savul. & Rayyss) A. Love], in
the allopolyploids of this species and of E. distichus
(Thunb.) Melderis and in the autopolyploid E. curvifolius
(Lange) Melderis (Table 5.1).

Love (1984) used the genome symbols J for the genome
of Elymus farctus and E for that of Elymus elongatus. Endo
and Gill (1984) questioned the equivalence of J and E and
based on differences in C-banding patterns, justified the
separation of these two genomes. However, Dewey (1984)
and Dvorak et al. (1984b), based on evidence from kary-
otype and genome analyses, considered the J and E genomes
as the same basic genome. Previous studies of chromosome
pairing in hybrids carrying these two genomes had already
shown that they are closely related (Cauderon and Saigne
1961; Heneen and Runemark 1972; Dvorak 1981a; McGuire
1984) and more recent studies supported Dewey’s consid-
eration (Wang 1985b; Wang and Hsiao 1989). However,
Jauhar (1988) reached a different conclusion by studying
chromosome pairing in the hybrids analyzed by Wang
(1985b) and Wang and Hsiao (1989). Since a recent
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Table 5.1 Species of Elymus having the St or E genomes

Section

Elymus L. section
Caespitosae (Rouy)
Melderis

Elymus L. section
Junceae (Prat)
Melderis

Species and subspecies®

reflexiaristatus (Nevski) Melderis
ssp. strigosus (M. Bieb.) Melderis

reflexiaristatus (Nevski) Melderis
ssp. reflexiaristatus

libanoticus (Hack.) Melderis

spicatus (Pursh) Gould

stipifollius (Czern. ex Nevski)
Melderis

tauri (Boiss. & Bal.) Melderis

panormiitanus (Parl.) Tzvelev

elongatus (Host) Runemark
ssp. elongatus

elongatus (Host) Runemark
ssp. flaccidiffolius (Boiss. & Heldr.)
Runemark

elongatus (Host) runemark
ssp. turcicus (P.E. McGuire)
Melderis

elongatus (Host) Runemark
ssp. ponticus (Podp) Melderis

nodosus (Nevski) Melderis ssp.
nodosus

nodosus (Nevski) Melderis
ssp. caespitosus (K. Koch) Melderis

bungeanus (Trin.) Melderis
hispidus (Opiz) Melderis

farctus (Viv.) Runemark ex
Melderis ssp. bessaribicus (Savul. &
Rayss) Melderis

farctus ssp. rechingeri (Runemark)
Melderis

farctus ssp. boreali-atlanticus
(Simonet & Guinochet) Melderis

farctus var. sartorii
(Boiss. & Heldr.) Melderis

farctus ssp. farctus (Viv.) Runemark
ex Melderis

distichus (Thunb.) Melderis

curvifolius (Lange) Melderis

Genome®

StSt

StSt

StSt

StSt, StStStSt

StSt, StStStSt

StSt, StStPP

StStPP

EeEe

EeEeEeEe

EeEeEeEeStStStSt

EeEeEeEeEeEeStStStSt®

EeEeStSt

EeEeStSt

EeEeStSt
EeEeEeEeStSt
EbEb

EbEbEbEDb

EbEbEeEe

EbEbEeEe

EbEbEbEbEeEe

EbEbEbEDb
EbEbEbEDb

* These species were transferred from Agropyron to Elymus by Melderis (1978, 1980)
® Genome symbols according to Wang et al. (1995)
¢ Genome symbol according to Zhang et al. (1996) and Li and Zhang (2002)
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Geographical distribution

The Crimean Peninsula

The Crimean Peninsula, Russia

South and southeastern Anatolia, Lebanon,
Syria, Israel, north Iraq, northwestern Iran,
Caucasus

Western North America

Southeastern Ukraine and Southwestern Russia

Turkey, Iran

South Spain, South Italy, Jugoslavia, Romania,
South-east Russia, Turkey, Lebanon, Syria,
Israel, Iraq, Iran,

The Mediterranean basin

The Mediterranean basin

Greece, Turkey, Georgia and northern Iran

Southeastern Europe, Turkey, near the Black Sea
and southern Russia

The Crimean Peninsula

Corsica

The Crimean Peninsula, Russia
Europe

Coasts o Coasts of Black Sea from Bulgaria to
Crimea, Sea of Azov, Aegean and N.E.
Mediterranean

West Turkey, the Aegean islands. coasts of
Greece, Crete, and the Mediterranean coast of

Egypt
North and western Europe
Western and southern Europe

Coasts of Mediterranean Sea

South Africa

South-central Spain
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literature review indicated that most studies regarded J and E
genomes as members of the same cluster (see Table 1 in
Wang and Lu 2014), it is now generally accepted to regard
them as very closely related genomes, supporting the use of
a common basic genome symbol, E (Seberg and Frederiksen
2001; Yen et al. 2005; Fan et al. 2007; Liu et al. 2008; Sha
et al. 2010; Yan et al. 2011; Wang and Lu 2014). Thus, these
genomes were designated Ee for Elymus elongatus and Eb
for Elymus farctus, respectively, as proposed by Dvorak
(1981a) and McGuire (1984).

While the use of one basic genome symbol for these two
species was rejected by some researchers (Jauhar 1988,
1990a, b; Jarvie and Barkworth 1992; Jauhar et al. 2004),
several studies using different methodologies, have further
confirmed the close relationship between genomes Ee and
Eb. The studies included chromosome pairing (de V Pienaar
et al. 1988; Forster and Miller 1989; Wang and Hsiao 1989),
random amplified polymorphic DNA (RAPD) and
sequence-tagged site (STS) markers (Wei and Wang 1995;
Li et al. 2007), genomic in situ hybridization (GISH)
(Kosina and Heslop-Harrison 1996; Chen et al. 1998a, b,
2003), chloroplast DNA sequences (Mason-Gamer et al.
2002; Liu et al. 2008), sequences of a gene encoding plastid
acetyl-CoA carboxylase (Fan et al. 2007, 2009), and nuclear
rDNA internal transcribed spacer (ITS) sequences (Hsiao
et al. 1995; Liu et al. 2008; Yu et al. 2008). At the second
International Triticeae Symposium, the Genome Designation
Committee (Wang et al. 1995) adopted a system for the
application of nuclear genome symbols in the tribe Triticeae.
This system is based mainly on prevailing symbols, but
since the number of basic nuclear genomes in the Triticeae
exceeds the number of single letters in the Roman alphabet,
some basic genomes are designated with an uppercase letter
followed by a lowercase letter, e.g., Ee or Eb, for the genome
in Elymus elongatus and E. farctus, respectively. An
uppercase letter followed by a superscript in small letters are
used when modified versions of a basic genome is referred
to, e.g., A™ for the genome found in Triticum monococcum.

Melderis transferred the Asiatic diploid species of Ely-
mus, namely, libanoticus, reflexiaristatus (subsp. reflexiaris-
tatus and subsp. strigosus), and the diploid cytotypes of
stipifolius and tauri from Agropyron (=Elytrigia) to Elymus
(1978, 1980). These species carry the St genome (Wang
et al. 1995) that also exists in the Elymus polyploid species
containing the Ee genome, i.e., elongatus, nodosum, bun-
geanus, and hispidus (Table 5.1). The St genome is related
to the Ee and Eb genomes (Wang 1989). Bieniek et al.
(2015) found that nucleotide sequences of the diploid Ee, E”
and St taxa are almost identical, with only one substitution
within the matK gene, differentiating genome Eb from the Ee
and St genomes. Petersen and Seberg (1997) and Wang and
Lu (2014) confirmed this very close relationship between the
three genomes. The St genome almost always has a
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dominant influence on the morphology of the taxa of which
it is a component (Assadi and Runemark 1995) and since
exists in more primitive Elymus species, it is reasonable to
assume that Ee and Eb evolved from St.

5.2.2 Elymus Species with St Genome

5.2.2.1 Species Description

The St-genome species of Elymus were previously recog-
nized as a biological unit and placed as a separate section,
Elytrigia, in the traditional Agropyron s. 1. (Nevski 1934a).
Due to the fact that all these species contain one genome,
Love (1980), treated them as a separate genus, Pseu-
doroegneria. However, due to the absence of morphological
discontinuities between Pseudoroegneria and Elymus, Mel-
deris (1978, 1980) included Pseudoroegneria in the genus
Elymus s. 1.

The Elymus species bearing the St genome include
approximately 15 different taxa that consists of about equal
numbers of diploids and tetraploids. The type species of this
group is E. reflexiaristatus (Nevski) Melderis subsp.
strigosus (M. Bieb.) Melderis [formerly Pseudoroegneria
strigosa (M. Bieb.) A. Love] (Dewey 1984; Love 1984;
Watson and Dallwitz 1992; Yan and Sun 2011). Interspecific
hybrids between the St diploid species exhibit almost com-
plete chromosome pairing at fist meiotic metaphase, but with
high or complete sterility, indicating divergence of the same
basic genome in each diploid (Stebbins and Pun 1953;
Dewey 1975). Some of the species, e.g., stipifolius, and
spicatus, have diploid and tetraploid cytotypes and the tet-
raploids behave cytologically as autotetraploids or near
autoploids (Dewey 1975). The tetraploid taxa of two other
species, tauri and panormitanus, are allopolyploids con-
taining the St and P subgenomes.

A large amount of the allopolyploid species of Elymus s.1.
share a common St genome with diploid Elymus species in
different combinations with H, Y, P, and W subgenomes
(Table 2.4). The maximum likelihood tree constructed, using
nuclear ribosomal internal transcribed spacer region (nrITS)
data, showed that diploid Elymus, Hordeum and Agropyron
species served as the St, H and P subgenomes donors,
respectively, for the Elymus allopolyploids (Dong et al.
2015). The maximum likelihood tree for the chloroplast
genes (matK and the intergenic region of trnH-psbA) sug-
gests that the Elymus diploid donors of the St genome to
Elymus allopolyploids served, in most cases, as the maternal
donor. Moreover, the chloroplast genes data suggest that
diploid St Elymus species from Central Asia and Europe are
more ancient than those in North America (Dong et al.
2015). Thus, it was hypothesized that the Elymus s. 1. species
originated in Central Asia and Europe, and then spread to
North America.
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The St genome species are perennials, caespitose, and
cross-pollinating, with culms between 30 and 90 cm tall,
narrow, linear spikes with single, distantly spaced spikelets,
5-8 mm long glumes of equal length in E. reflexiaristatus,
or unequal in E. spicatus, tauri and libanoticus, 8-30 mm
long glume awns, absent in E. fauri and libanoticus, and
long anthers. These species grow in the northern Hemi-
sphere, from southwestern and southeastern Europe, the
Middle East, Transcaucasia across Central Asia and North-
ern China to Western North America (Dewey 1984). They
occur on open rocky hillsides, are exceptionally drought and
salt tolerant and have excellent quality forage that is palat-
able to animals (Dewey 1984).

The Elymus libanoticus-related species, that exemplify all
St genome diploid species, are described below.

5.2.2.2 Elymus libanoticus (Hack.) Melderis—A
Representative Example

Morphological and Geographical Notes

Elymus libanoticus (Hackel) Melderis [Synonym: Agropy-
ron libanoticum Hackel, Pseudoroegneria libanotica
(Hackel) D.R. Dewey; Elytrigia libanotica (Hackel) Holub);
Pseudoroegneria tauri ssp. libanotica (Hackel) A. Love;
Agropyron sosnovskyi Hackel; Elytrigia sosnovskyi (Hackel)
Nevski; Elymus sosnovskyi (Hack.) Melderis; Pseudoroeg-
neria sosnovskyi (Hackel) A. Love; Agropyron gracillimum
Nevski; Elytrigia gracillima (Nevski) Nevski; Pseudoroeg-
neria gracillima (Nevski) A. Love], is perennial, caespitose,
with short rhizomes, 45-85 cm high culms, 5-15 cm long
linear spikes, with 4-7 spikelets, each 10-15 mm long, one
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per node, tough rachis, 3-6 florets, unequal, lanceolate, 3—
5-veined glumes, the lower ones 6—8 mm long, typically 3/4
or nearly as long as lower floret, and upper ones 7-9 mm
long, 8-9 mm long, lanceolate, 3-veined, unawned, lemma,
palea shorter than lemma, sparsely ciliate on keels, 4-5 mm
long anthers, and caryopsis adherent to palea and lemma.
Chromosome number 2n=2x =14 (Dewey 1972)
(Fig. 5.1a).

Unlike E. libanoticus, E. sosnovskyi (Hack.) Melderis
[=Agropyron sosnovskyi Hack.: Elytrigia sosnovskyi (Hack.)
Nevski] bears acuminate glumes with 3 veins. Agropyron
gracillimum Nevski differs from E. libanoticus by their
smaller leaf thickness. These differences, however, fall
within the variation of the Iranian E. libanoticus material
(Assadi 1996). Moreover, hybrids between E. sosnovskyi or
A. gracillimum with E. libanoticus were highly fertile, with
regular meiotic metaphase. Therefore, the three names are
considered synonymous (Assadi 1996). E. libanoticus is
closely related to E. tauri subsp. libanoticus, differing only
in several morphological traits (Assadi 1996).

Elymus libanoticus grows in Lebanon, Syria, northern
Israel, south and southeastern Anatolia, northern Iraq, Iran,
and Caucasus. It thrives on dry mountain slopes and lime-
stone ravines, usually on more xeric habitats, 1000-3050 m
a.s.l. It is an Irano-Turanian element.

Cytology, Cytogenetics and Evolution

Hsiao et al. (1986) analyzed the karyotype of diploid St
genome species, including Elymus spicatus, E. Reflexiaris-
tatus subsp. Strigosus, E. libanoticus, and E. stipifolius. All
four species possess similar karyotypes and chromosomal

Fig. 5.1 Mediterranean Elymus species; a A plant and spikes of E.
libanoticus (Hack.) Melderis (2n = 2x = 14), (Photographed by the late
Prof. Avinoam Danin); b A plant and spike of E. elongatus (Host)

Runemark ssp. elongatus (2n = 2x = 14); ¢ A plant and spike of E.
farctus (Viv.) Runemark ex Melderis ssp. farctus Runemark ex
Melderis (2n = 6x = 42)
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lengths. The karyotypes of all species have one pair of small
and one pair of large satellites on the short arms of chro-
mosomes 2 and 5, respectively (Hsiao et al. 1986). The
karyotypes are symmetric; most chromosomes are meta-
centric and a few are sub-metacentric (Wang et al. 1985;
Hsiao et al. 1986; Deng et al. 2004). The St genome consists
of smaller chromosomes than those of the R, P, and Eb
genomes. Despite their wide geographical distribution, the
karyotype patterns of the St genome species have not been
dramatically altered. The karyotype of E. spicatus has been
reported previously (Schulz-Schaeffer and Jurasits 1962;
Dvorak et al. 1984a, b).

Endo and Gill (1984), using the acetocarmine-Giemsa
C-banding technique, studied heterochromatin distribution
in somatic chromosomes of diploid Elymus and Agropyron
species. With the exception of E. elongatus, which is mod-
erately self-fertile, all other species are cross-pollinating and
self-sterile. The cross-pollinating species showed large ter-
minal C-bands and a high level of C-band polymorphism,
whereas E. elongatus showed small terminal and interstitial
bands and a minimal C-band polymorphism. C-banding
patterns show that the Eb genome of diploid E. farctus
appears to be distinct from the Ee genome of diploid E.
elongatus and may constitute an intermediate link between
the Ee and St genomes (Endo and Gill 1984).

E. spicatus, E. libanoticus, and E. stipifolius have similar
C-band patterns, although C-bands were less prominent in E.
stipifolius than in the others. Thus, the C-banding patterns
and morphology of satellite chromosomes supported previ-
ous evidence that E. spicatus, E. libanoticus, and E. stipi-
folius share a common St genome. Variation in the intensity
of terminal C-bands was observed in E. stipifolius, which is
to be expected in a basic genome of species with worldwide
distribution (Dewey 1981).

Wang (1989) produced the tetraploid hybrid (genome
StStStH) from crossing the hexaploid Elymus transhyrcanus
(genome StStStStHH) with E. libanoticus (genome StSt).
This F, hybrid exhibited at first meiotic metaphase 13.94
univalents, 0.16 rod and 6.78 ring bivalents (6.94 total
bivalents) and 0.06 trivalents. The reciprocal hybrid showed
an average of 10.22 univalents, 2.34 rod and 5.24 ring
bivalents (7.58 total bivalents), 0.74 trivalents and 0.10
quadrivalents. The amount of pairing in the hybrid and
particularly that of trivalent cnfiguraton was much less than
expected in the case of three fully homologous St genomes.
Hence, either the two St sugenomes of the hexaploid had
diverged from one another or both had diverged from the St
genome of the diploid.

In the F, tetraploid hybrid (genome StStEeEe) between
Elymus libanoticus (genome StSt) and E. hispidus
(=Thinopyrum intermedium; genome StStEeEeEeEe) Wang
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(1989) observed at first meiotic metaphase an average of
6.68 univalents, 4.96 rod and 3.66 ring bivalents (8.62 total
bivalents), 1.06 trivalents, 0.20 quadrivalents and 0.03
pentavalents. These data show that, in addition to the
autosyndetic pairing in the form of bivalents between the Ee
subgenomes, the presence of multivalents indicates some
allosyndetic pairing between St and Ee chromosomes,
indicating that the two genomes are related.

Crosses with Other Triticineae Species

Studies of meiotic chromosome pairing in F; hybrids
between diploid Agropyron cristatum (genome PP) and
several different diploids species of Elymus with St genome
(genome of all hybrids was PSt), showed that the two gen-
omes, P and St, are related (Wang 1985a, 1986, 1987a, b,
1988, 1989, 1990, 1992; Wang et al. 1985). Size differences
between Agropyron (large) and St genome Elymus (small)
chromosomes facilitated interpretation of chromosome
pairing in the F; hybrids. The average chromosome pairing
at first meiotic metaphase of the diploid hybrid A. cristatum
x E. libanoticus included 7.71 univalents, 2.77 bivalents,
0.22 trivalents, 0.01 quadrivalents and 0.01 pentavalents
(Wang 1986), while that between A. cristatum and E. stip-
ifolius displayed a similar amount and pattern of pairing
(Wang 1985a). These pairing data indicate allosyndetic
pairing between the homoeologous chromosomes of the two
genomes, demonstrating a close relation between the St and
the P genomes.

Meiotic chromosome pairing in the F; hybrid Elymus
spicatus (genome StSt) x Secale strictum (genome RR)
exhibited an average of 12.97 univalents, 0.49 bivalents and
0.01 trivalent (Wang 1987b). The F; hybrid Agropyron.
mongolicum x S. strictum, which had the PR genome,
showed an average of 12.86 univalents, 0.51 bivalents, 0.03
trivalents and 0.004 quadrivalents. The hybrid between Ely-
mus spicatus and A. mongolicum (genome StP) had a mean
configuration of 8.05 univalents, 2.86 bivalents, 0.07 triva-
lents and 0.01 quadrivalents. All hybrids were sterile. The
meiotic pairings of these hybrids indicated that chromosome
homology between the St and P genomes is higher than
between St and R and between P and R. The degree of
meiotic pairing in the E. spicatus X A. mongoicum hybrid was
similar to those in other diploid hybrids bearing the same
genome constitution, i.e., A. cristatum x E. stipifolius and A.
cristatum X E. libanoticus (Wang et al. 1985; Wang 1986).

Following hybridization of the diploid Elymus Stipifolius
(genome StSt) with tetraploid Elymus elongatus (genome
EeEeEeEe), Dvorak (1981a) obtained a triploid hybrid
(genome StEeEe), that exhibited 7.8 univalents, 5.9 biva-
lents and 0.41 trivalents at first meiotic metaphase. This
pattern of pairing was attributed primarily to autosyndesis
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between homologous chromosomes of the Ee genomes.
Stebbins and Pun (1953) had speculated that the Ee and St
genomes might be variations of the same basic genome, yet
the hypothesis was contradicted by Dvorak’s (1981a) data,
which showed that the Ee and St genomes are distinctly
different.

Wang (1989) crossed Elymus libanoticus (genome StSt)
with the tetraploid cytotype of Agropyron cristatum (gen-
ome PPPP) and observed an average meiotic pairing profile
of 11.30 univalents, 3.40 rod and 1.50 ring bivalents (4.90
total bivalents) in the resulting triploid hybrid. Most pairing
in this triploid hybrid was autosyndetic, indicating a diffi-
culty in learning about the relationship between two gen-
omes when one of the genomes exists in two doses.

Interpretation of chromosome pairing in St-Elymus and
Agropyron hybrids is aided by size differences between the
Agropyron (large) and St-Elymus (small) chromosomes.
Chromosomes of autotetraploid Elymus spicatus (genome
StStStSt) paired only rarely with chromosomes of diploid
Agropyron cristatum (genome PP) in their triploid hybrids
(StStP) (Dewey 1964). In the tetraploid hybrids (PPStSt) of
A. desertorum (genome PPPP) and tetraploid E. spicattus
(genome StStStSt), all chromosome pairing was attributed to
autosyndesis between the PP and StSt genomes (Dewey
1967). Wang et al. (1985) crossed Agropyron desertorum
(2n = 4x = 28; genome PPPP) with the autotetraploid
cytotype of Elymus stipifolius (2n = 4x = 28; genome
StStStSt). The tetraploid hybrid averaged 3.09 bivalents,
most of which resulted from autosyndetic pairing between
the P or the St genomes (Wang et al. 1985). In this tetraploid
hybrid, because of the presence of homologous chromo-
somes, the P genome chromosomes rarely paired with the St
genome chromosomes.

Wang (1989) used the mean C-values (the ratio between
the number of chiasmata and the number of chromosome
arms) to assess the relationships between genomes in diploid
hybrids of the perennial Triticeae. He found that a C-value of
0.55 in diploid hybrids can serve as a critical value (in
conjunction with other evidence, e.g., karyotype character-
istics) to separate intergenomic from intragenomic diver-
gence. Using this rule, he found that the Secale R genome,
the Hordeum H genome and the Psathyrostachys N genome
are distinct from each other and from other Triticeae gen-
omes (C-values 0.03-0.17), while the St, Ee, Eb, and P
genomes show considerable homoeology (C-values 0.24—
0.36). Thus, the Eb and St genomes, despite considerable
differences in total genome size (Hsiao et al. 1986), show
considerable homoeology, with a mean C-value of 0.35 in
the diploid hybrid between them (Wang 1989). Similar
homoeology was recorded by Liu and Wang (1993) in the
triploid hybrids (genomes StStEb and StEeEe).
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5.2.3 E. elongatus (Host) Runemark (Based on Ee
Genome)

5.2.3.1 Species Description

Elymus elongatus [syn. Triticum elongatum Host; Agropy-
ron elongatum (Host) Beauv.; Agropyron elongatum
subsp. scirpeum; Elytrigia elongata (Host) Nevski;
Lophopyrum elongatum (Host) A. Love; Thinopyrum elon-
gatum (Host) D. R. Dewey] is a perennial, caespitose, 30—
100 cm high, with robust, glabrous culms, 10-25 cm long
lax and erect spikes, tough rachis, 10-25 mm long solitary
spikelets on each rachis node, sometimes two spikelets on
one node, with 6-13 (9-25) awnless florets, glumes shorter
than spikelet, 6-8 mm, 5-9 veined, without keels, 7-10 mm
long, keeled lemma, keeled palea, 4—4.5 mm long anthers,
caryopsis with adherent pericarp. The rachilla is fragile and
disarticulates above the glumes and beneath each floret
(floret-type disarticulation). This type of seed dispersal is
characteristic of the Arctic-Temperate group and especially
of species of Elymus.

The cytotaxonomy of E. elongatus was studied by several
researchers, e.g., Peto (1930), Simonet (1935), Cauderon
(1958, 1966), Schulz-Schaeffer and Jurasits (1962),
Schulz-Schaeffer et al. (1971), Evans (1962), Runemark and
Heneen (1968) Heneen (1972), Heneen and Runemark
(1972, 1977), and Luria (1983), who showed that E. elon-
gatus comprises a polyploid complex of diploid, tetraploid,
octoploid, and decaploid taxa (Table 5.1). The diploid and
decaploid taxa are well documented in the literature and
evidence desmonstrates that the autotetraploid taxon also
belongs to this group (Heneen and Runemark 1972). Hex-
aploid chromosome number was also found in material
collected from Istria (Heneen and Runemark unpubl.).
Schulz-Schaeffer and Jura (1967) reported the existence of
hexaploid types in plants collected from Turkey. However,
this hexaploid was not recognized as a valid subspecies. In
addition to the diploid and tetraploid subspecies, an octo-
ploid subsp. of Elongatus, subsp. turcicus (P. E. McGuire)
Melderis, from Turkey, was described (McGuire 1984).
Thus, it appears that the Elymus elongatus complex is rep-
resented in nature by types that form a complete polyploid
series, ranging from diploids to decaploids.

Several authors described variants of this species as
separate species or as subordinate taxa. Since the morpho-
logical differences between these taxa are not clear, Melderis
(1980) recognized only two taxa that merit the subspecies
status, namely, subsp. elongatus, a diploid, and subsp. pon-
ticus, a decaploid. Later, Melderis (1985a) recognized an
additional subspecies, subsp. turcicus (P. E. McGuire)
Melderis, an octoploid taxon. Heneen and Runemark (1972)
included an autotetraploid taxon from Cyprus and the
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Aegean islands in E. elongatus as ssp. flaccidifolius.
Breton-Sintes and Cauderon (1978) classified an accession
from Sicily of Heneen and Runemark (1972) autotetraploid
subspecies as Agropyron elongatum (Host) ssp. scirpeum (C.
Presl.) Cifferi et Giacom. The taxon ssp. flaccidifolius was
elevated by Melderis (1978) to the specific rank Elymus
flaccidifolius (Boiss. & Heldr.) Melderis. However, since
there are only minor morphological differences (mainly
quantitative) between this species and other autotetraploids
of E. elongatus, it is more appropriate to classify it, along
with all the other autoetraploids of E. elongatus, as a sub-
species of elongatus. Hence, in this book, all the autote-
traploid taxa of E. elongatus (=Agropyron elongatum var.
flaccidifolium Boiss. & Heldr.; Agropyron flaccidifolium
(Boiss. & Heldr.) Candargy; Elymus flaccidifolius (Boiss. &
Heldr.) Melderis; Agropyron elongatum Host subsp. scir-
peum (C. presl.) Ciferri & Giacom.; Lophopyrum scirpeum
(C. Presl) A. Love; Thinopyrum scirpeum (Presl) D.
R. Dewey; Agropyron scirpeum C. Presl; Elytrigia scirpea
(C. Presl) Holub) are referred to as Elymus elongatus (Host)
Runemark ssp. flaccidiffolius (Boiss. & Heldr.) Runemark,
and were grouped together as one subspecies.

The diploid and the tetraploid subspecies of E. elongatus
exhibit wide morphological variation in the number of spi-
kelets per spike, number of florets per spikelet, hairiness, and
plant color. The decaploid subspecies, subsp. ponticus,
exhibits wider variation than subsp. elongatus and
Sflaccidifolius.

E. elongatus is found in all parts of the Mediterranean
basin, in southwestern, southeastern, and eastern Europe, in
North Africa, and the Middle East, Caucasus, western Asia,
and Arabia. It was introduced or invaded Australasia, South
America, and North America. It is a Mediterranean element
(chorotype) and grows among Mediterranean plant com-
munities. This species grows in salt marshes and near salty
springs and is salt tolerant (Moxley et al. 1978; Dewey 1960;
McGuire and Dvorak 1980).

5.2.3.2 Ssp. elongatus (2n = 2x = 14)

Morphological and Geographical Notes

E. elongatus (Host) Runemark subsp. elongatus [Agropyron
elongatum (Host) Beauv.; Lophopyrum elongatum (Host) A.
Love; Thinopyrum elongatum (Host) D.R. Dewey] is a
diploid subspecies with tall stems (50-80 cm high); 10-
25 cm long spikes, with 9-26 spikelets per spike, internodes
at the base of the spike as long as the spikelets; 10-17 mm
long spikelets with 7-8 florets, usually one spikelet at each
rachis node, 7-10 mm long glumes with 5-9 veins, where
the lower glume is shorter (about 2/3-3/4) than the lower
floret, 9-10 mm long lemmas, 4—4.5 mm long anthers and
4 mm long caryopsis (Fig. 5.1b).
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Subsp. elongatus grows in the Mediterranean basin. In
Israel, the diploid taxon grows in the Coastal Plain from the
Shfela (Einot Gibton) and northwards (Acre plain). It grows
in salt marshes, near salty springs and on maritime sands,
from sea level to 100 m a.s.l., throughout the range of the
species. These saltmarsh habitats are characterized by high
underground water that forms floods in the winter and salty
soil with salty crust in the summer. The subspecies also
grows on sandy soils near river mouths, on silt near river’s
banks or springs or on clay soil. When growing in wet soils,
the amount of annual rainfall is not a limiting factor.

Cytology, Cytogenetics and Evolution

Matsumura and Sakamoto (1956), Cauderon (1958), Evans
(1962), Schulz-Schaeffer and Jurasits (1962), Runemark and
Heneen (1968), Heneen (1972) and Luria (1983) described the
karyotype of the diploid subspecies. The karyotype is sym-
metric, consisting of four metacentric pairs and three
sub-metacentric pairs. The differences in length and arm ratio
among the chromosomes of this subspecies are relatively
small (Dvorak and Knott 1974). However, the homologous
chromosomes can be visually identified (Evans 1962). Two
chromosome pairs have satellites, with one metacentric pair
carrying a large satellite and one sub-metacentric pair bearing
a small satellite. The constrictions between the satellites and
the chromosome arms carrying them are the nucleolar orga-
nizing regions (NORs). The NORs contain a set of argy-
rophilic proteins which are selectively stained by silver. After
silver staining, the NORs can be easily identified as black dots
that are called Ag-NORs. Thus, in agreement with the number
of satellite (SAT)-chromosomes mentioned above, four
Ag-NORs are regularly observed in somatic cells of diploid E.
elongatus (Lacadena et al. 1984). Giemsa C-banding analysis
of the chromosomes of several accessions of this subspecies
revealed small terminal and interstitial bands and a minimal
C-band polymorphism (Endo and Gill 1984).

Heneen and Runemark (1972) observed karyotype dif-
ferences between plants of ssp. elongatus collected from
different locations, the major difference lying in the
appearance of the SAT-chromosomes. Runemark and Hen-
een (1968), comparing the karyotype of subsp. elongatus
with that of diploid E. farctu (genome EbED), found that the
two karyotypes resemble one another, but the chromosomes
of E. elongatus are somewhat smaller than those of E.
farctus. In addition, differences in morphology of the
SAT-chromosomes exist between the two taxa (Heneen
1962); the pair with large satellites in E. elongatus has more
median centromeres than the equivalent pair in E. farctus.
The constriction in this SAT-chromosome divides the short
arm in E. elongatus into two unequal parts, with the part
proximal to the centromere being longer than the satellite,
which is not the case in E. farctus.
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Chromosomal pairing at meiosis in the diploid subspecies
is regular (0.08-0.15 univalents and 6.92—6.95 bivalents per
meiocyte; 12.04-12.86 chiasmata/cell (Cauderon 1958;
Luria 1983). However, in accordance with the karyological
observations, meiotic analysis of several inter-varietal
hybrids showed the existence of structural heterozygosity
among several accessions of this subspecies (Heneen and
Runemark 1972). Similarly, in one inter-varietal cross, Luria
(1983) observed a quadrivalent, suggesting the existence of a
reciprocal translocation between the two accessions. These
findings may indicate the occurrence of initial steps of
karyotype divergence among and within accessions of the
diploid subspecies of E. elongatus.

Crosses with Other Triticineae Species

Crosses with Diploids Species

Cross of Elymus farctus ssp. bessarabicus (genome EbEb),
as female, with E. elongatus ssp. elongatus (genome EeEe)
was successful, while the reciprocal cross failed (Wang
1985a). Karyotypes of mitotic chromosomes in the parental
species revealed that three of the seven chromosomes in the
Eb and Ee genomes were similar in length and arm ratio.
Meiosis in the F; hybrids substantiated this observation, but
four chromosomes had undergone some structural rear-
rangements such as reciprocal translocations (Wang 1985b).
Chromosomal pairing at meiotic first metaphase of the F;
hybrid averaged 2.68 univalents, 4.68 bivalents, 0.27 triva-
lents, 0.27 quadrivalents, and 0.01 pentavalents (Wang
1985b). The F; hybrids were completely sterile upon
self-pollination. From the relatively high pairing, Wang
(1985a) concluded that the Eb and Ee genomes are closely
related, supported the transfer of Lophopyrum elongatum to
the genus Thinopyrum, as was suggested by Dewey (1984),
as opposed to keeping them as two separate genera, as
suggested by Love (1984). GISH studies substantiated this
conclusion by showing that genomes Ee and Eb are closely
similar in their repetitive DNA (Kosina and Heslop-Harrison
1996).

Considering the suppression of pairing by the Phl gene
that inhibits homoeologous pairing between the chromo-
somes of ssp. bessarabicus and ssp. elongatus in the
tri-generic hybrid with durum wheat (genome ABEDbEe),
Jauhar (1988, 1990a, b) argued that the genomes Eb and Ee
are homoeologues rather than homologues and should be
assigned distinct genome symbols (J and E, respectively).

Jauhar et al. (2004) later analyzed chromosomal pairing in
meiosis of the tri-generic hybrids between durum wheat, with
and without the Phl gene, and the amphidiploid E. farctus
ssp. bessarabicus-E. elongatus ssp. elongatus. Meiotic
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chromosome pairing was studied using both conventional
staining and fluorescent genomic in situ hybridization
(f-GISH). As expected, the Phl-intergeneric hybrids (gen-
ome ABEbEe) showed low chromosome pairing (23.86% of
the total chromosome complement paired), whereas 49.49%
of the trigeneric hybrids without Phl showed pairing.
FI-GISH analysis provided insight to the study of the speci-
ficity of chromosome pairing: wheat with Elymus (AB with
Ee and/or Eb), wheat with wheat (A with B), or E. elongatus
with E. farctus (Ee with Eb). The analysis revealed that
without the Phl gene in the tri-generic hybrid, there were
3.97 chiasmata/cell between chromosomes of the Eb and Ee
genomes, 2.29 chiasmata/cell between wheat chromosomes,
and 2.6 chiasmata/cell between wheat—Elymus chromo-
somes. Thus, the two E genomes are more closely related to
each other than A and B to one another.

Similarly, Forster and Miller (1989) reported that the
chromosomes of ssp. bessarabicus and subsp. elongatus
rarely paired in the presence of the Phl gene, i.e., in the
hybrid between the two amphiploids Triticum aestivum-
diploid E. farctus x T. aestivum—diploid E. elongatus.
However, they concluded that, because of the relative high
frequency of pairing between chromosomes of these two
species at the diploid level, their genomes warrant a common
genome symbol. Yet, since the two genomes do not pair in a
wheat genetic background, their differentiation should also
be indicated. Therefore, Forster and Miller (1989) proposed
that the genome symbol of E. elongatus be E and that of
ssp. besarabicus Eb, as suggested by Dvorak (1981a) and
McGuire (1984).

Crossess with other Triticeae diploids revealed very little
homology. Dvorak (1981b) succeeded in crossing Aegilops
tauschii (=Ae. squarrosa) with ssp. elongatus, while crosses
between ssp. elongatus and Ae. speltoides or Triticum
monococcum ssp. aegilopoides (=T. boeoticum), were not
successful. Mean chromosome pairing at first meiotic
metaphase of the diploid hybrid yielded 10.7 univalents, 1.5
(0-5) bivalents, 0.027 trivalents per cell, indicating a certain
degree of homoeology between the genomes of the two
species (Dvorak 1981b). The F; hybrid plants were sterile,
with very low pollen fertility.

Crosses with Tetraploid Species

Cauderon (1958) and Cauderon and Saigne (1961) crossed
the allotetraploid Elymus farctus ssp. boreo-atlanticus
(=Agropyrum junceum boreo-atlanticum) (genome EDbE-
bEeEe) with Elymus elongatus ssp. elongatus (genome
EeEe) and studied chromosome pairing at first meiotic
metaphase of the triploid F; hybrid (genome EbEeEe).
Meiotic pairing showed 3.40 univalents, 4.50 bivalents, 2.76
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trivalents, and 0.08 quadrivalents. From the relatively high
frequency of trivalents at the hybrid meiosis, they concluded
that the Eb and Ee genomes are closely related. A similar
conclusion was drawn following karyotype analysis (Caud-
eron 1958).

When diploid E. elongatus was crossed with tetraploid
(durum) wheat (genome BBAA) (Jenkins and Mochizuki
1957; Mujeeb-Kazi and Rodriguez 1981), the F; hybrids
showed very little pairing (0.3-2.6 bivalents per cell), sug-
gesting that in the presence of one dose of Phl, the Ee
genome chromosomes of elongatus showed little, if any,
pairing with those of the subgenomes A and B of durum
wheat. However, the level of chromosomal pairing reported
by Jenkins and Mochizuki (1957), i.e., 2.6 bivalents/cell in
the hybrid durum wheat x diploid E. elongatus was signifi-
cantly higher than expected on the basis of pairing in haploid
durum wheat, i.e., 0.37 bivalents/cell, as reported by Kihara
(1936) and Lacadena and Ramos (1968).

In a later study, Mochizuki (1960, 1962) studied chro-
mosomal pairing between individual E. elongatus chromo-
somes and tetraploid wheat chromosomes in monosomic
addition lines, where single elongatus chromosomes were
added to the durum complement. No chromosome associa-
tions were observed between wheat and elongatus chromo-
somes in three lines, while a high frequency of trivalent
associations was noted in the remaining four lines. From
these results, he concluded that four elongatus chromosomes
are partially homologous to durum chromosomes. However,
Dvorak and Knott (1974) assumed that the trivalents resulted
from translocations between the durum and elongatus
chromosomes that occurred during the production of the
monosomic addition lines and actually, in the presence of
two doses of Phl of durum wheat, there was no pairing
between the elongatus and the durum chromosomes. Fol-
lowing this controversy, Ono et al. (1983) re-examined
Mochizuki (1962) durum-elongatus addition lines and found
that apart from SEe, no elongatus chromosomes paired with
wheat chromosomes. Evans (1962) found that the nucleolar
of Elymus were suppressed in the amphiploid Triticum
durum-diploid Elymus elongatus by the durum NORs.

Crosses with Hexaploid Species

The F; hybrid between hexaploid wheat (BBAADD) and
diploid E. elongatus (EeEe) exhibited very little chromoso-
mal pairing at meiosis (Jenkins 1957). A low level of pairing
between Ee genome chromosomes of diploid E. elongatus
and those of common wheat was also observed in elongatus
addition lines to common wheat (Dvorak and Knott 1974).
Study of pairing of single diploid E. elongatus chromosomes
with common wheat chromosomes in monosomic addition
lines, in the presence of two doses of the homoeologous-
pairing suppressor Phl, showed that elongatus chromo-
somes do not pair with wheat chromosomes, with the
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exception of chromosome IV [assigned later to homoeolo-
gous group 3, and designated 3Ee by Dvorak (1980)], that
very rarely paired with a wheat chromosome (Dvorak and
Knott 1974). The researchers thus concluded that elongatus
genomes did not play any role in the evolution of the
polyploid series of Aegilops and Triticum.

When ten ditelosomic addition lines, comprising of
diploid E. elongatus telosomes added to the common wheat
complement, were crossed to Aegilops speltoides, that sup-
presses the activity of the Phl gene, all ten elongatus telo-
somes paired with common wheat chromosomes (Dvorak
1979). But, because this pairing only occurred when Phl
was not active, Dvorak concluded that none of the ten
elongatus-chromosome arms has a homologous partner
among the three common wheat subgenomes A, B, and D,
and the involved speltoides genome.

Likewise, in crosses between elongatus substitution lines,
where the activity of Phl was suppressed, elongatus chro-
mosome 6Ee paired, to some extent (4.6%), with wheat
chromosomes of homoeologous group 6 (Dvorak 1979).
Similarly, pairing between elongatus and wheat chromo-
somes was also observed by Johnson and Kimber (1967),
Dvorak (1979, 1981b), and Sears (1973) in hybrids between
elongatus and common wheat, when the Phl gene of wheat
was suppressed or absent.

If the interpretation of these data, as well as that of
Jenkins and Mochizuki (1957) on pairing in the hybrid T.
durum x diploid E. elongatus, is correct, then there must be
considerable homology between Elymus elongatus and
common wheat chromosomes. However, Dvorak and Knott
(1974) assumed that this degree of pairing does not result
from chromosomal homology but, rather, from the presence
of E. elongatus genes that promote homoeologous pairing.
Indeed, Dvorak and Knott (1974) found that chromosome IV
(designated later 3Ee by Dvorak 1980) and chromosome I
(1Ee; Dvorak 1980) increased significantly the pairing of
wheat chromosomes, i.e., they carry genes that promote
pairing of homoeologous chromosomes. If this is the case,
then, the pairing reported by Jenkins and Mochizuki (1957)
between elongatus and durum wheat chromosomes, resulted
presumably from homoeologous pairing between chromo-
somes of the A and B subgenomes of durum in addition to
that between elongatus and durum.

Dvorak (1987) assumed that genes promoting or sup-
pressing pairing of homoeologous chromosomes are ubig-
uitous among Triticeae diploid species. To identify such
genes in diploid E. elongatus, he crossed common wheat
lines with added or substituted E. elongatus chromosomes
with Hordeum bulbosum to obtain haploids, and with Tri-
ticum urartu to obtain interspecific hybrids. Studies of
chromosome pairing at first meiotic metaphase in the
resulting haploids and hybrids and in the parental addition
and substitution lines revealed genes affecting homologous



5.2 Elymus Species with St or E Genome

or homoeologous chromosome pairing. Genes promoting
pairing were found on the short and long arms of chromo-
some 3Ee, on the short arms of 4Ee and 5Ee, and on chro-
mosome 6Ee of E. elongatus. Genes suppressing pairing of
homoeologous chromosomes were found on the long arms
of chromosomes 4Ee and 7Ee (Dvorak 1987). That may
explain why different results were found when using lines
that may contain different alleles of these pairing genes.

While eight Ag-NORs were observed in many cells of the
amphiploid common wheat—diploid E. elongatus, four on the
wheat chromosomes 1B and 6B and on four on two elon-
gatus chromosomes, in some cells the Ag-NORs of elon-
gatus were suppressed by the wheat chromosomes
(Lacadena et al. 1984).

5.2.3.3 Ssp. flaccidifolius (Boiss. & Heldr.)
Runemark (2n = 4x = 28)

Morphological and Geographical Notes

Ssp. flaccidifolius [Syn.: Boiss. & Heldr.) Runemaks [Syn.:
Agropyron scirpeum C. Presl; Agropyron scirpeum var.
flaccidifolium Boiss. & Heldr.; Agropyron elongatum var.
flaccidifolium (Boiss. & Heldr.) Boiss. & Heldr.; Agropyron
flaccidifolium (Boiss. & Heldr.) Candargy; Agropyron
elongatum Host ssp. scirpeum (C. Presl.) Ciferri & Giacom.;
Elymus elongatus ssp. flaccidifolius (Boiss. a Heldr.)
Runemark; Elytrigia scirpea (C. Presl) Holub; Lophopyrum
scirpeum (C. Presl) A. Love; Thinopyrum scirpeum (C.
Presl) D. R. Dewey} is a perennial caespitose, more or less
glaucous grass with erect culms, 70—-115 cm high, with 11—
23 cm long spikes, with 5-17 spikelets per spike, 10-22 mm
long spikelets, with 5—10 florets and glumes with 5-6 veins,
4-6 mm long anther and 5 mm long caryopsis. In several
accessions, two spikelets are located at each rachis node in
the lower part or the center of the spike.

The diploid and tetraploid subspecies of E. elongatus
cannot be morphologically distinguished with certainty,
primarily because they differ mainly in quantitative traits
(Breton-Sintes and Cauderon 1978; Luria 1983). Luria
(1983) found several tetraploid accessions of E. elongatus
ssp. flaccidifolius in Israel, in addition to diploid accessions
of ssp. elongatus. The tetraploid accessions morphologically
resemble the tetraploid subsp flaccidifolius (Breton-Sintes
and Cauderon 1978; Luria 1983). The Israeli tetraploid dif-
fers from the diploid cytotype of ssp. elongatus only in its
somewhat taller plants, shorter flag leaf, larger stomata,
larger pollen grains and longer caryopses.

The tetraploid subspecies grows in the Mediterranean
basin (Heneen and Runemark 1972; Luria 1983; Gabi and
Dogan 2010). In Israel, the tetraploid subspecies grows from
Einot Gibton, Shfela, southwards (was found in Nahal-Zin
springs in the Negev). The distribution of this taxon is
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fragmentary and the populations are isolated from one
another. In the salty spring of Einot Gibton, the only site in
Israel where the diploid and the tetraploid subspecies occur
together, the diploid grows near the spring and the tetraploid
in the outer ring (Luria 1983). Hence, the diploid subspecies
can tolerate higher concentrations of salt than the tetraploid
subspecies.

Cytology, Cytogenetics and Evolution

Based on karyomorphological data, Heneen and Runemark
(1972) assumed that the tetraploid subspecies
(2n = 4x = 28; genome E°E°E°E®) is an autotetraploid,
derived from the diploid subspecies by chromosome dou-
bling, or rather, via inter-varietal hybridizations followed by
chromosome doubling. An inter-varietal origin of natural
autopolyploids in different groups of plants is a widespread
phenomenon, as discussed by Stebbins (1950, 1971).

Heneen and Runemark (1972), Breton-sintes and Caud-
eron (1978), and Luria (1983) arranged the chromosomes of
the tetraploid subspecies in seven groups of four. These
groups morphologically correspond to the seven pairs of the
diploid subspecies, supporting the likelihood of an
autopolyploid origin of the tetraploid (Heneen and Rune-
mark 1972; Breton-Sintes and Cauderon 1978). Yet, detailed
karyomorphological studies showed the existence of small
differences between pairs within groups of four (Heneen and
Runemark 1972; Breton-Sintes and Cauderon 1978; Luria
1983). Consequently, it was proposed that this taxon origi-
nated from hybridization between diploid varieties that
underwent some chromosomal divergence and therefore,
possess two partially diverged genomes, namely,
EelEelEe2Ee2 (Breton-Sintes and Cauderon 1978).

Chromosome pairing in the F; triploid hybrid between the
tetraploid and the diploid subspecies, is only slightly lower
than that expected for a hybrid between autotetraploid and its
diploid progenitor (Dvorak 1981b; Charpentier et al. 1986).
The assessment of the homology between the two genomes
of the tetraploid showed that differentiation had occurred in
all chromosome arms that could be tested. From the pairing
frequencies of individual telosomes of the diploid subspecies
of E. elongatus with chromosomes of the tetraploid sub-
species, Dvorak (1981a) concluded that slight differentiation
occurred in every chromosome of the two subspecies. Thus,
both genomes of the tetraploid subspecies appear to be a
slightly modified version of the genome of the diploid
subspecies (Dvorak 1981b).

To account for this genomic divergence, Heneen and
Runemark (1972) suggested that the autotetraploid origi-
nated from hybridization(s) between different diploid lines
whose karyotype underwent some structural chromosomal
differentiation. On the other hand, Dvorak (1981b), Dvorak
and Scheltgen (1973) and Dvorak and McGuire (1981)
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Fig. 5.2 Nuclear DNA content
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proposed that this differentiation resulted from changes in
nucleotide sequences, rather than chromosomal aberrations
such as inversions, translocations and other structural rear-
rangements. Alternatively, Eilam et al. (2009, 2010) sug-
gested that the tetraploid subspecies underwent some
cytological diploidization at the tetraploid level due to
elimination of DNA sequences from two chromosomes in
each group of four. Indeed, the tetraploid subspecies con-
tained a significantly smaller amount of nuclear DNA (about
10% less) than the expected additive value of the diploid
parent (Eilam et al. 2009, 2010). Also, a newly synthesized
autotetraploid line of E. elongatus, produced by Charpentier
et al. (1986), had significantly less DNA (8.57%) than the
expected additive value (Eilam et al. 2009) (Fig. 5.2). The
similarity in nuclear DNA content between the synthesized
and the natural autotetraploids of E. elongatus indicates that
the reduction in DNA content in the natural autotetraploid
occurred immediately after its production, with only small
changes in genome size over the history of the autote-
traploid. Elimination of DNA sequences from two out of the
four homologous chromosomes in each set of four, or
elimination of sequences from one pair and other sequences
from the second pair, augments the differentiation between
the constituent subgenomes. Hence, the two subgenomes
that became slightly divergent as a consequence of this

pattern of elimination, underwent cytological diploidization.
This reduction in nuclear DNA may lead to exclusive
bivalent pairing between fully homologous chromosomes
and consequently, disomic inheritance. The eliminated
sequences are likely to include those that participate in
homologous recognition and initiation of meiotic pairing.

The chromosomes in other tetraploid Elymus species,
such as E. farctus ssp. boreo-atlanticus (Heneen 1962) and
E. rechingeri (Heneen and Runemark 1962), could not be
grouped into groups of four. These species most likely have
an allopolyploid origin. An autopolyploid origin of the tet-
raploid subspecies of E. elongatus is also indicated by the
occasional formation of quadrivalents at meiosis (Heneen
and Runemark 1972). This conclusion was also supported by
genome analysis; Dvorak (1981b) and Charpentier et al.
(1986) observed extensive pairing at the first meiotic meta-
phase in the triploid hybrid of these two subspecies and
concluded that the three genomes of the triploid (Ee, Eel,
and Ee2) are closely related.

Meiosis is generally regular in subsp. flaccidifolius
(Heneen and Runemak 1972; Dvorak 1981b; Luria 1983;
Charpentier et al. 1986). For instance, Charpentier et al.
(1986) observed 0.12 univalents, 13.9 bivalents 0.025
quadrivalents; 26.55 chaismata/cell at first meiotic meta-
phase. The majority of the cells had all the chromosomes
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paired as ring bivalents, indicating a high degree of
homology within chromosome pairs. Multivalents, repre-
sented mainly by quadrivalents, occurred very rarely. The
preferential bivalent pairing and the rarity of multivalent
pairing in the autotetraploid subspecies, indicate either that
this taxon is an autotetraploid that underwent cytological
diploidization (Eilam et al. 2009, 2010) or that the tetraploid
subspecies is a segmental allopolyploid (Breton-sintes and
Cauderon 1978).

An induced autotetraploid of E. elongatus, produced by
colchicine treatment of a diploid plant, was found morpho-
logically indistinguishable from the natural tetraploid
(Charpentier et al. 1986). The F; hybrid between the natural
and the induced autotetraploid had almost complete chro-
mosome pairing, with an average of 1.0 univalents, 7.9
bivalents, 2.8 quadrivalents and 23.8 chiasmata per cell,
nearly similar to the chromosomal pairing observed in the
induced autotetraploid parent (Charpentier et al. 1986). This
pairing pattern further supports the autopolyploid nature of
the natural tetraploid subspecies. Because of this slight
genomic divergence, Dvorak (1981a, b) suggested classify-
ing the tetraploid and the diploid taxa in two separate spe-
cies. However, since autotetraploids and their diploid
progenitors are usually included in the same species (Steb-
bins 1950), diploid and tetraploid elongatus are two cyto-
types and were classified as members of a single biological
species (Heneen and Runemark 1972; Breton-Sintes and
Cauderon 1978).

Crosses with Other Triticineae Species

Homology between genomes Eel and Ee2 was also inferred
from the meiotic behavior of the F; hybrid between tetra-
ploid E. elongatus and common wheat. Despite the presence
of one dose of Phl, the F; hybrid (2n = 5x = 35; genome
BADEel1Ee2) exhibited at the first meiotic metaphase five to
seven bivalents, interpreted as autosyndetic pairing of
elongatus Eel and Ee2 chromosomes (El Gawas and Khalil
1973; Dvorak 1981b; Sharma and Gill 1983; Charpentier
et al. 1988a). This number of bivalents shows that most, if
not all, chromosomes of the two Ee subgenomes were
involved in pairing. Pairing of the elongatus Eel and Ee2
chromosomes in the presence of one dose of the Phl gene
indicated that these two genomes still retained their homol-
ogy, further supporting the autoploid nature of tetraploid E.
elongatus.

Indications that genomes Eel and Ee2 are closely related
were also reported by Han and Li (1993). In two crossing
combinations, Triticum timopheevii ssp. timopheevii
(2n = 4x = 28; genome GGAA) x tetraploid E. elongatus
and T. turgidum ssp. durum (2n = 4x = 28; genome BBAA)
x tetraploid E. elongatus, chromosome pairing at first mei-
otic metaphase included a mean 9.10 univalents, 9.11
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bivalents, 0.20 trivalents and 13.78 univalents, 6.87 biva-
lents, and 0.15 trivalents, respectively (Han and Li 1993).
Since pairing between A and B wheat subgenomes is very
low in haploids of tetraploid wheat containing the Phl gene
(Kihara 1936; Lacadena and Ramos 1968), pairing in the
hybrid containing the BAEel1Ee2 genomes was likely due to
autosyndesis between Eel and Ee2 chromosomes of tetra-
ploid E. elongataus. Similar homologous relationships were
observd between the two Eb genomes of hexaploid E.
farctus (Charpentier 1992) and between the two Eb genomes
of tetraploid E. farctus (de V Pienaar et al. 1988).

The hybrid formed between tetraploid E. elongatus and
common wheat, with zero dose of Phl, exhibited a relatively
high degree of autosyndetic pairing between elongatus
two-subgenome chromosomes and between
wheat-subgenome chromosomes and allosyndetic pairing
between wheat and elongatus chromosomes (range of
chromosomal pairing was 9.6—11.2 bivalents and 1.2-1.9
trivalents per cell; quadrivalents, and some pentavalents
were also observed) (Charpentier et al. 1988a). In contrast, a
drastic reduction in pairing was observed in hybrids carrying
one dose of Phl. Altogether they showed a means 4.6-7.7
bivalents per cell, multivalents were rare. The number of
chiasmata/cell dropped from 19-20 in Phl-deficient hybrids
to 6-10 in hybrids with one dose of this gene (Charpentier
et al. 1988a).

Phl-deficient haploid bread wheat was found to form at
first meiotic metaphase 3.2—4.2 bivalents, 0.9-2.0 trivalents
and very few quadrivalents (0.02-0.12) and pentavalents per
cell (Riley 1960). Assuming a similar level of pairing
between the wheat chromosomes in hybrids generated from
the tetraploid subspecies of E. elongatus and Phl-deficient
bread wheat, then 6-7 bivalents of the observed 9.6-11.2
should be the results of pairing between Eel and Ee2 elon-
gatus chromosomes. The number of quadrivalents and
pentavalents that were observed in these hybrids indicate
allosyndetic pairing. The relatively high level of allosyndetic
pairing in F; hybrids between tetraploid E. elongatus and
Phli-deficient bread wheat, and the low level of allosyndetic
pairing in the presence of Phl, indicates that the subgenomes
of tetraploid elongatum do not have genes that suppresses or
promote homoeologous pairing.

Interestingly, in contrast to the effect of Ph-suppressors or
homoeologous pairing promoters on diploid E. elongatus
(Dvorak 1987), such an effect was not observed in hybrids
between common wheat and tetraploid E. elongatus (Dvorak
1981b).

To determine the chromosomal location of these and
other genes that control pairing in diploid E. elongatus,
disomic addition lines of chromosomes derived from the
diploid subspecies of E. elongatus in the background of
Chinese Spring, were crossed with the tetraploid subspecies
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of E. elongatus, and pairing was then compared to those
observed in hybrids between Chinese Spring and tetraploid
E. elongatus, whose Eel and Ee2 chromosomes were pre-
viously defined as homologues (Charpentier et al. 1986,
1988a). The resultant F; hybrids (2n = 5x = 36), each car-
rying three doses of a given elongatus chromosome, enabled
evaluation of the effect of each elongatus chromosome on
pairing of homologues (Eel with Ee2) and homoeologues
(A, B, D, and Ee). The study of chromosomal pairing in
these hybrids enabled classification of the elongatus chro-
mosomes into those that suppress (6Ee), promote (5Ee, 3Ee,
and possibly also 1Ee), or have no effect on pairing (4Ee).
The effect of chromosomes 2Ee and 7Ee was not studied.
Chromosomes 5Ee and 3Ee differed in their effect on the
degree and pattern of chromosome pairing, namely, the
effect of SEe was stronger than that of 3Ee. Pairing analysis
in such addition lines and in substitution lines, in their
haploid derivatives and in hybrids between these lines and
Triticum urartu, led Dvorak (1987) to allocate genes that
promoted homologous or homoeologous pairing to chro-
mosome arms 3EeS, 3EeL, 4EeS, 5Eep and to chromosome
6Ee of diploid E. elongatus. Genes suppressing homoeolo-
gous pairing were allocated to chromosome arms 4EeLl. and
7Eeq. In accord with Charpentier et al. (1988b), chromo-
somes 3Ee and 5Ee of diploid elongatus promoted homoe-
ologous pairing.

In the presence of an extra dose of chromosome 6Ee of
elongatus, the number of bivalents per cell was reduced,
indicating suppression of pairing between the Eel and Ee2
chromosomes (Charpentier et al. 1988b), bringing Charp-
entier et al. to conclude that chromosome 6Ee of diploid E.
elongatus carries gene(s) that inhibit(s) pairing or chiasma
formation. This is in contrast to the finding of Dvorak
(1987), who assigned a pairing-promoting effect to this
chromosome. Chromosome 4E had no effect on pairing in
hybrids with wheat (Charpentier et al. 1988b). This is in
accord with Dvorak (1987), who reported pairing suppres-
sion by the long arm of chromosome 4Ee, but assumed the
presence of a pairing promoter on the short arm of 4Ee, thus
accounting for the lack of pairing effect by the entire 4E
chromosome. He also found a suppressive effect of chro-
mosome arm 7Eq, a chromosome arm that was not studied
by Charpentier et al. (1988b).

Charpentier et al. (1988b) also studied chromosome
pairing at first meiotic metaphase in hybrids between the
bread wheat cultivar Chinese Spring and a synthetic autote-
traploid line derived from diploid E. elongatus. The hybrids
exhibited a high level of homoeologous pairing. Apparently,
the genome of the diploid, from which the autotetraploid was
synthesized, promoted pairing even in the presence of Phl.
A similar effect was reported for gene(s) derived from
another diploid accession of E. elongatus (Dvorak 1981b).
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Promotion of homoeologous pairing by diploid E. elongatus
was also observed in an amphiploid between allotetraploid E.
farctus (subsp. boreali-atlanticus; genome EbEbEeEe) and
diploid E. elongatus (genome EeEe) (Yvonne Cauderon,
personal communication). The amphiploid had genome
(EbEbEeEeEeEe). While tetraploid and hexaploid E. farctus
exhibited mostly bivalents at meiosis, the amphiploid had
several multivalents per cell, mostly quadrivalents but also
some hexavalents. Evidently, in this amphiploid, genome Ee
of dipoid E. elongatus promoted pairing between the
homologues Ee genomes and between homoeologues Eb
with Ee genoes. Three different accessions of diploid E.
elongatus were found to promote homoeologous pairing: the
accession used by Jenkins (1957) to produce the initial hybrid
from which Dvorak and Knott (1974) derived their disomic
addition lines, an accession from south France used by
Cauderon in the cross with the tetraploid form of E. farctus
and the Israeli accession, from which the induced autote-
traploid was derived. Thus, the ability to promote homoeol-
ogous pairing may be a common feature of many accessions
of diploid E. elongatus. Promotion of homoeologous pairing
in the presence of Phl was described in several diploid Trit-
icinae, viz. Aegilops speltoides (Riley 1960; Riley et al. 1961;
Dvorak 1972), Amblyopyrum muticum (Riley 1966a, b;
Dover and Riley 1972), Ae. longissima (Mello-Sampayo
1971b), Secale cereale (Riley et al. 1973; Lelley 1976;
Dvorak 1977) and Dasypyrum villosum (Blanco et al. 1988b)
(Table 5.2). However, chromosomal allocation of the pro-
moters was only determined in rye (Lelley 1976) and in E.
elongatus (Dvorak 1987; Charpentier et al. 1988b). In rye
(Lelley 1976) chromosome 3R, and possibly also 5R, 4R, and
7R, were found to carry genes that promote homoeologous
pairing in hybrids with wheat. This finding corresponds to the
allocation of pairing promoters in diploid E. elongatus
(Dvorak 1987; Charpentier et al. 1988b); the genes of 3Ee
and 5Ee are presumably homoeoalleles to those of rye (Lelley
1976), as well as to those of homoeologous groups 3A, 3B
and 3DL and 5A, 5D, and 5BS in bread wheat (Sears 1976).

5.2.3.4 Ssp. turcicus (P. E. McGuire) Melderis
(2n = 8x = 56)

Morphological and Geographical Notes

Ssp. turcicus [=Elytrigia turcica P. E. Maguire; Elytrigia
elongata ssp. turcica (P. E. McGuire) Valdés & H. Scholz;
Elytrigia pontica ssp. turcica (P. E. McGuire) Jarvie &
Barkworth; Lophopyrum turcicum (P. E. McGuire) McGuire
ex Love; Thinopyrum turcicum (P. E. Maguire) Cabi &
Dogan], is a perennial caespitose, more or less glaucous
grass with erect culms, 70-115 cm high, with 10-20 cm
long spikes, spikelets with 7-9 florets and glumes with 7-9
veins. Anthers are 2.5-3.5 mm long.
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Within the polyploid complex of E. elongatus, ssp. tur-
cicus most resembles the decaploid ssp. ponticus. It differs
from ponticus by the laxer leaves, less prominent ligules,
more rounded apex of glumes, lack of hairs inside the
glumes at the apex, smaller anthers, and in chromosome
number (McGuire 1983). Although morphologically similar,
the octoploid and the decaploid taxa were treated as separate
species by McGurie (1983), but Melderis (1978), Dewey
(1984), and Moustakas (1989) considered the morphological
differences between the two taxa insufficient for separation
on the specific level and consequently, classified them as two
subspecies.

This subspecies distributes in Thassos Island, Greece
(Moustakas 1993), Turkey, Georgia, and northern Iran
(Jarvie 1992). It grows on dry calcareous, saline land from
sea level to dry and saline mountain habitats, 1800 m above
sea level, in low rainfall areas.

Cytology, Cytogenetics and Evolution

Chromosome counts in accessions of Elymus elongatus from
eastern Turkey and northern Iran, showed the presence of
octoploid plants with 2n = 8x = 56 (Lorenz and Schulz-
Schaeffer 1964; Sculz-Schaeffer et al. 1971; McGuire 1983),
implying that the octoploids are not just sporadic individu-
als, arising in populations with other ploidy levels, but
represent established populations (McGuire 1983).

Moustakas (1993) performed computer-aided karyotype
analysis and found that the karyotype of the octoploid taxon
is asymmetric, namely, it is composed of 10 metacentric
chromosome pairs, 15 sub-metacentric chromosome pairs
and 3 sub-telocentric chromosome pairs. Only two chro-
mosome pairs have secondary constrictions, implying that a
number of NORs are inactive in this octoploid.

All the chromosomes pairs of the octoploid can be mat-
ched to the chromosome pairs of the decaploid. Only the
sub-telocentric satellited chromosome pairs differ slightly
(Moustakas 1993). Yet, the karyotype analysis (Moustakas
1989, 1991, 1993) indicated that the chromosomes of the
present-day diploid elongatus and those of the octoploid and
decaploid diverged from each other.

Analysis of seed protein polymorphism patterns (Mous-
takas 1989) revealed that the octoploid originated from a
speciation event more recent than that associated with the
decaploid from which it presumably evolved. Moustakas
(1989) found that the patterns of seed-protein electrophoresis
of ssp. turcicus were qualitatively similar to those of
SSp. ponticus.

Taking into consideration the results of the karyotype
analysis, Moustakas (1993) concluded that ssp. furcicus is a
segmental allopolyploid, with genome designation
JjJjljJjleleleJe. (Genome designations Jj and Je represent
the same genome but with some structural nuances.) On the
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other hand, Jarvie (1992) thought that the genome of
subsp. turcicus is EEEEJJJJ is an auto-allo polyploid. Yet, if
subsp. turcicus derived from the decaploid subsp. ponticus,
its genome designation should be EeEeEbEbStStStSt.

5.2.3.5 Ssp. ponticus (Podp) Melderis
(2n = 10x = 70)

Morphological and Geographical Notes
Ssp. ponticus (commonly known as tall wheatgrass and rush
wheatgrass) [Syn.: Triticum ponticum Podp; Agropyron
elongatum ssp. ponticum (Podp.) Senghas; Agropyron
incrustatum Adamovic; Elymus ponticus (Podp.) N. Snow;
Elytrigia pontica (Podp.) Holub; Elytrigia elongata
ssp. pontica (Podp.) Gamisans; Elytrigia ruthenica (Griseb.)
Prokudin; Lophopyrum ponticum (Podp.) A. Léve;
Thinopyrum ponticum (Podp.) Barkworth & D. R. Dewey] is
a perennial, caespitose, tall plant with a 50-100 cm high
stem. Its leaves are green or glaucous bluish with flat to
curling blades that are often covered with short, stiff hairs, its
lower sheaths usually ciliate, spikes are 10-35 cm long,
lower internodes are usually much longer than the spikelets,
rachis is not fragile, spikelets are 17-25 mm long, with 8-18
florets, glumes are thick and hardened, and 9—11 mm long,
with 5-7 veins, lemmas are also thick and hardened, and 10—
13 mm long, palea with cilia are seen along the entire length
of keels and anthers are 4-7 mm long. Under certain con-
ditions, this perennial grass can grow up to 2 m tall, and
spikelets up to 3 cm long, each containing up to 12 flowers.
Ssp. ponticus is native to southeastern Europe, Turkey
near the Black Sea and southern Russia. It grows well in dry
and saline habitats, especially alkaline soils, as well as in
disturbed habitats, such as waste ground and roadsides. This
subspecies is found generally 360—1740 m above sea level.

Cytology, Cytogenetics and Evolution
Peto (1930), Simonet (1935), and Vakar (1935) reported that
accessions of E. elongatus from Russia are decaploid, with
2n = 10x = 70 chromosome number. Heneen and Runemark
(1972) superficially described the karyotype of the decaploid
subspecies. The large number of chromosomes rendered it
difficult for them to construct the karyotype and to identify
all the SAT-chromosomes. Generally, chromosome mor-
phology and SAT-chromosome type seemed similar to those
of the diploid and tetraploid subspecies of E. elongatus,
indicating that ssp. ponticus is interrelated to these sub-
species (Heneen and Runemark 1972), supporting the view
that different subspecies of E. elongatus are involved in the
origin of the decaploid subspecies.

On the diploid and tetraploid levels, there is a correlation
between the number of SAT-chromosomes and degree of
ploidy. This correlation is not obvious at the decaploid level,
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Table 5.2 Promoters and suppressors of chromosomal pairing in Triticineae

Promoters

Suppressors

Species

Triticum aestivum

Amblyopyrum
muticum

Aegilops speltoides

Aegilops longissima
Aegilops caudata

Aegilops
umbellulata

Aegilops peregrina

Aegilops geniculata

Elymus elongatus
2X,

Agropyron
cristatum 2x and 4x

Agropyron fragile

Dasypyrum
villosum

Secale cereale

Taeniatherum
caput-medusae

Triticum aestivum

Elymus elongatus
2x, 4x

Chromosome or
chromosomal arm

5BS

5AS
5DS
SAL
SDL
3BL
3DL
3AL
2AS
2BS
2DS
6A (ph KL)

3S (Sul-Phl), 7S (Su2-Phl),
5S (QPh.ucd-5S)

s5U

3EeS, 3EeL, 4EeS, SEep,

1P, 3P, 4PS, 5PL, 6PS

3R

SBL (Phl)
SDL (Ph3)
3DS (Ph2)
3AS

3BS

2DL

2AL

2BL

4D

4EeL, 6Ee, 7TEeq
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since the number of the barely detectable SAT-chromosomes
in the decaploid subspecies was not proportional to the
degree of ploidy (Heneen and Runemark 1972).

Up to ten nucleoli were recorded in pre-meiotic cells of
the decaploid subspecies (Schulz-Schaeffer and Jura 1967).
Brasileiro-Vidal et al. (2003), using silver nitrate staining to
determine the number of nucleoli and NORs, revealed 17
AG-NOR sites on mitotic metaphase cells—a number sim-
ilar to that of 45S rDNA detected via FISH. However, the
mean number of nucleoli per interphase nucleus was much
lower; in most cells, the number ranged from four to nine,
indicating that at interphase, the active Ag-NOR sites tend to
coalesce, as suggested by Lacadena et al. (1988).

Li and Zhang (2002) used FISH to study the distribution
of the 18S-5.85-26S rDNA in the decaploid subspecies and
in its related diploid taxa, E. elongatus ssp. elongatus
(genome EeEe), E. farctus subsp. bessarabicus (genome
EbEb) and E. stipifolius (=Pseudoroegneria stipifolia) (gen-
ome StSt). The distribution of IDNA genes was similar in all
three diploid taxa, i.e., two pairs of loci were observed in
each somatic cell at metaphase and interphase. The first pair
was located near the terminal end and the second in the
interstitial regions of the short arms of a pair of chromo-
somes. The maximum number of major rRNA loci detected
on metaphase spreads of the decaploid subspecies was 20,
which corresponded to the additive sum of that of its pro-
genitors. However, in the decaploid, all of the major loci
were located on the terminal end of the short arms of the
chromosomes. Apparently, the interstitial loci that exist in
the possible diploid donors of genomes to the decaploid,
changed their position during the formation and evolutionary
history of the decaploid. These results suggest that there has
been distinct differentiation between ponticus and its diploid
relatives during the evolutionary process (Li and Zhang
2002). Positional changes of 18S-5.85-26S rDNA loci
between ssp. ponticus and its candidate genome donors,
indicate that it is almost impossible to find a genome in the
decaploid that is completely identical to that of its diploid
donors (Li and Zhang 2002). The interstitial position is
likely an ancestral trait, whereas the terminal position is
probably a later-derived trait (Dubcovsky and Dvorak 1995).
During polyploidization of ssp. ponticus, all of the interstitial
loci have been either deleted and novel loci have been
positioned on terminal regions of the chromosomes, or,
alternatively, migrated to terminal positions. A similar phe-
nomenon has been observed in other Triticeae species (Gill
and Apples 1988; Dubcovsky and Dvorak 1995), although
the exact underlying mechanism remains unknown.

Using FISH to determine the number and position of 45S
and 5S rDNA sites in another accession of ssp. ponticus,
Brasileiro-Vidal et al. (2003) detected both 45S and 5S
rDNA sites on the short arms of 17 chromosomes, while on
three other chromosomes, only the 5S rDNA site was
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observed. In ssp. ponticus, the 45S rDNA loci were always
distally located in relation to the 5S rDNA loci. The
occurrence of these sites in 17 instead of 20 chromosomes,
as observed by Li and Zhang (2002), most likely indicates a
reduction in the number of 45S rDNA sites in the accession
used by Brasileiro-Vidal et al. (2003).

In ssp. elongatus, the 5S rDNA sites were associated with
chromosomes 1Ee and, possibly, 5Ee (Scoles et al. 1988;
Dvorak et al. 1989). Considering the distribution of these
sites in diploid elongatus, the chromosomes carrying the 5S
rDNA in the decaploid might also belong to homoeologous
groups 1 and 5 (Brasileiro-Vidal et al. 2003).

Meiosis in the decaploid was less ordered. Cauderon
(1958) observed 1.04 univalents, 19.9 bivalents, and a
number of chain and ring multivalents (0.76 trivalents, 2.71
quadrivalents, 0.81 pentavalents, 0.52 hexavalents, 0.76
heptavalents, 0.19 octovalents, 0.05 ennevalents (=nine
valents), and 0.04 decavalents). Similar patterns of chro-
mosomal pairing were also observed by Zhang et al (1993,
1996) and Muramatsu (1990). The high frequency of mul-
tivalents in the decaploid subspecies may be the results of
the activity of pairing promoters that exist in the ssp. ponti-
cus genome (Zhang et al. 1993, 1995; Cai and Jones 1997).

Genomic relationships between the genomes of ssp. pon-
ticus and its related taxa, have been the subject of several
studies, and, due to chromosome pairing complexity, dif-
ferent genome formulae have been proposed for the dec-
aploid. Peto (1936), assuming that the decaploid is an
auto-allo-polyploid, tentatively assigned the genome formula
AAXXXXYYYY, whereas Matsumura (1949) proposed the
genome formula BBXXXXYYYY. Both researchers
assumed that the A and B subgenomes of Triticum exist in
ssp. ponticus. Muramatsu (1990) and Wang et al. (1991)
concluded from the high frequency of multivalents in pollen
mother cells (PMCs) of both the decaploid and the poly-
haploid of ssp. ponticus, that this taxon contains several
closely related or identical genomes, and therefore, is an
autodecaploid with the genomic formula J;J,J,JJ3J3J4J4J5J5
and JJJJJI1JJJ, respectively. The J genome is from E. farctus
ssp. bessarabicus (currently designated as Eb), is closely
related to the Ee genome of ssp. elongatus and possesses
modified versions of the same basic genome, namely, E
(Forster and Miller 1989; Wang and Hsiao 1989; Wang
1990). Dvorak (1975) and Wang et al. (1991) regarded
ssp. ponticus to be an autodecaploid that behaves as an
allodecaploid, due to a bivalentization system.

Konarev (1979) assumed that the diploid subspecies of E.
elongatus contributed to the karyotype of the decaploid
taxon. Moustakas (1993), based on karyotype analysis,
concluded that ssp. ponticus is a segmental allopolyploid,
designations Jj and Je represent the same genome but with
structural differences. Dvorak (1975, 1981a) showed pairing
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of the chromosomes of diploid elongatus with some of the
chromosomes of the decaploid, but the pairing was poor in
every case, indicating that differentiation of the chromo-
somes had occurred. Consequently, Dvorak (1975) postu-
lated that the decaploid evolved from an ancestral elongatus-
like diploid taxa, by primary and secondary chromosome
doubling of inter-ecotypic or inter-specific hybrids. In
accordance, the karyotype analysis performed by Moustakas
(1989, 1991), indicated that the chromosomes of the
present-day diploid elongatus and those of the decaploid
diverged from one another.

According to Dvorak (1981b), the decaploid appears to
have one group of three closely related genomes and another
group of two closely related genomes. Moreover, he sug-
gested that the chromosomes of the diploid elongatus are
more closely related to the doublet of the decaploid genome
than to the triplet. Thus, Zhang and Dvorak (1990) suggested
the genome designation ExXEXExXExXEyEyEyEyEyEy for
subsp. ponticus. Jarvie (1992), assuming that ssp. ponticus is
an auto-allo-polyploid, proposed the genome symbol
EEEEEEJJJJ. Zhang et al. (1996), on the basis of GISH
studies and genome specific markers, also suggested that this
subspecies is an auto-allo-polyploid, but with the genome
symbol StStStStEeEeEbEbEXEx, where the St genome is
homologous to the St genome of Elymus stipifolius. More-
over, GISH revealed that the centromeric region might be
the critical area for discrimination between the St and E
subgenomes (either Ee or Eb) in ssp. ponticus. Mitotic cells
of several accessions of ssp. ponticus, when hybridized with
the St probe and blocked by E genomic DNA, had 28
chromosomes strongly hybridized by the St probe at regions
near the centromere (Zhang et al. 1996). When Ee or Eb was
labeled as the probe and St was used as the blocker, all 70
chromosomes were labeled with FITC (fluorescein isothio-
cyanate). However, there were about 28 chromosomes
lacking hybridization signals at the centromeric regions
(Zhang et al. 1996). These consistent results were interpreted
by Zhang et al. (1996) to mean that ssp. ponticus has 28 St
genome chromosomes and 42 E genome chromosomes. The
chromosome pairing data of Wang (1992) and the molecular
studies of Hsiao et al. (1995) showed that the St, Ee, and Eb
genomes are very closely related. The GISH results of Zhang
et al. (1996) also revealed the close relationships between
these three genomes and that GISH cannot distinguish
between Eb and Ee. Taken together, the centromere and the
region nearby may be the critical areas that discriminate the
St from the E genomes in ssp. ponticus.

The 70 chromosomes of ssp. ponticus all fluoresced bright
yellow when probed either with DNA from the Ee genome of
E. elongatus ssp. elongatus or from the Eb genome of E.
farctus ssp. bessarabicus (Chen et al. 1998a, b). This
demonstrated that a substantial affinity exists between these
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probes and the subgenomes present in ponticus. Conversely,
no obvious hybridization signal was detected in ponticus
when probing either with DNA from the Ee genome and
blocking with Eb genome DNA, or in the reverse analysis,
using Eb genome DNA as probe and Ee genome DNA as
blocker. Since this is expected when an effective DNA probe
is used to block itself, the results suggest that the Ee and Eb
genomes are closely related to one another and to the chro-
mosomes of ssp. ponticus.

Chen et al. (1998a, b) also performed GISH using geno-
mic DNA probes from E. elongatus ssp. elongatus (genome
Ee), E. farctus ssp. bessarabicus (genome Eb), and E. stri-
gisus (=Pseudoroegneria strigosa) (genome St), to investi-
gate the genomic constitution of ssp. ponticus. Their findings
indicated that the decaploid subspecies had only the two
basic genomes Eb and Ebs (=Js). The Ebs genome of pon-
ticus is homologous with E (Ee and Eb) genomes, but is quite
distinct at the centromeric regions, which strongly hybridize
with the St genomic DNA probe. This may indicate that the
Ebs genome is a modified Eb (=J) genome whose chromo-
somes exchanged St segments via translocations between the
two (Chen et al. 1998a, b). Support of this hypothesis also
came from lack of centromeric hybridization signals upon
hybridization of mitotic chromosomes of the diploid sub-
species of elongatus and farctus with St genome DNA in the
presence of Eb or Ee genome blocker (Chen et al. 1998a, b).
Likewise, mitotic chromosomes of E. strigosus, probed with
Eb genome DNA and blocked with St genome DNA, showed
no hybridization signal. It appears that the chromosomes of
ponticus, which show hybridization affinity with the cen-
tromeres of E. strigosus DNA, were not simply derived from
any of these three diploid species, but rather, have a more
complicated origin (Chen et al. 1998a, b).

Consequently, the group proposed that ssp. ponticus
contains only segments of the St genome rather than any
intact St genome or chromosomes. Based on the GISH
results, namely, that all 70 chromosomes of ssp. ponticus
hybridized extensively with Eb or Ee genome DNA probes,
even in the presence of St genome blocker, Chen et al.
(1998a, b) redesignated the genomic formula of ssp. ponti-
cus as EEEEEEEbsEbsEbsEbs, where E refers to the Ee- or
Eb-type chromosomes closely related to the genomes of
ssp. elongatus and ssp. bessarabicus, respectively, while Ebs
refers to a modified Ee- or Eb-type chromosomes distin-
guished by the presence of St genome-specific sequences
close to t