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Domesticated forfﬁsiéf wheat exhibit tra1ts that have increased their adaptation
to cultivation by humans. Some of the most critical adaptive differences involve
changes to morphological features that make the crop easier to harvest like ear rachis
stiffness (brittle to non-brittle rachis) and the ease with which the seed is released from
its enclosing leaf-like structures (non-free-threshing to free-threshing). The brittle
rachis trait is primarily controlled by genes on homoeologous group 3 chromosomes
(3A, 3B and 3D) while the free-threshing phenotype is controlled by genes on group 2
chromosomes (2A, 2B, and 2D) in tetraploid and hexaploid wheat (Triticum turgidum
L. and T. aestivum L., respectively). In order to broaden our understanding of the
genetic basis of these domestication traits, this research was undertaken to more

precisely localize some of these factors. Two populations of recombinant inbred



chromosome lines for chromosome 3A and chromosome 3B (RICL-3A and RICL-3B)
were used to localize brittle rachis 2 (Br-A2) and brittle rachis 3 (Br-A3), two major
loci that control the brittle rachis character. Using the RICL-3A population, Br-42 was
localized to a 10.9-cM region between Xgwm2 and Xbarcl9 on chromosome 3A.
Another factor in the RICL-3B population, Br-43 was localized to a 44.9-cM region
between Xbarc218 and Xwmc540 on chromosome 3B. With respect to the free-
threshing habit, a recombinant inbred line (RIL) population developed by the
International Triticeae Mapping Initiative (ITMI) and F, progeny (CS/CS2D F») of a
cross between Chinese Spring and a 2D2 substitution line [Chinese Spring (fauschii
2D)] were used. Quantitative trait mapping revealed that two QTL on chromosome 2D
affected both threshability and glume tenacity in the ITMI population. The locus
underlying one QTL was tenacious glumes 1 (Tgl) that was localized to a 23-cM
region flanked by Xwmc25 and Xgdml07. The other QTL was localized near
Xgwm455 and the factor responsible for it, designated tenacious glumes 3 (Tg3) was
subsequently localized to an 11.3-cM interval between Xbcd102 and Xgwm455. Two
QTL also affected glume tenacity in the CS/CS2D F, population. One QTL
corresponded to the QTL identified in the ITMI population. This QTL also represented
the action of Tg/ and was localized to a 20.8-cM interval between the markers
Xwmc503 and Xbarcl168. The other QTL designated Q.Gt.orst-2D.3 was near
Xgwml57. The identities of Br-A2, Br-A3, Tgl, Tg3, and Q.Gt.orst-2D.3 are not
known but their localization on linkage maps represents a first step towards their

eventual isolation and characterization.
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LOCALIZATION AND GENETIC MAPPING OF SOME FACTORS
INFLUENCING RACHIS BRITTLENESS AND FREE-THRESHING HABIT
IN WHEAT

Chapter 1

Introduction

Wheat (Triticum aestivum L.), a cereal plant of the Triticeae tribe (family
Gramineae), was domesticated in the Neolithic period (Harris, 1998; Zohary and Hopf,
1993) and is today a major food source and an important commodity on the world
grain market. Wheat is grown in a wide range of environments around the world (208
million hectares) with an annual production exceeding 550 million metric tons (FAO

Statistical Databases; http://apps.fao.org/). Approximately two-thirds of the wheat

produced in the world is used for human food and about one-sixth is used for livestock
feed. Industrial uses, seed requirements, and post-harvest losses account for the
remaining withdrawals from the world’s wheat granaries. Worldwide there are more
foods made with wheat than any other cereal grain, and wheat contributes between 10-
20% of the daily calorie intake of people in over 60 countries.

Besides being a highly important crop, wheat has also been the subject of
intensive scientific research as a polyploid model (Heyne, 1987). The availability of
substantial genetic, cytogenetic, and genomic resources including collections of
aneuploid and chromosome deletion stocks (Sears, 1954, 1966; Nishikawa et al., 1992;

Endo and Gill, 1996), chromosome substitution lines (Joppa, 1993), DNA-based



markers, genetic and physical maps (Hart, 2001), large DNA insert libraries

(Lijavetzky et al., 1999; Liu et al., 2000), a large collection (63,000) of sequences for

expressed genes (U.S. Wheat Genome Project - http://wheat.pw.usda.gov/NSF/), and a

transcriptome array (http://affymetrix.com/products/arrays/specific/wheat.affx) have

made wheat an ideal system to study the genetic basis of crop domestication.

Wheat Evolution

Cultivated wheats constitute an allopolyploid series with diploid (2n = 14),
tetraploid (2n = 28), and hexaploid (2n = 42) species. The general pathway of
evolution of hexaploid wheat (7. aestivum L.) is understood (Figure 1.1, Kimber and
Feldman, 1987 a, b). The first step was the hybridization between Triticum urartu
Thumanjan ex Gandilian (2n = 14, A"A" genome) and a species related to Aegilops
speltoides Tausch (2n = 14, SS genome). The donor of the B genome to durum wheat,
T. turgidum, and hexaploid wheat, T. aestivum, has not been firmly established but
various sources of evidence suggest Ae. speltoides is closely related to this species
(Riley et al., 1958; Friebe and Gill, 1996; Kerby and Kuspira, 1988; Johnson, 1972;
Witcombe, 1983; Dvorak and Zhang, 1990). In addition, plasmon analysis showed a
close relationship between the cytoplasm of Ae. speltoides and polyploid wheats,
suggesting that the B-genome donor served as the female parent in the formation of
wheat (Tsunewaki and Ogihara, 1983). Whether a single species is the sole source of
the B genome or the genome resulted from an introgression of several parental species

remains uncertain.



Aegilops speltoides Aegilops speltoides  Triticum monococcum
SS Triticum urartu SS ssp. aegilopoides
Plasmon 1 A"AY Plasmon 1 ATA™
Triticum turgidum Triticum timopheevii
AABB A'A'GG

Triticum monococcum
Ssp. monococcum

Aegilops tauschii ATA™

DD \
Triticum aestivum Triticum zhukovski
AABBDD A'A'ATA"GG

Figure 1.1 General pathway of evolution of hexaploid wheats (Kimber and Feldman,

1987 a, b).

The hybridization between 7. wrartu and a B-genome donor resulted in the
formation of T. turgidum ssp. dicoccoides Koern. (2n = 28, AABB genomes) 500,000
years ago (Figure 1.1). Several varietal groups are recognized in this species, of which
a cultivated form, T. turgidum ssp. dicoccum Schuebl. is believed to be the most
primitive type. This variety in turn gave rise to several cultivated forms. These groups
are all inter-fertile and their differentiation is based on traits controlled by one or a few
major genes (Mac Key, 1966; Morris and Sears, 1967). Shortly after the emergence of
agriculture (~8,000 years ago), hexaploid wheat (2n = 42) arose. Hexaploid wheat
resulted from the hybridization between a cultivated tetraploid progenitor, probably T.
turgidum ssp. dicoccum, and a diploid goatgrass, Aegilops tauschii Cosson (2n = 14,
DD genome), the source for the D genome (Kihara, 1944; McFadden and Sears, 1946).
The initial product of this hybridization has been hypothesized to be what today is

known as T. aestivum ssp. spelta or other hulled types of wheat, such as ssp. macha or




ssp. vavilovii (McFadden and Sears, 1946; Kerber and Rowland, 1974). Free-threshing
forms, such as T. aestivum ssp. aestivum, ssp. sphaerococcum, and ssp. compactum are
believed to be derived from the hulied or non-free-threshing wheats (Feldman, 2001).
Triticum monococcum L. ssp. aegilopoides (2n = 14, A"A™ genome) is a close
relative of 7. urartu and the domesticated form is known as einkorn, 7. monococcum
ssp. monococcum (Feldman, 2001). There are two other cultivated species in the
Triticum complex, tetraploid T. timopheevii Zhuk. (A'A'GG genomes) and hexaploid 7.
zhukovskyi Menabde & Ericz. (A'A'A"A™GG genomes), that also formed through
interspecific hybridization (Figure 1.1). These species are only grown in the Caucasus.
Only T. timopheevii has a wild form that grows fairly widely in Southeast Asia

(Kimber and Sears, 1987b).

Wheat Domestication

Wheats were among the first cereal crops to be domesticated. Based on
archaeological studies, humans were cultivating wild emmer (7. turgidum ssp.
dicoccoides) and wild einkorn (T. monococcum ssp. aegilopoides) 10,300 to 9,500
years ago. Domesticated forms (with non-brittle spikes) appeared between 9,500 to
7,500 years ago (Harris, 1998).

Domestication is the process where human intervention (selection) transforms
wild forms into varieties that are more efficiently reared and utilized. Even primitive
domesticated forms of wheat show the effect of domestication-driven selection. The

most critical adaptive differences between wild and domesticated forms involve




changes in three principal morphological features that made wheat easier to harvest.
These are seed size, ear rachis stiffness, and the ease with which the seed is released

from its enclosing leaf-like structures (Davies and Hillman, 1992).

Seed Size

Wild forms (7. monococcum ssp. aegilopoides and T. turgidum ssp.
dicoccoides) have significantly smaller seeds than their cultivated counterparts (7.
monococcum ssp. monococcum and T. turgidum ssp. durum). Although research on the
genetic basis of seed size differences between wild and domesticated wheats has been
limited, an analysis of 7. turgidum ssp. dicoccoides (wild) chromosome substitution
lines in T. turgidum ssp. durum (cultivated) showed that kernel size was under
polygenic control (Elias et al., 1996; Cantrell and Joppa, 1991). Genes that affected

seed size were present on chromosomes 1A, 2A, 3A, 4A, 7A, 5B, and 7B.

Rachis Fragility

In wild wheats, the mature rachis disarticulates between each of the fertile
spikelets, thereby allowing them to be shed spontaneously. By contrast, in some
domesticated wheats, the rachis fails to disarticulate spontaneously, and the ear
remains intact until harvested and threshed. The mechanism of rachis disarticulation
involves the development of an abscission layer at the joint of articulation of the
spikelet and rachis. This abscission layer collapses at maturity permitting the seed
unit to fall (Harlan, 1992). Disarticulation occurs from the top of the ear downwards.

The arrow-like morphology of the spikelets ensures that they quickly penetrate surface




litter and wedge themselves in cracks in the ground where at least a proportion of them
are relatively safe from birds and rodents. In domesticated races, the formation of
abscission layers in the rachis is suppressed or collapse of the rachis is delayed until
harvest, resulting in spikes that fail to disarticulate spontaneously. If sown in the wild,
domesticated forms cannot be perpetuated, as their spikelets are not efficiently
disseminated and protected from predation (Davies and Hillman, 1992).

The first wheat to be successfully cultivated was einkorn, T. monococcum ssp.
monococcum L. (2n = 14, AT"A™ genome). Einkorn was domesticated from wild
einkorn (7. monococcum ssp. aegilopoides). Einkorn differs from its wild progenitor
mainly with respect to seed size and ear traits such as stiffness of the rachis. Wild
diploid wheat has a brittle rachis, whereas einkorn has a tougher non-brittle rachis
which prevents disarticulation of the spikelets. Rachis brittleness, in diploid wheats,
was shown to be controlled by two genes in the F, progeny of crosses between 7.
monococcum Ssp. monococcum > T. monococcum ssp. aegilopoides (Sharma and
Waines, 1980).

Archaeological evidence suggests that the first tetraploid wheats that were
cultivated had brittle spikes and were grown for several hundred years until mutants
with tough rachis and non-brittle spikes appeared (Kislev, 1984). T. turgidum ssp.
dicoccum, a primitive cultivated emmer was derived from wild tetraploid wheat, T.
turgidum ssp. dicoccoides, after selection for the non-brittle rachis trait. Thus, the
rachis of ssp. dicoccum is tougher and does not disarticulate, whereas the rachis of ssp.

dicoccoides will disarticulate prior to harvest. The fragile rachis of 7. turgidum ssp.




dicoccoides 1s controlled by two dominant genes (Br-42 and Br-43) on chromosomes
3A and 3B, respectively (Watanabe and Ikebata, 2000).

There are no wild forms of hexaploid T. aestivum. Thus, varieties of T.
aestivum are found only in cultivated fields. Hexaploid wheat contains several
subspecies, which have distinct morphological characters. Of these, T. aestivum ssp.
sphaerococcum, ssp. compactum and ssp. vulgare (common wheat) have a tough
rachis and are free-threshing (Sears, 1946; Unrau, 1950), while ssp. spelta, ssp.
vavilovii and ssp. macha have a fragile rachis and are not free-threshing (Kabarity,
1966). The pattern of disarticulation of the rachis of ssp. spelta wheat is different from
that of ssp. macha and ssp. vavilovii wheat. The spikes of ssp. spelta disarticulate
below the junction of the rachis and rachilla (barrel-type of disarticulation) and those
of ssp. macha and ssp. vavilovii disarticulate above the junction of the rachis and the
rachilla (wedge-type of disarticulation). The semi-wild wheat (SWW) discovered in
Tibet (Shao et al., 1983), has a particularly fragile rachis and a wedge-type of
disarticulation.

The brittle rachis phenotype of spelt wheat was initially thought to be tightly
linked to the Q locus on chromosome 5A (Kuckuck, 1964). However, later studies
suggest that this association might have been due to the segregation of multiple loci
and pseudo-linkage (Luo et al., 2002). Based on numerous studies, the brittle rachis
trait has been shown to be principally controlled by loci on group 3 homoeologous
chromosomes. Cao et al. (1997) reported that rachis fragility in the SWW is controlled
by a single dominant gene, Br-41, located on the short arm of chromosome 3D (Chen

et al., 1998). Similarly, the brittle rachis trait in tetraploid wheat is controlled by two




dominant genes, Br-42 and Br-A3, located on the short arms of chromosomes 3A and
3B (Watanabe and Ikebata, 2000; Watanabe et al., 2002).

The genetic basis of disarticulation-type (barrel versus wedge) was addressed
in one study (Chen, 2001). In crosses between spelt, SWW, and common wheat, Chen
(2001) determined that disarticulation type was governed by three dominant barrel
modifying genes (Bm) and six dominant complementary wedge modifying genes (Wm)
separate from the brittle rachis genes on homoeologous group 3 chromosomes. Thus,
genotypes that have brittle rachis may exhibit various types of disarticulation based on

the interactions between wedge- and barrel-type modifiers.

Free-threshing habit

Spikelets in wheat consist of florets which are surrounded by protective bracts
called glumes. A floret is composed of two bracts (lemma and palea) that enclose three
stamens and a carpel. After fertilization and seed development, each grain in a floret is
surrounded by the lemma and the palea. The lemma, palea, and the outer glumes
provide protection to the mature grain and allow its storage. When mature, wheat is
harvested and threshed in order to separate the grain from these protective bracts (or
chaff). The condition of the bracts after threshing defines the two major groups of
wheats - hulled or non-free-threshing wheats and free-threshing wheats. In hulled
wheats, spikelets separate from the spikes at threshing but their glumes and other

bracts remain firmly attached. Additional mechanical action is required to release the

grain from the chaff. This is in contrast to free-threshing wheats, where glumes and




other bracts surrounding the grains are loosely attached at maturity allowing the
separation of seed from the chaff in one operation.

Free-threshing einkorn varieties are uncommon; however, a free-threshing
einkorn line was discovered in 1970 in a collection of the botanist Petr M. Zhukowvskii
(Szabo and Hammer, 1995). This line was used to show that the free-threshing trait
was inherited as a recessive allele of the soft glumes (Sog) locus. Taenzler et al. (2002)
mapped this locus to chromosome 2A in a genomic position that has conserved
synteny with the fenacious glumes (Tg) loci of polyploid wheats (7g/ on chromosome
2D; Jantasuriyarat et al., 2004 and 7g2 on chromosome 2B; Simonetti et al., 1999).

Durum wheat, T. turgidum ssp. durum (Desf.) Husn., the principal tetraploid
wheat cultivated today, has large grains and is free-threshing. Three major
morphological characters that distinguish it from the primitive cultivated tetraploid, T.
turgidum ssp. dicoccum, are nakedness or free-threshability, ear compactness and
grain size. Earlier studies have shown that some of these differences are the result of
pleiotropic effects of the Q locus on chromosome SAL (Muramatsu, 1986). For
instance, the dominant Q allele present in T. turgidum ssp. durum affects the free-
threshing phenotypes by decreasing glume tenacity and spike morphology by
increasing ear compactness (Muramatsu, 1986). When the free-threshing habit was
studied in a T. turgidum ssp. durum x T. turgidum ssp. dicoccoides cross, four
quantitative trait loci (QTL) on chromosomes 2B, 5A, and 6A were identified
(Simonetti et al., 1999). The free-threshing character was predominantly affected by a
QTL on chromosome 2BS, that corresponded to the tenacious glumes 2 (Tg2) gene,

and a QTL on chromosome S5SAS (Qft.mbg-54). The QTL on chromosome SAL




10

(corresponding to Q) and 6AS (Qft.mbg-6A4) were secondary. Thus, the control of the
free-threshing trait was clearly polygenic involving known major genes (7g2 and Q)
as well as factors not previously described.

Hexaploid wheat, T. aestivum, originated after the domestication of diploid and
tetraploid wheats. Since there is no wild hexaploid progenitor to cultivated wheats,
hexaploid wheat is thought to have formed by hybridization of a cultivated form of
tetraploid wheat (T. turgidum ssp. dicoccum or ssp. durum) and Ae. tauschii. T.
aestivum has been subdivided into several subspecies, some of which are non-free-
threshing and some that are free-threshing. Other major differences among the major
hexaploid taxa are mainly due to a few genes that affect gross morphology (Table 1.1).
Non-free-threshing hexaploids are considered to be the predecessors of the free-
threshing types like T. aestivum ssp. aestivum. Similar to the situation with tetraploid
wheats, the free-threshing trait is controlled by multiple factors including O on
chromosome SAL (McFadden and Sears, 1946). Kerber and Rowland (1974) found
that the tenacious glumes I, Tgl, gene on chromosome 2D also controlled the free-
threshing phenotype in hexaploid wheats. Synthetic hexaploids that were produced by
crossing free-threshing tetraploids with non-free threshing Ae. tauschii were non-free-
threshing despite being homozygous for the Q allele. The suppression of the free-
threshing character was attributed to a partially dominant 7g/ allele on chromosome
2D of de. tauschii. Kerber and Rowland (1974) concluded that a dominant 7g/ allele
counteracted or inhibited the effect of the dominant Q allele leading to spikes with
tenacious glumes and a non-free-threshing phenotype. Thus, the development of free-

threshing hexaploid wheats also required a mutation from 7g/ to tg/ which is
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presumed to have occurred at the hexaploid level. Sears’ (1954) analysis of Chinese
Spring aneuploids also suggested the presence of factors that affected glume tenacity
on homoeologous group 2 chromosomes. Sears (1954) noted that plants missing
(nullisomics) chromosomes 2A, 2B, or 2D had papery glumes while plants that were
tetrasomic for these chromosomes had glumes that were stiffer than normal disomic

plants.

Table 1.1 Genetic and phenotypic characterization of the various subspecies of
hexaploid wheat, T. aestivum, for important domestication related traits.

Sub-Species Genotype* Phenotype

spelta TglTglgqccSS Non-free-threshing;

vavilovii TglTglQQccSS Normal (or Lax) spikes and grain

macha tgltglqqceeSS

aestivum tgltgl QQccSS Free-threshing; normal spike and grains

compactum tgltgl QOCCSS Free-threshing; compact spike and normal
grains

sphaerococcum tgltgl QQccss Free-threshing; normal spike and spherical
grains

*Tgl (Tenacious glumes) on chromosome 2DS (Kerber and Rowland, 1974); Q (free-
threshing) on SAL (Sears, 1954); C (compact spike) on 2DL (Rao, 1972); and S
(spherical grain) on 3DS (Rao, 1977). Plants homozygous recessive at 7g/ and
homozygous dominant at Q are free-threhsing.

When the free-threshing habit was studied in a recombinant inbred line
population developed from a cross between a spring wheat, Opata-85, and a synthetic
hexaploid wheat, W-7984, two major QTL on chromosomes 2DS and SAL were

identified (Jantasuriyarat et al., 2004). QTL on chromosome 2DS was believed to
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represent the effect of 7g/ and the QTL on chromosome SAL corresponded to Q.
Free-threshing habit was found to be predominantly affected by Tg¢/ and to a lesser
extent by Q. Other QTL that were significantly associated with free-threshing habit
were also localized on chromosomes 2A, 2B, 6A, 6D and 7B. Although, the exact
sequence of events leading to the development of free-threshing hexaploid wheats is
not known, the free-threshing phenotype of hexaploid wheat has been found to result
from interactions between several genetic systems - the two major ones being O on

chromosome SAL and the tenacious glumes loci on chromosomes 2A, 2B and 2D.

Objectives

The study of wheat domestication is not only of historical interest, but is also
important as changing human needs and availability of non-renewable resources drive
continuing investigation into new strategies to improve agronomic traits. New
genomic tools applied in conjunction with other approaches will accelerate and
streamline the identification of specific genes. In turn, characterization of genes
involved in domestication and an understanding of their function may permit the
development of strategies to enhance the striking changes in plant development that
permitted the development of wheat into a crop.

As discussed earlier, modern wheats differ from their wild progenitors in a
number of ways. Among the most important are differences in rachis fragility and seed
dissemination. Wild wheats are characterized by brittle spikes that disarticulate upon

maturity into arrow-shaped spikelets. Collection of these spikelets from the ground
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would have proven to be difficult for early farmers. Therefore, types with non-brittle
heads were unconsciously or consciously selected. Wild wheats also have non-
threshable hulled grains. Thus, mutations that increased threshability were selected
during wheat domestication. Today, free-threshing wheats with tough rachises
represent the overwhelming majority of the wheat that is grown today.

Genetic mapping has contributed greatly to an understanding the mechanisms
of domestication. The notion of using discrete traits as 'genetic markers' to determine
the number, chromosomal locations, and phenotypic effects of genes that determine
either simple or complex traits is nearly a century old (Sax, 1923). However, outside
of a few favorable models, the comprehensive 'molecular dissection' of the genetic
control of phenotypes only became feasible with the advent of DNA-based genetic
markers in the late 1970s (Botstein et al., 1980). Application of such methods to plants
has resulted in the development of detailed molecular maps for most of the world's
major crops as well as selected wild relatives (Phillips and Vasil, 1994). In the early
1990s, scientists began constructing genetic linkage maps of the wheat genome using
DNA markers (Nelson et al.,, 1995a, b, c¢; Rdder et al., 1998). These molecular maps
have provided detailed information regarding the structure of the wheat genome and
have allowed researchers to determine positions of genes along chromosomes. For the
study of domestication, a genome mapping approach is particularly efficient in crosses
between the crop and a wild relative since the progeny will segregate for traits
involved in domestication as well as for a large number of DNA polymorphisms. This
has led to the genetic analysis of some traits that distinguish modern cultivated

varieties from their wild ancestors (Salamini et al., 2002).
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The brittle rachis trait is primarily controlled by genes (Br-41, Br-A2 and Br-
A3) on homoeologous group 3 chromosomes (3A, 3B and 3D) (Chen et al., 1998;
Watanabe and lkebata, 2000; Watanabe 2002) but they have not been assigned a
precise location on current linkage maps. The free-threshing phenotype of hexaploid
wheat results from interactions between two genetic systems — ) on chromosome 5AL
and the tenacious glumes loci on group 2 chromosomes (Sears, 1954; Simonetti et al.,
1999; Taenzler et al., 2002; Jantasuriyarat et al., 2004). Q has been the subject of
intense research leading to its precise localization and isolation (Faris et al., 2003). On
the other hand, studies on the tenacious glumes loci that primarily affect glume
tenacity and threshability have been sparse. In an effort to apply map-based methods
to fill some of the gaps in our understanding on the genetic basis of these
domestication related traits in wheat, the following objectives were addressed in this
thesis:

i. To develop linkage maps of chromosomes 3A and 3B of tetraploid wheat,

ii. To genetically map genes for the brittle rachis character, Br-42 and Br-A43,

iii. To generate microsatellite-based linkage maps of the short arm of

chromosome 2D of hexaploid wheat, and
iv. To localize factors affecting glume tenacity and free-threshing character on
chromosome 2D.

Objectives (i.) and (ii.) are addressed in chapter 2 of this thesis, while

objectives (iii.) and (iv.) are present in chapter 3. Conclusions are presented in chapter

4.
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Chapter 2

GENETIC LOCALIZATION OF GENES AFFECTING THE BRITTLE
RACHIS CHARACTER IN TETRAPLOID WHEAT (Triticum turgidum L.)

Vamsi J. Nalam, Christy J.W. Watson, M. Isabel Vales, Shahryar F. Kianian and

Oscar Riera-Lizarazu
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Abstract

Domesticated plants are characterized by a set of traits that confer adaptation
to an agricultural environment. The transition from wild to domesticated forms of
tetraploid wheat entailed changes in ear rachis stiffness that made the crop easier to
harvest. In wild wheats, the mature rachis disarticulates between each of the fertile
spikelets, thereby allowing them to be shed spontaneously. By contrast, in
domesticated wheats, the rachis fails to disarticulate spontaneously, and the ear
remains intact until harvested and threshed. The brittle rachis trait in tetraploid wheat
(Triticum turgidum L.) is primarily affected by two genes, brittle rachis 2 (Br-A2) and
brittle rachis 3 (Br-A3) on chromosomes 3A and 3B, respectively. In this study, two
populations of recombinant inbred chromosome lines (RICL), derived from crosses
between Langdon and disomic 7. dicoccoides 3A [Langdon (Dic-3A)] and T.
dicoccoides 3B [Langdon (Dic-3B)] chromosome substitution lines were used to
localize Br-A2 and Br-A3 on microsatellite-marker based linkage maps of
chromosomes 3A and 3B. Br-42 was localized to a 10.9-cM region between Xgwm2
and Xbarcl9 on chromosome 3A while Br-43 was localized to a 44.9-cM region
between Xbarc2l8 and Xwmc540 on chromosome 3B. Deletion bin mapping and
comparative analyses indicated that Br-42 and Br-A3 were located on a chromosomal
segment with an estimated frequency of recombination of 580 Kb/cM. These estimates
indicate that cloning Br-42 and Br-A3 using map-based methods will be extremely

challenging.




17

Introduction

The genus Triticum has species of various ploidy and chromosome numbers
namely, diploid (2n = 14), tetraploid (2n = 28) and hexaploid (2n = 42). Wheats of all
ploidy levels have been domesticated. Wild as well as domesticated forms occur in
both the diploid and tetraploid groups, whereas only domesticated types occur in the
hexaploid group. Even the most primitive domesticated forms of wheat differ from
their wild progenitors in a number of polygenically determined characters. The most
notable adaptive differences involve changes in three principal morphological features
that make the crop easier to harvest: ear rachis stiffness, and the ease with which the
seed is released from its enclosing leaf-like structures (Davies and Hillman, 1992).

In wild wheats, the mature rachis disarticulates between each of the fertile
spikelets, thereby allowing them to be shed spontaneously. By contrast, in some
domesticated wheats, the rachis fails to disarticulate at maturity, and the ear remains
intact until harvested and threshed. In grasses, the mechanism of rachis disarticulation
involves the development of an abscission layer at the joint of articulation of the
spikelet and rachis followed by a collapse at maturity permitting the seed unit
(diaspore) to fall. In domesticated races, the formation of an abscission layer is
suppressed or collapse is delayed until harvest (Harlan, 1992).

The first wheat to be cultivated successfully was einkorn (Triticum
monococcum L, 2n = 14, A"A™ genome), a diploid species. Diploid wheats T.
monococcum, and its wild relatives, T. monococcum ssp. aegilopoides and T. urartu

Thumanjan ex Gandilian, have brittle rachises. The rachis of 7. monococcum can be
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less brittle (semi-fragile) than other wild species and may not disarticulate prior to
harvest, but when fully ripe it will disarticulate. Sharma and Waines (1980) showed
that two dominant genes determined the brittle rachis character in 7. monococcum. A
similar situation to that of diploid wheats exists in tetraploid wheats. Wild emmer (7.
turgidum ssp. dicoccoides Koern.) has a brittle rachis and cultivated emmer (7.
turgidum ssp. dicoccum Scheubl.) has a tougher or non-brittle rachis. Watanabe and
Ikebata (2000) reported that brittle or fragile rachis in ssp. dicoccoides is controlled by
two dominant genes, Br-A2 and Br-A3, located on chromosomes 3A and 3B,
respectively.

Hexaploid wheat contains several subspecies, which have distinct
morphological characters. Of these, T. aestivum ssp. sphaerococcum, ssp. compactum
and ssp. vulgare or common wheat have a tough rachis and are free-threshing (Sears,
1946; Unrau, 1950), while ssp. spelta, ssp. vavilovii and ssp. macha wheat have a
fragile rachis and are not free-threshing (Kabarity, 1966). The pattern of
disarticulation of the rachis of spelt (ssp. spelta) wheat is different from that of ssp.
macha and ssp. vavilovii. The spikes of spelt wheat disarticulate below the junction of
the rachis and rachilla (barrel-type of disarticulation) and those of ssp. macha and ssp.
vavilovii disarticulate above the junction of the rachis and the rachilla (wedge-type of
disarticulation). Another hexaploid, the semi-wild wheat (SWW) discovered in Tibet
(Shao et al., 1983) has a particularly fragile rachis which exhibits a wedge type of
disarticulation (Chen, 2001).

The brittle rachis phenotype of spelt wheat was initially thought to be due to a

locus tightly linked to the Q locus on chromosome 5SA (Kuckuck, 1964). However,
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later studies suggest that the association between the brittle rachis trait and Q may be
due to multiplicate gene segregation (Luo et al., 2002). A number of studies have
shown that brittle rachis is primarily controlled by loci on group 3 homoeologous
chromosomes (Cao et al., 1997, Watanabe and Ikebata, 2000). Cao et al. (1997)
reported that rachis fragility in the SWW is controlled by a single dominant gene, Br-
Al, located on the short arm of chromosome 3D (Chen et al., 1998). Furthermore,
genetic studies of crosses between spelt, SWW, and common wheat indicated that
disarticulation type was governed by several modifying genes (wedge modifying
genes, Wm, and barrel modifying genes, Bm) separate from the brittle rachis gene, Br-
Al (Chen, 2001). Therefore, genotypes with a brittle rachis may exhibit various types
of disarticulation depending on interactions between modifying genes and the genetic
background.

Watanabe et al. (2002), using comparative telosomic mapping, localized Br-A1,
Br-A2, and Br-A3 to the short arms of chromosomes 3D, 3A and 3B, respectively. Still,
the precise location of these loci with respect to DNA-based markers in current
linkage maps has not been determined. Thus, the objectives of this study were (i.) to
develop microsatellite marker-based linkage maps of chromosomes 3A and 3B, and
(ii.) to genetically map the brittle rachis genes, Br-42 and Br-A3, as a first step

towards their map-based isolation and characterization.
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Materials and Methods

Plant Material

The localization of Br-42 and Br-A3 was performed using two mapping
populations. The first mapping population (RICL-3A) consisted of 83 recombinant
inbred chromosome lines (RICL) from a cross between Langdon-16 (LDN) and a
substitution line, Langdon (dicoccoides 3A) [LDN(Dic-3A)] (Joppa 1993). The second
mapping population (RICL-3B) consisted of 91 RICL lines developed from a cross
between LDN and Langdon (dicoccoides 3B) [LDN (Dic-3B)] substitution line (Joppa
1993). The seeds for the parents and the RICL populations were kindly provided by Dr.
Justin Faris (USDA-ARS, Fargo, North Dakota). Both populations were planted at
West Greenhouse, Oregon State University, in 2004.

Group 3 cytogenetic stocks were used to assign markers to chromosomes and
chromosome segments. These stocks included Chinese Spring nullisomic-tetrasomics
(N3AT3B, N3AT3D, N3BT3D, N3DT3A and N3DT3B), ditelosomics (Dt3AS,
Dt3AL, Dt3BS and Dt3AL), four deletion lines for chromosome 3A (3AS-2, 3AS-4,
3AL-3 and 3AL-5) and four deletion lines for chromosome 3B (3BS-1, 3BS-8, 3BS-9
and 3BL-1). The deletion lines used for chromosome 3A divided the short and the
long arm into three distinct bins each. The deletion lines used for chromosome 3B
divided the short arm into four bins and the long arm into two bins. The chromosome
karyotypes detailing the breakpoints of chromosome 3A and 3B deletion lines can be

found at http://wheat.pw.usda.gov/west/binmaps/wheat3 rice.html (date verified: 16th
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November, 2004). The Chinese Spring aneuploids were obtained from Dr. B. S. Gill

(Kansas State University, Manhattan, Kansas).

DNA isolation and microsatellite marker analysis

About 30 to 50 mg of leaf tissue from lines from the RICL-3A and RICL-3B
populations and the parental lines were used for DNA extraction. DNA was extracted
using a Qiagen/Retsch MM300 mixer mill (Qiagen Inc, Valencia, CA) as described by
Riera-Lizarazu et al. (2000). Microsatellite markers mapped on chromosome 3A and
chromosome 3B from different research groups (Nelson et al., 1995; Roder et al., 1998;
Pestova et al., 2000; Somers et al., 2004) were used in this study. Of 52 microsatellites
that were screened on LDN and LDN(Dic-3A), 22 were found to be polymorphic and
were used to genotype the RICL-3A population. RFLP marker genotypes previously
used in this population were also used (Otto et al., 2002). Of the 86 microsatellites
screened on LDN and LDN(Dic-3B), 33 were polymorphic and used to genotype the
RICL-3B population.

Polymerase chain reaction (PCR) amplification of the microsatellite markers
was performed in a volume of 10 uL in a MWG Thermalcycler (Primus 96 Plus). The
reaction mixture contained 0.5 uM of each primer, 0.2 mM of each deoxynuleotide,
0.03 U/pL Taq DNA Polymerase (Qiagen), 1X Taq buffer from Qiagen, 2% sucrose in
cresol red and 50 ng of template DNA. After 5 min at 94°C, 45 cycles were performed
with 30s at 94°C, 30s at 50, 55 or 60°C (depending on the individual primer set) and
30s at 72°C, followed by a final extension step of 10 min at 72°C. Products were

screened on 4% agarose gels and visualized after staining with ethidium bromide.
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Phenotypic Assessment

Before evaluation, mature spikes of plants from both RICL populations and
their parents were dried at 54°C for three days. Subsequently, spikes with good seed
fill were dropped from a height of 1.5 m. Spikes that disarticulated on impact were
classified as brittle and spikes that failed to disarticulate were classified as having a
tough rachis. Three observers independently assessed rachis fragility of different
spikes in the same populations. Chi-square (x’) analyses were used to test genotype

frequencies.

Map Construction

Linkage maps were constructed using Mapmaker/Exp 3.0 (Lander et al., 1987).
Genotypic data for the RICL populations were encoded as F, backcross populations
since Mapmaker/Exp 3.0 has not been implemented to analyze doubled-haploid or
RICL-type populations. The group command with a minimum LOD of 3.0 and a
maximum distance of 50-cM was used to identify linked markers. Subsequently, the
order command (LOD 3.0) was used to build maps. Finally, the ripple command was
used to verify map orders. Recombination fractions were converted into map distances

(cM) using the Kosambi mapping function.
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Figure 2.1 Pattern of spike disarticulation observed in Langdon 16 (A), Langdon (Dic-
3A) (B) and Langdon (Dic-3B) (C).
Results

The rachis of LDN was non-brittle and did not disarticulate even after
application of mechanical pressure. The spikes of LDN(Dic-3A) and LDN(Dic-3B),
on the other hand, were brittle and disarticulated with the slightest mechanical action
(Figure 2.1 A). The spikes of LDN(Dic-3A) and LDN(Dic-3B), disarticulated at the
node above the insertion point of the spikelet, thus creating a wedge-shaped spikelet
attached to a subtending rachis internode (Figure 2.1 B and C). The pattern of
disarticulation observed in LDN(Dic-3A) and LDN(Dic-3B) were similar to that
observed in wild emmer, 7. turgidum ssp. dicoccoides. The segregation ratios of brittle
to non-brittle rachis in both RICL populations differed significantly from a 1:1 ratio

(Table 2.1). There was an excess of individuals with a tough rachis in both populations.
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Table 2.1 Segregation for brittle rachis in the RICL populations

RICL Number of Plants N? 2 (1:1)°
Population Tough Brittle
RICL-3A 51 30 81 544 *
RICL-3B 57 27 84 10.71 **

* N = Population Size (2 missing data points in RICL-3A and 7 missing data points in
RICL-3B)

b Chi-square values testing for a 1:1 segregation of tough vs. brittle rachis.

* significant at p = 0.05

** significant at p=0.01.

Localization of the Br-A2 and Br-A3

Genetic linkage analysis of the RICL-3A population resulted in a genetic map
for chromosome 3A that was 179.5 ¢cM in length (Figure 2.2 A). The segregation data
for the microsatellite markers along with the classification of individuals as tough or
brittle are provided in Appendix I. The average distance between markers in the
linkage map for chromosome 3A was 5.98 cM. The largest interval in the map was
21.5 ¢cM between Xbarc294 and the linked markers Xbarc310 and Xbarcl2, at the
telomeric end of chromosome 3AS. Br-42 was mapped to a 10.9-cM interval between
Xgwm?2 and Xbarcl9 (linked to Xgwm666.1) (Figure 2.2 A).

The linkage map of chromosome 3B was constructed using 33 loci. The length
of the map was 218.1 cM with an average distance of 6.6 cM between markers (Figure
2.3 A). The largest interval was 30.8 cM between Xbarc218 and Br-A3. Br-A3 was

localized to a 44.9-cM interval between Xbarc218 and Xwmc540. The length of the
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linkage maps of chromosomes 3A and 3B and marker orders were comparable to other
published maps (Nelson et al., 1995; Somers et al., 2004).

Group 3 cytogenetic stocks were used to place markers into bins on the short
arm of chromosome 3A (Figure 2.2 B). Markers associated with Br-42 were placed in
the most distal bin 3AS4-0.45-1.00. Markers associated with Br-A43 (Xbarc218 and
Xwmc540) were placed into deletion bin 3BS-9 0.57-0.78 (Figure 2.3 B). Comparative
mapping analyses with the consensus map of homoeologous group 3 chromosomes
described by Erayman et al. (2004) indicate that Br-42 and Br-A3 are localized in the
gene rich region (GRR) termed 3S0.8 which is delimited by the deletions 3AS-3(0.71)

— 3BS-3(0.87).
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Figure 2.2 A. Genetic linkage map of chromosome 3A, developed using the RICL-3A
population, showing the location of Br-42. Genetic distances are given in Kosambi
cM. B. Deletion bin map of chromosome 3A. Deletion breakpoints are indicated by
arrows. Dark bands on the chromosome indicate the pattern of C-banding (Gill et al.,
1991).
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Figure 2.3 A. Genetic linkage map of chromosome 3B, developed using the RICL-3B
population, showing the location of Br-A3. Genetic distances are given in Kosambi
cM. B. Deletion bin map of chromosome 3B. Deletion breakpoints are indicated by
arrows. Dark and stippled bands on the chromosome indicate the pattern of C-banding
(Gill et al., 1991).
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Discussion

Two mapping populations (RICL-3A and RICL-3B) were used to localize Br-
A2 and Br-A3 on chromosome 3A and 3B of tetraploid wheat (7. turgidum L). The Br-
A2 locus was localized between Xgwm2 and Xbarcl9 on chromosome 3A and Br-A3
was mapped to the Xbarc218 - Xwmc540 interval on the short arm of chromosome 3B.
These results are consistent with the reported chromosomal locations of these genes
(Watanabe et al., 2002).

In barley, the brittle rachis character is controlled by two complementary genes
at two tightly linked loci, bzrl and btr2, located on chromosome 3HS (Takahasi and
Hayashi, 1964) with brittle rachis being dominant to non-brittle rachis. Komatsuda et
al. (2002) mapped btrl on linkage maps of barley chromosome 3H. Chromosome 3H
of barley has been shown to be syntenic with group 3 chromosomes of wheat (Smilde
et al., 2001). Map comparisons suggest that brr/ is homoeologous to the brittle rachis
loci in wheat (Figure 2.4). On chromosome 3A, Br-A2 is tflanked by the RFLP markers
Xcdol435 and Xbced828. The distance between these markers is 11.7 cM. These two
markers span a 23-cM interval in the barley consensus map for chromosome 3H (Qi et
al., 1996). Map comparisons suggested that b#r/ is located in bin 5 or bin 6 in the bin
map of barley (Figure 2.4 E).

Several other reports conclusively show that brittle rachis is controlled by
genes on homoeologous group 3 chromosomes of wheat (Chen et al., 1998; Chen 2001,
Watanabe and lkebata, 2000; Watanabe, 2002), as well as that of other Triticeae such

as chromosome 3S’ of degilops bicornis (Riley et al., 1966; Urbano et al., 1988), 3V




A B C D E

S / Bin1
§ PR e ¥ T heiod 192 ABG321
350. f 497 M | Xedosos oy B 4 e
. "‘,]""" - 557\ {, Nedo1415, Xbed 1512 MWG7 98B oy
o 569 11 Xbards 23 N ;
350. IAS3 o Bin
605 R Xgwme2 2 ARG 3
842 | | o BrAs 64.1 /1 |\ Bra 30 / / BCD1532
IB52 9831:“=.u"r3,.“54¢ T4/ Xbar19, Xgwmees1 H 7 ABG396 —— Bin4
350. 1027 \‘lg | Xwime 777 72641 Xowms2 /
' "1
R 1093 ||/, Xgwm2 64 1 | Xgwméd, Xbar 156 : - Bin$5
1148 '\,.j\ul:.».ri'-ta: 738/ | Xcfa2l64 / e
12374 wancJ“ 2500 [} Xbaxsr = ; -
4 . X ’ - #F/ i
1242\ m‘i:‘ 798 4i |} Xbadi2s e
piod? § W i 9 | PP R R s <
PR 4 214 or & ~
1260/ || \ Xbare 73 ““if it "‘ﬁ" ¥ 85!
N/ 13367 | | \\Xwmel, XwmcS27 92011 it Xfades; 682 £
i 1069/ | || Xbad26d, Xbed 115 ne_H -~ MWGS71B
Short arm of Group 3, Chromosome 3BS, Chromosome 3485, Chromosome 3HS, Barley 3HS,
Wheat Consensus Bin Wheat Wheat Barley Consensus (2004) Bin Map

Map
Erayman et al. (2004)

Figure 2.4 Homoeologous genomic regions affecting brittle rachis character in wheat and barley. Marker synteny is conserved in the
region where the genes for brittle rachis in wheat, Br-43, Br-A2 and the genes for brittle rachis in barley, bfr/ are present. A.
Consensus bin map for homoeologous group 3 chromosomes of wheat with the names of the GRRs on the left and the deletion lines
flanking them on the left of the chromosome. B. Genetic linkage map of the short arm of chromosome 3B containing Br-43. C.
Genetic linkage map of the short arm of chromosome 3A containing Br-42. D. Consensus genetic linkage map of barley chromosome
3HS containing the gene for brittle rachis, b7r/ (Komatsuda et al., 2002; Qi et al., 1996). E. Physical Bin map of barley chromosome
3HS (http://barleygenomics.wsu.edu/databases/databases.html).
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in Dasypyrum villosum, 3S' of Ae. sharonensis and 35’ of Ae. longissima (Urbano et al.,
1988). Miller et al. (1995) demonstrated that chromosome 3N of Ae. uniaristata
induced brittle rachis in the CS/3N addition lines as well as substitution lines in which
3N replaces wheat chromosome 3A, 3B or 3D. King et al. (1997) found that the genes
responsible for brittle rachis in x Tritipyrum were located on chromosome 3E’ of
Thinopyrum bessarabicum. Furthermore, homoeologous group 3 chromosomes of
wheat and chromosome 3H of barley have been shown to have conserved synteny with
rice chromosome 1 (Smilde et al., 2001; Sorrells et al., 2003; Munkvold et al., 2004),
also known to contain genes/factors for shattering (Cai and Morishima, 2000) and
other genes/factors controlling domestication related traits (Xiong et al., 1999).

In stark contrast with the above discussion, a recent study by Peng et al. (2003)
presented evidence that the brittle rachis trait in a F, mapping population from a cross
between T. turgidum ssp. durum x T. turgidum ssp. dicoccoides was controlled by a
factor localized to a terminal location of the linkage map of the long arm of
chromosome 2A. We suspect that this inconsistency with other findings and ours is
due to the fact that individuals were classified into discrete classes (brittle vs. non-
brittle) and these scores were then used for linkage analysis. If the brittle rachis is
controlled by two unlinked dominant genes (on chromosomes 3A and 3B) in T.
turgidum ssp. dicoccoides, as the literature suggests, it would be impossible to find the
true location for these factors if qualitative scores were used for mapping. Thus, it
seems plausible that the location on chromosome 2A is a result of duplicate gene

segregation coupled with pseudo-linkage reported in this population.
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Deletion mapping placed Br-A2 and Br-A3 into the bins 3AS4-0.45-1.00 and
3BS-9 0.57-0.78, respectively. Comparative mapping analyses with the consensus
physical maps of homoeologous group 3 chromosomes described by Erayman et al.
(2004) indicate that Br-42 and Br-A3 are localized in a minor gene rich region (GRR)
termed 3S0.8 (Figure 2.4 A). This GRR is delimited by the deletions 3AS-3(0.71) —
3BS-3(0.87). GRR 3S0.8 has a physical size of 25 Mb and contains ~31% of the genes
present the short arm of this chromosome. GRR 3S0.8 also accounts for 39% of
recombination and the estimated frequency of recombination is estimated to be 580
Kb/cM. These estimates indicate that cloning Br-42 and Br-A3 using map-based

methods will be extremely challenging.
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Abstract

During the domestication of bread wheat (Triticum aestivum L.), modifications
in seed dispersal occurred that enhanced its adaptability to agricultural conditions. Of
these modifications, one that has been investigated because of its evolutionary
significance and its importance in the practical utilization of the wheat grain is the
free-threshing habit. In this study, we mapped and characterized quantitative trait loci
(QTL) affecting the free-threshing habit on chromosome 2D in a recombinant inbred
line (RIL) population developed by the International Triticeae Mapping Initiative
(ITMI) and F; progeny (CS/CS2D F;) of a cross between Chinese Spring and the 2D2
substitution line [Chinese Spring (tauschii 2D)]. Two QTL affected both threshability
and glume tenacity in the ITMI population. One QTL corresponded to fenacious
glumes 1 (Tgl), a previously described gene. We localized 7g/ to a 23-cM region
flanked by Xwmc25 and Xgdm107. The other QTL, which also affected both glume
tenacity and percent threshability, was near Xgwm455. The factor underlying this QTL
was localized to an 11.3-cM interval between Xbcd102 and Xgwm455. We designated
this factor tenacious glumes 3 or Tg3. In the CS/CS2D F, population, glume tenacity
was found to be controlled by two QTL. One QTL corresponded to the action of 7g/
and was localized to a 20.8-cM interval between the markers Xwmc503 and Xbarcl68.
This interval corresponds to the genetic location of 7g/ in the ITMI population. The
other QTL was near Xgwml57. Deletion bin mapping and comparative analyses
indicated that 7g/ and 7g3 were located on a chromosomal segment with an estimated
frequency of recombination of 215 Kb/cM. On the other hand, QGT.orst-2D.3 was

located on a chromosomal region with suppressed recombination where the estimated
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frequency of recombination was 1.5 Mb/cM. These estimates indicate that cloning Tg/
and Tg3 using map-based methods will be feasible but cloning QGt.orst-2D.3 will be

extremely challenging if not impossible.
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Introduction

Hexaploid wheat (Triticum aestivum L., 2n = 42, AABBDD genomes) arose
~8,000 years ago from a spontaneous hybridization between tetraploid wheat (T.
turgidum L. 2n = 28, AABB) and the weedy diploid goatgrass Aegilops tauschii
Cosson (2n = 14, DD) (Huang et al., 2002). During the domestication of wheat,
modifications in seed dispersal occurred that enhanced its adaptability to agricultural
conditions. These changes include modifications of rachis fragility, spikelet
disarticulation, awn development, pubescence, grain size, glume tenacity, and
threshability. Of these modifications, one that has been investigated, because of its
evolutionary significance and its importance in the practical utilization of the wheat
grain, is the free-threshing habit. Genotypes with soft glumes that require limited
mechanical action during the de-hulling process are considered free-threshing (FT)
while genotypes with tough, tenacious glumes that are not readily detached with
mechanical pressure and vigorous rubbing characterize non-free-threshing (NFT)
wheats. Hexaploid wheat has been historically subdivided into several subspecies
based on rachis fragility and the free-threshing trait (Kimber and Sears, 1983). Free-
threshing forms with a tough rachis include 7. aestivum ssp. aestivum, ssp.
sphaerococcum, and ssp. compactum while ssp. spelta, ssp. macha, and ssp. vavilovii
have fragile rachises and are hulled and non-free threshing (Leighty and Boshnakian,

1921; Sears, 1947; Unrau, 1950; Kabarity, 1966; Feldman, 2001).

According to Mac Key (1966), a polygenic system scattered throughout the

wheat genome regulates rachis brittleness and glume tenacity (threshability). Another
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system regulated by the major locus O on chromosome 5SA has also been associated
with suppression of the speltoid character, rachis brittleness, and glume adherence
(Mac Key, 1954; Sears, 1954; Muramatsu, 1963; Kuckuck, 1964; Kerber and Rowland,
1974; McFadden and Sears, 1946). A more recent interpretation suggests that the
dominant allele of Q has a direct eftect on spike characteristics by suppressing the
speltoid character and promoting square-headedness. On the other hand, Q’s effects on
glume tenacity and rachis fragility are indirect and depend on interactions with other
loci that control these characteristics (Luo et al., 2000). In addition to genetic
background effects (Muramatsu 1986), variation in the phenotypic effects of Q has
been attributed to allelic variation (Tsunewaki, 1966). Currently, all NFT hexaploids
(except ssp. vavilovii) carry the recessive ¢ allele while all FT forms carry the
dominant Q allele (Feldman, 2001).

Kerber and Dyck (1969) originally reported the existence of a factor in the D
genome that affected threshability or glume tenacity in hexaploid wheat. This was
later confirmed by Kerber and Rowland (1974) whose studies showed that the NFT
trait of synthetic hexaploids, irrespective of whether their tetraploid parent carried QO
or g, was due to the Tg/ (renacious glumes 1) gene on chromosome 2DS. Because
NFT hexaploids were produced when FT tetraploids were crossed with Ae. tauschii,
the authors concluded that the dominant 7g/ allele derived from Ae. tauschii interfered
with or evaded the effect of Q.

When the free-threshing habit was studied in a recombinant inbred line
population developed from a cross between a spring wheat, Opata-85 and a synthetic

hexaploid wheat, W-7984, QTL on chromosomes 2A, 2B, 2D, 5A, 6A, 6D and 7B

I
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were found to affect the free-threshing character (Jantasuriyarat et al., 2004). In this
study, the QTL on the short arm of chromosomes 2D (corresponding to 7g/) and the
long arm of chromosome 5A (corresponding to () had the largest effects on the trait.
Overall, the free-threshing habit was predominantly affected by 7g/ and to a lesser
extent by Q. Investigations with hexaploid wheat aneuploids (Sears, 1954), tetraploid
wheat (Simonetti et al., 1999), and T. monococcum (Taenzler et al., 2002) also suggest
that genes on group 2 chromosomes primarily influence the free-threshing habit by
their direct effects on glume tenacity. Thus, the free-threshing phenotype of hexaploid
wheat is largely the result of interactions between tenacious glumes loci on group 2
chromosomes and Q on chromosome SA.

Q has been the subject of intense research leading to its precise localization
and isolation (Faris et al., 2003). On the other hand, there has been a scarcity of
studies involving genes that affect glume tenacity like 7g/. Thus, the aim of our
research is to fill this void by using map-based methods to ultimately localize and
characterize Tg/. Previously, we used quantitative trait mapping to regionally localize
Tgl on chromosome 2D (Jantasuriyarat et al., 2004). The objectives of this study are:
(i) to generate microsatellite marker-based linkage maps of the short arm of
chromosome 2D; and (ii) to localize factors influencing glume tenacity and

threshability on chromosome 2D of hexaploid wheat.
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Materials and Methods

Plant Material

The localization of factors affecting threshability and glume tenacity was
studied using two mapping populations. One mapping population consisted of
recombinant inbred lines (RIL) developed by a collaborative mapping project of the
International Triticeae Mapping Initiative (ITMI). The RIL population was developed
from a cross between a hard red spring wheat cultivar, Opata-85 and synthetic wheat,
W-7984. W-7984 was derived from a cross between a durum wheat Altar 84 and Ae.
tauschii (Nelson et al., 1995a, b, ¢; Marino et al., 1996; Van Deynze et al., 1995). Seed
of the ITMI RIL population and the two parents were provided by Dr. C. Qualset
(University of California, Davis). Opata-85, W-7984, and 110 ITMI RILs were
previously grown in three sites (University East Farm, West Greenhouse, and Hyslop
Farm Field Laboratory, Corvallis, Oregon) for two years (1999 and 2000) to study
traits associated with the free-threshing habit (Jantasuriyarat et al., 2004). For this
study, the ITMI population and its parents were again planted in un-replicated 5-m
row plots at Hyslop Farm Field Laboratory in 2001.

The second mapping population (CS/CS2D) used in this study consisted of F
progeny from a cross between Chinese Spring and the 2D2 substitution line. The 2D2
line is a substitution line in which chromosome 2D from Chinese Spring was
substituted by chromosome 2D from Ae. tauschii [Chinese Spring (fauschii 2D)]. Seed

for the 2D2 substitution line was provided by Dr. Jan Dvorak (University of California,
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Davis). Chinese Spring, 2D2, and 93 F, individuals were planted at West Greenhouse,
Oregon State University, in 2003.

Homoeologous group 2 cytogenetic stocks were used to place markers to
chromosomes and chromosome segments. These stocks included Chinese Spring
nullisomic-tetrasomic (N2AT2B, N2BT2D, and N2DT2A), ditelosomic (Dt2DS and
Dt2DL), and four deletion lines (2DSI, 2DSS, 2DL3 and 2DL9). The group 2
cytogenetic stocks were provided by Dr. B. S. Gill (Kansas State University,
Manhattan). Karyotypes detailing chromosome deletion breakpoints can be found at

http://wheat.pw.usda.gov/west/ binmaps/wheat2_rice.html.

DNA isolation and microsatellite marker analysis

About 30 to 50 mg of leaf tissue from lines from the ITMI and CS/CS2D
populations and the parental lines were used for DNA extraction. DNA was extracted
using a Qiagen/Retsch MM300 mixer mill (Qiagen Inc, Valencia, CA) as described by
Riera-Lizarazu et al. (2000). Microsatellite markers previously placed on chromosome
2D by various research groups were used in this study (Nelson et al., 1995a, b, c;
Roder et al., 1998; Pestova et al., 2000; Somers et al., 2004). In addition, STS markers
were developed from restriction fragment length polymorphism (RFLP) loci present in
the region of interest. RFLP probe sequences were obtained from the NCBI database

(http://www.ncbi.nim.nih.gov/). The GenBank accession numbers for the RFLP probe

sequences are provided in Table 3.1. The RFLP probe sequence was used in a BLAST
search to identify tentative contigs (TC) in wheat at the TIGR wheat database

(http://www.tigr.org/tigrscripts/tgi/Tindex.cgi?species=wheat). The TCs with the
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highest BLAST hit were then used to identify rice orthologues at the TIGR rice

database (http://www.tigr.org/tdb/ e2kl/osal/). Genomic rice sequences which

matched a pertinent wheat TC sequence were then used to obtain a predicted

intron/exon structure using PlantGDB GeneSeqer Online (http://www.plantgdb.org

/cgi-bin/PlantGDB/GeneSeqer/PlantGDBgs.cgi). Primers were designed to amplify

predicted introns to increase the chances of obtaining polymorphisms. The primer

sequences of the STS markers used in this study is given in Table 3.1.

Table 3.1 Primer sequences, GenBank accession numbers, and annealing temperatures
for STS markers mapped on chromosome 2DS.

STS Primers Tm RFLP GenBank
Locus O marker  Accession
CGTCGTTTAAACAAGACATC
Xorw2 CATGTGGCAGTCATCGTACA 60 Xpsr928  AJ440662

TCGACCTCCAGGTCAAGGAG
Xorw3 GTCTCAGGTATCACCCGCGC 60 Xbedl75  BE438756

TTGCCCCATCTGTAAAAAGG
Xorw4 TTGGGAGGAGGAAAAGAGGT 60 Xbcdl970 BE438952

Nine microsatellite primers sets that had been previously used to map loci on
chromosome 2DS were used to genotype the parents and the 110 ITMI RILs. This was
necessary since only a subpopulation of 60-70 individuals had been genotyped
previously with the markers of interest (Roder et al., 1998; Pestova et al., 2000).
Marker data available for 13 RFLP and two microsatellite marker loci on chromosome
2D was also used in this study. Data for these markers are publicly available at

GrainGenes (http://wheat.pw.usda.gov/index.shtml). Twenty three markers were used
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to construct a linkage map of chromosome 2D using the CS/CS2D F, population.
Polymerase chain reaction (PCR) amplification of microsatellite and STS loci was
performed in a volume of 10 pL in a MWG Thermalcycler (Primus 96 Plus). The
reaction mixture contained 0.5 pM of each primer, 0.2 mM of each deoxynuleotide,
0.03 U/uL Tag DNA Polymerase (Qiagen), 1X Tagq buffer from Qiagen, 2% sucrose in
cresol red and 50 ng of template DNA. After 5 min at 94°C, 45 cycles were performed
with 30s at 94°C, 30s at 50, 55 or 60°C (depending on the individual primer set) and
30s at 72°C, followed by a final extension step of 10 min at 72°C. Products were
screened on 4% agarose gels and visualized after staining with ethidium bromide.

For markers that did not have easily discernible polymorphisms on agarose
gels, fluorescent detection of PCR amplification products was achieved using one
primer labeled with either 5-carboxy-fluroscein (5-FAM) or 4,7,2°,4’,5°,7’-hexactloro-
6-carboxyrhodamin (HEX). Amplification products were electrophoresed and detected
in an ABI Prism"™ 3100 DNA sequencer at the Central Services Laboratory, Center
for Gene Research and Biotechnology, Oregon State University. ABI collection
software version 1.1 was used for raw data collection. Microsatellite fragments were

analyzed using Genescan'™ analysis software version 2.1 and Genotyper ® software.

Map Construction

Linkage maps were constructed using Mapmaker/Exp 3.0 (Lander et al., 1987).
The group command with a minimum LOD of 3.0 and a maximum distance of 50-cM
was used to identify linked markers. Subsequently, the order command (LOD 3.0) was

used to build maps. Finally, the ripple command was used to verify map orders.
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Recombination fractions were converted into map distances (cM) using the Kosambi

mapping function.

Phenotypic Assessment

The ITMI and the CS/CS2D population and their parental lines (grown either
at Hyslop Farm Field Laboratory in 2001 or at the West Greenhouse in 2003) were
evaluated for the free-threshing habit by measuring glume tenacity and percent
threshability. To measure glume tenacity, a LKG-1 Hunter force gauge (AMETEK,
Inc., Hatfield, PA) was used to measure the force (N=Newton) necessary to separate
the glumes at their base from four randomly selected spikelets per spike (Figure 3.1).
Glume tenacity was measured in four spikes per individual. Percent threshability was
measured by processing eight randomly chosen mature spikes of each line through a
gasoline-powered thresher and collecting both threshed and unthreshed seeds (Figure
3.2). Threshability was calculated as the percentage of completely threshed seeds out
of all seeds harvested. Due to the lack of a sufficient number of spikes, percent
threshability was not evaluated for the CS/CS2D F, population. Percent threshability
and glume tenacity data are presented in Appendices 5 and 6. The ITMI RILs and the
CS/CS2D F; individuals were also evaluated for glaucousness (waxiness/glossiness)
of stems and leaves. These evaluations were used to map /w2, a dominant inhibitor of

glaucousness, segregating in both populations.
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Figure 3.1 LKG-1 Hunter force 10 gauge (AMETEK, Inc., Hatfield, PA) used to
measure glume tenacity.

Threshability — 100% Threshability — 34%

Figure 3.2 Threshed spikes and their components for Opata-85 (A) and W-7984 (B),
parents of the ITMI RIL population [threshed seeds (Sd), chaff (Ch), spikelets (Spl),
spike fragments (Spk)].




QTL Analysis

Percent threshability, glume tenacity measurements, and linkage maps were
used for quantitative trait locus (QTL) analysis using QTL Cartographer (Basten et al.
1999). For analyses involving the ITMI population, a whole genome map with ~500
loci described by Jantasuriyarat et al. (2004) was used in conjunction with the map of
chromosome 2D that was constructed for this study. Least square trait means from
each environment (except for un-replicated experiments) and means across
environments were analyzed. QTL were mapped using composite interval mapping
(CIM) (Zeng, 1993; 1994) with a maximum of 10 co-factors selected using the
forward-selection backward-elimination stepwise regression procedure. A 5-cM scan
window was used for all analyses and the likelihood ratio (LR) statistic was computed
every | cM. Based on previous work (Jantasuriyarat et al., 2004), a threshold of LOD
3.0 was deemed adequate for QTL identification. For analyses involving the CS/CS2D
population, the map of chromosome 2D constructed in this study was used. QTL
mapping was performed as described earlier. In addition, the multiple interval
mapping (MIM: Kao et al. 1999) procedure was used to test the statistical significance
of the various modes of inheritance for the QTL identified with the CS/CS2D

population.



Phenotypic data

Phenotypic frequency distributions for percent threshability and glume tenacity
measurements of the ITMI population grown at Hyslop Farm in 2001 are shown in
Figures 3.3 A and 3.3 B. The distribution of percent threshability was continuous and
skewed towards the more threshable group (Figure 3.3 A). Similarly, the distribution
of glume tenacity values was also continuous and skewed towards the less tenacious
side (Figure 3.3 B). A phenotypic frequency distribution for glume tenacity
measurements of the CS/CS2D population grown at the West greenhouse in 2003 is
shown in Figure 3.3 C. The distribution was continuous but skewed towards the softer
glume side (Figure 3.3 C).

The mean trait values for glume tenacity and percent threshability for the ITMI
population are presented in Table 3.2. W-7984 is a synthetic wheat with highly
tenacious glumes and required an average of 5.78 N of force to detach glumes from its
rachis. Consequently, W-1984 was not easily threshed (33.6% threshability). Opata-85,
on the other hand, required only 1.06 N of force to achieve glume detachment and was
found to be very threshable (97.9% threshability). Glume tenacity measured as the
force (N) necessary to separate glumes from their spike rachises ranged from 0.75 N to
7.53 N in the ITMI population. Percent threshability for the ITMI RILs ranged from

11.76% to 98.76%.
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Figure 3.3 Phenotypic frequency distributions for percent threshability (A) and glume
tenacity (B) for the ITMI population (Hyslop farm, 2001). Parental values for Opata-
85 (0) and W-7984 (W) are indicated with arrows. Phenotypic frequency distribution

for glume tenacity (C) for the CS/CS2D F, population (West greenhouse 2003).
Parental values for Chinese Spring (CS) and 2D2 (CS2D) are indicated with arrows.

The mean trait values for glume tenacity for the CS/CS2D F, population are
also presented in Table 3.2. The 2D2 substitution line had tough glumes requiring

about 2.94 N of force to effect glume detachment. Chinese Spring, on the other hand,
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had softer glumes requiring only 0.91 N of force to separate its glumes from their
spikes. Glume tenacity values for the CS/CS2D F, population ranged from 0.50 to

4.50 N.

Table 3.2 Mean, range (Min. and Max.) and standard deviation (SD) of threshability-
associated trait values of the parental lines W-7984, Opata-85 and 110 ITMI RILs and
Chinese Spring, 2D2 and 93 F, progeny (CS/CS2D F»s).

Environment Lines Glume Threshability (%)
Tenacity (N)

Hyslop Farm, 2001 W-7984 5.78 33.6
Opata-85 1.06 97.9
ITMI RILs
Mean 3.39 65.72
Range 0.75-7.53 11.76-98.76
SD 1.51 18.7

West greenhouse, Chinese Spring 0.91

2003 2D2 2.94
CS/CS2D Fss
Mean 2.05
Range 0.50-4.50
SD 0.96

Mapping

The segregation data for the microsatellites mapped on chromosome 2D using
the ITMI RIL and CS/CS2D F, populations are provided in Appendices 3 and 4,
respectively. The linkage map for chromosome 2D based on the ITMI population was
composed of 26 loci (Figure 3.4 A) and spanned 168.0 cM. The average distance
between the markers was 5.4 cM. The largest interval in the map was 18.7 ¢cM
(between Xtam8 and Xgwm349). The linkage map of chromosome 2D based on the

CS/CS2D population was composed of 23 loci (Figure 3.4 B) that spanned 162.6 ¢cM

S
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with an average distance of 7.1 cM between markers. The largest interval in the map

was 34.4 cM between Xcfd168 and Xgwm349.

QTL analysis

Glume tenacity and percent threshability, in the ITMI population, was
evaluated in three environments (East Farm 2000, West Greenhouse 2000, and Hyslop
Farm 2001). Two QTL, designated QGt.orst-2D.1 and QGt.orst-2D.2, were detected
on chromosome 2D (Table 3.3). QGt.orst-2D.1 explained 20% to 26% of the
phenotypic variance in the environments tested. In the analysis across environments,
QGt.orst-2D.1 explained 53% of the phenotypic variance. QGt.orst-2D.2 explained
15% to 18% of the phenotypic variance. This QTL explained 44% of the phenotypic
variance across environments. The loci most closely associated with QGt.orst-2D.1
and QGt.orst-2D.2 were Xgwm261 and Xgwm455, respectively. The peaks of the two
QTL were separated by a distance of 7 cM (Figure 3.4 A).

Two QTL that affected percent threshability were also identified on
chromosome 2D. The QTL were designated QFt.orst-2D.1 and QFt.orst-2D.2 (Table
3.4). QFtorst-2D.1 explained from 18% to 52% of the phenotypic variance. In the
analysis over three environments, QFt.orst-2D.] explained 44% of the phenotypic
variance. QFt.orst-2D.2 explained 33% to 46% of the phenotypic variance. A
combined analysis across environments showed that QFt.orst-2D.2 explained 36% of
the phenotypic variance. The loci most closely associated with QFt.orst-2D.1 was
Xgwm261 and with QFt.orst-2D.2 was Xgwm455 (Figure 3.4 A). W-7984 contributed

the higher value allele for QTL that affected glume tenacity while percent threshability
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increased with the Opata-85 alleles at these QTL. Markers associated with these QTL
were all placed in the deletion bin 2DS5-0.47-1.00 (Figure 3.4 C).

Glume tenacity, in the CS/CS2D F, population, was evaluated in one
environment (West Greenhouse 2003). Two QTL, designated QGt.orst-2D.1 and
QOGt.orst-2D.3, were detected on chromosome 2D (Table 3.4). QGt.orst-2D.1
explained 52% of the phenotypic variance. On the other hand, QGt.orst-2D.3 only
explained 14% of the phenotypic variance. The loci most closely associated with
OGt.orst-2D.1 and QGt.orst-2D.3 were Xwmc503 and Xgwm157, respectively (Figure
3.4 B). QGt.orst-2D.1 and QGt.orst-2D.2 showed both additive and dominance effects
but an overall additive mode of inheritance had better statistical support (Table 3.4).
Microsatellite markers associated with QGt.orst-2D.1 were placed in the deletion bin
2DS5-0.47-1.0. Microsatellites associated with QGt.orst-2D.2 were placed in the

deletion bin C 2DS1-0.33 (Figure 3.4 C).
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Figure 3.4 A. Genetic linkage map and QTL for threshability associated traits on
chromosome 2D detected using the ITMI RIL population. Open bars indicate the 2-
LOD interval for the QTL that affected percent threshability (QFt.orst-2D.1 and
QFt.orst-2D.2). Solid bars indicate the 2-LOD interval for QTL that affected glume
tenacity (QGt.orst-2D.] and QGtorst-2D.2). QFtorst-2D.1 and QGtorst-2D.]
represent the action of Tg/ while QFtorst-2D.2 and QGt.orst-2D.2 represent the
action of Tg3. B. Genetic linkage map and QTL for glume tenacity on chromosome
2D detected using the CS/CS2D F, mapping population. A solid bar indicates the 2-
LOD interval for the QTL that affects glume tenacity (Q.Gt.orst-2D.1) and the
stippled bar indicates the other QTL that also affected glume tenacity (Q.Gt.orst-2D.3).
The triangles mark the peaks of the respective QTL. The lines between the two linkage
maps connect common markers. STS loci Xorw2, Xorw3, and Xorw4 may correspond
to the RFLP loci Xpsr928, Xbcdl75, and Xbcdl970, respectively. Q.Gt.orst-2D.1
represents the action of Tg/. C. Deletion bin map of chromosome 2D. Deletion
breakpoints are indicated by arrows. Dark bands on the chromosome indicate the
location of C-bands (Gill et al., 1991).
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Table 3.3 Threshability-associated quantitative trait loci (QTL) for the ITMI population. Location, significance, effect, and proportion
of phenotypic variation explained based on composite interval mapping (CIM) analysis performed using QTL Cartographer.

Trait QTL Symbol Environment QTL peak position 2-LOD support limit, cM LR? R*P Additive effect
(nearest locus) range statistic
Glume QOGtorst-2D.1 East Farm 2000 41.2 38.6-43.2 55.67 0.26 0.54
Tenacity (Xgwm26]) (Xgdm5 — Xwmc25)
Greenhouse 2000 40.2 37.6-43.2 59.15 0.23 0.36
(Xgwm296) (Xgdm5 — Xwmc25)
Hyslop Farm 2001 41.2 40.2-432 62.39 0.20 0.85
(Xgwm261) (Xgwm296 — Xwmc25)
Combined 41.2 41.2-422 122.31 0.53 0.69
(Xgwm261) (Xgwm261)
OGt.orst-2D.2 East Farm 2000 29.7 25.7-34.1 29.31 0.18 0.44
(Xbcd102) (Xbed102 — Xgwm455)
Greenhouse 2000 31.7 25.7-34.1 30.96 0.16 0.30
(Xgwmd55) (Xbedl102 — Xgwm455)
Hyslop Farm 2001 34.7 34.1 -36.1 399 0.15 0.81
(Xgwm455) (Xgwm455 — Xgdm)5)
‘ Combined 31.7 25.7 - 34.1 71.52 0.44 0.62
1 (Xgwm455) (Xbed102 — Xgwm455)
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Table 3.3 (continued)

Trait QTL Symbol Environment QTL peak position 2-LOD support limit, cM LR*® R*®  Additive effect ¢
(nearest locus) range statistic
Percent QFt.orst-2D.1 Hyslop Farm 1999 41.2 39.6 -43.2 100.97 0.38 -12.34
Threshability (Xgwm261) (Xgdm5 — Xwmc25)
East Farm 2000 41.2 40.2-422 131.58 0.52 -14.02
(Xgwm261) (Xgwm296 — Xwmc25)
Hyslop Farm2001 438 422 -498 46.27 0.18 -8.39
(Xwmc25) (Xgwm261] — Xwmc25)
Combined 422 39.6 -42.2 121.06 0.44 -10.74
(Xgwm261) (Xgwm261 — Xwmc25)
QFtorst-2D.2 Hyslop Farm 1999 317 28.7-37.1 65.73 0.33 -11.55
(Xgwm4355) (Xbedl102 — Xgwm455)
East Farm 2000 317 28.7-35.1 76.06 0.46 -13.24
(Xgwm4355) (Xbedl102 — Xgwm455)
Hyslop Farm2001 29.7 27.7-31.7 33.90 0.18 -8.07
(Xbed102) (Xbedl102 — Xgwm455)
Combined 30.7 27.1-33.7 84.9 0.36 -9.59
(Xgwm455) (Xbed102 — Xgwm455)

* LR is the Likelihood ratio test statistic 2 In (Li/L,), where (L¢/L,) is the ratio of likelihoods between the hypothesis that there is no QTL in the tested interval
(Ly) and the hypothesis that there is a QTL in the tested interval (L) (Basten et al. 1994, 1999).

® R? is the proportion of the phenotypic variance explained by the QTL after accounting for co-factors.

© Additive effects indicates an additive main effect of the parent contributing the higher value allele: In the ITMI population, positive values indicate that higher
value alleles are from W-7984 and the negative values indicate that higher value alleles are from Opata-85.

Note: Genetic distances presented in the table represent distances calculated before the integration of Tg/ and Tg3 into the linkage map for chromosome 2D.

LS



Table 3.4 Threshability-associated quantitative trait locus (QTL) for the Chinese Spring x 2D2 F, population. Location, significance,
effect, and proportion of phenotypic variation explained based on composite interval mapping (CIM) and multiple interval mapping
(MIM) analysis performed using QTL Cartographer.ng (MIM) analysis performed using QTL Cartographer.

Trait QTL Symbol Environment  QTL peak position  2-LOD support limit, cM LR’ statistic Effects of Phenotype MOI°
(nearest locus) range a’ & da’ R*®
Glume QGt.orst-2D. 1 Greenhouse 37.71 (Xwme503) 33.71-42.7 73.50 -099 0.09 -0.09 0.52 A
Tenacity 2003 (Xwmc503)
QGr.orst-2D.3 Greenhouse 78.51 (Xgwml157) 59.31 -87.91 27.23 -040 -0.19 046 0.14 A
2003 (Xgwm515 — Xgwm539)

'LR is the Likelihood ratio test statistic 2 In (Ly/L}). where (Ly/L)) is the ratio of likelihoods between the hypothesis that there is no QTL in the tested interval (L)
and the hypothesis that there is a QTL in the tested interval (L,) (Basten et al. 1994, 1999).

* Additive effects indicate an additive main effect of the parent contributing the higher value allele.

* Dominance effect indicates a dominance main effect of the parent contributing the higher value allele.
* d/a: degree of dominance

R is the proportion of the phenotypic variance explained by the QTL after accounting for co-factors.
® Mode of Inheritance (MOI) estimated based on an analysis with constrained genetics. A = additive.

Note: Genetic distances presented in the table represent distances calculated before the integration of 7g/ into the linkage map for chromosome 2D.

8¢
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Localization of discrete loci underlying QTL

Previous research and the similarity in location, effect, and behavior of QTL
that affected both glume tenacity and percent threshability in this study suggested that
these represented manifestations of discrete loci. These factors were localized using
the following strategy. As discussed earlier, coincident QTL affecting glume tenacity
(OGt.orst-2D.1) and percent threshability (QFt.orst-2D.1) were detected in the ITMI
population. In order to genetically localize the factor responsible for this QTL, we first
classified individuals into two groups based on their allelic configurations at Xbcd102
and Xgwm455. These two markers form the 2-LOD support interval for QGt.orst-2D.2
and QFt.orst-2D.2 (Table 3.3, Figure 3.4 A). The first group consisted of RILs which
had Opata-85 alleles at both marker loci and the second group consisted of RILs that
had W-7984 alleles. Individuals that showed recombination between the Xbcd[02 and
Xgwm455 or had missing data were not used in the analysis since the QTL genotype
for this group of lines was uncertain. Individuals within the first and second groups
will differ from each other and their respective controls primarily because of the
genetic locus underlying QGT.orst-2D.1 or QFt.orst-2D.1. Using Dunnett’s multiple
comparisons of means (Rafter et al., 2002) the first group was compared to Opata-85
and RIL individuals that did not differ significantly from this control were considered
to possess Opata-85 alleles at this locus. RILs that differed significantly from Opata-
85 were considered to possess alleles from the other parent, W-7984. The second
group of RILs was compared to W-7984. RILs that did not differ significantly from
this control were considered to possess alleles from W-7984 and RILs that differed

significantly from W-7984 were considered to possess alleles from Opata-85. By
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combining glume tenacity and percent threshability data to compare the RILs in the
two groups to their respective controls a consensus classification of RILs was obtained.
Using this consensus classification a genetic location for the factor representing
QGt.orst-2D.1 and QFt.orst-2D.1 was obtained. These QTL represent the action of
Tgl that was localized to a ~23-cM interval between the markers Xwmc25 and
Xgdm107 (Figure 3.4 A).

The detection of other coincident QTL with a significant effect on glume
tenacity (QGt.orst-2D.2) and percent threshability (QFt.orst-2D.2) indicated that a
second factor on chromosome 2D also affected free-threshing habit. The same strategy
used to place Tg/ was used also in this case. The 2-LOD support interval for QGt.orst-
2D.1 and QFtorst-2D.1 is marked by Xgwm261 and Xwmc25 (Table 3.3, Figure 3.4
A). The ITMI RILs were classified into groups as before and RILs within groups were
compared to their respective controls using Dunnett’s tests. Again, a consensus
classification of RILs was achieved using glume tenacity and percent threshability
data. Linkage analysis was then used to genetically localize the genetic locus
underlying QGt.orst-2D.2 and QFt.orst-2D.2. These QTL represent the action of a
locus distinct from 7g/ that we have named Tg3. Tg3 was mapped to an 11.3-cM
interval between Xbcd102 and Xgwm455 (Figure 3.4 A).

In the CS/CS2D F, mapping population, two QTL, QGt.orst-2D.] and
QGt.orst-2D.3, which affected glume tenacity were identified. In order to genetically
localize the genetic locus responsible for QGt.orst-2D.1, F, individuals were first
classified into four groups on the basis of their allele configurations at Xgwm /57 and

Xgwm245. These two loci are contained in the 2-LOD support interval for QGt.orst-
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2D.3. The first group consisted of individuals that had Chinese Spring alleles at both
marker loci, the second group consisted of individuals that had the 2D2 allele at both
marker loci, the third group consisted of individuals heterozygous at the marker loci
and the fourth group consisted of individuals which had recombinations between the
two marker loci or had missing data. Using Dunnett’s multiple comparisons of means,
the first group was compared to Chinese Spring and F, individuals that did not differ
significantly from this control were considered to possess Chinese Spring alleles at
this locus. F,s that differed significantly from Chinese Spring were classified as
individuals that were not homozygous for alleles from Chinese Spring. The second
group of Fys were compared to 2D2. Fys that did not differ significantly from this
control were considered to possess alleles from 2D2 at this locus. F, individuals that
differed significantly from 2D2 were classified as individuals that were not
homozygous for alleles from 2D2. The third group of Fs was compared also to
Chinese Spring. Individuals that did not differ from this control were considered to
possess alleles from Chinese Spring and the F,s that differed significantly were
considered to not be homozygotes for the alleles from Chinese Spring. Individuals
from the fourth group were not used in this analysis. Linkage analysis using these
classifications yielded a genetic location for the factor underlying QGt.orst-2D.1. A
genetic locus was localized to a 20.8-cM interval between the markers Xwmc503 and
Xbarcl68. Since this interval corresponded to the genetic location of 7g/ observed in
the ITMI mapping population, this locus is likely to also represent 7g/ in this
population. We were unable to unambiguously obtain qualitative classifications and to

genetically localize the factor representing QGt.orst-2D.3.




Discussion

Two mapping populations and a quantitative mapping approach were used to
localize factors affecting the free-threshing character on chromosome 2D of common
wheat (T. aestivum L). In analyses using the ITMI RIL population, two coincident
QTL that affected both glume tenacity and percent threshability were identified. Since
the effects of these QTL were fairly large (Table 3.3), loci underlying these QTL were
genetically localized on the linkage map of chromosome 2D. A locus corresponding to
tenacious glumes 1, Tgl, was localized to a ~23-cM interval between the markers
Xwmc25 and Xgdm107 (Figure 3.4 A). In addition, a locus distinct from 7g/, named
Tg3, was mapped to an 11.3-cM interval between Xbcd102 and Xgwm455 (Figure 3.4
A). Similarly, analyses using the CS/CS2D mapping population allowed the
identification of two QTL that affected glume tenacity. One QTL had a large effect
(Table 3.4) and was localized to a discrete genetic locus. This locus was placed in an
interval that corresponded to the genetic location of Tgl/ observed in the ITMI
mapping population. Thus, this locus also likely represents 7g/ (Figure 3.4 B). We
also found that this locus had both additive and dominance effects but had mostly an
additive mode of inheritance where heterozygotes showed an intermediate phenotype.
This is also consistent with earlier descriptions of 7g/ as a semi-dominant gene
(Kerber and Rowland, 1974). Because of its relatively smaller effect (Table 3.4), we
were unable to precisely localize QGt.orst-2D. 3.

In a previous study involving the ITMI population, 7g/ had been regionally
localized on chromosome 2D but the presence of a second QTL was overlooked

(Jantasuriyarat et al., 2004). It is possible that the inability to detect 7g3 in an earlier
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study was due to missing data, a more sparse coverage of the chromosomal regions in
question, and the reported difficulty of separating linked QTL (Haley and Knott, 1992;
Whittaker et al., 1996). Nonetheless, our results are in line with a report for the
presence of an additional gene on chromosome 2D, besides Tg/, that also affected
glume adherence in wheat (Ternowskaya and Zhirov, 1993). Whether this factor
corresponds to 7g3 or QGt.orst-2D.3 needs to be determined.

There have been recent reports on the localization of genes that affect glume
tenacity on other homoeologous group 2 chromosomes. Simonetti et al. (1999) found
four QTL on chromosomes 2B, SA, and 6A which affected threshability in a RIL
population derived from a cross between a T. turgidum ssp. durum and T. turgidum
ssp. dicoccoides. The free-threshing character was predominantly affected by a QTL
on the short arm of chromosome 2B that represented the effect of a locus that was
named fenacious glumes 2 (Tg2). Tg2 was interpreted to be a homoeologue of 7g/ but
we suggest that more comprehensive mapping of the 7g2 region is needed in order to
establish orthology especially in view of our observation that more tHan one locus
affecting glume adherence was found in chromosome 2D using two different
populations. Evidence for a possible orthologue of Tg/ or Tg3 in the A genome was
presented by Taenzler et al. (2002) who mapped a soft glume (Sog) locus on the short
arm of chromosome 2A™ of T. monococcum.

The presence of factors that affect glume tenacity on homoeologous group 2
chromosomes dates back to Sears’ (1954) observations that plants that were nullisomic
for chromosomes 2A, 2B, or 2D had papery glumes while plants that were tetrasomic

for these chromosomes had glumes that were stiffer than normal disomic plants. With
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current map-based methods and the availability of various genomic resources and the
development of comprehensive genetic and cytogenetics maps (Nelson et al., 1995a, b,
c; Roder et al., 1998; Pestova et al., 2000; Somers et al., 2004; Boyko et al., 2002),
BAC libraries (Lijatvetzky et al., 1999; Cenci et al., 2003), physical maps (Gill et al.,
1993; Kota et al., 1993; Hohmann et al., 1994; Ogihara et al., 1994, Delaney et al.,
1995a; Delaney et al., 1995b, Mickelson-Young et al., 1995; Gill et al., 1996) and a

large collection of mapped ESTs (U.S. Wheat Genome Project - http://wheat.pw.

usda.gov/NSF/), the isolation of the genes in question may one day be possible. In

order to gauge the feasibility of using map-based methods to isolate the genes in
question, we mapped the pertinent microsatellite markers using chromosome 2D
Chinese Spring deletion stocks. Twelve microsatellite markers associated with 7g/
and Tg3 were placed in deletion bin 2DS5-0.47-1.0 that spans the terminal 23% of the
short arm of chromosome 2D (Figure 3.4 C). Six markers associated with QGt.orst-
2D.3 were placed in deletion bin C-2DS-0.33 which spans 14.4 % of the entire
chromosome. Erayman et al. (2004) physically mapped over 3,000 loci using 334
deletion lines. This comprehensive analysis showed that the gene-containing fraction
(29%) of the wheat genome was organized in 18 major and 30 minor gene-rich regions
(GRRs). Comparative mapping analyses with the consensus physical maps for wheat
group 2 chromosomes showed that Tg/ and 7g3 were located in a major GRR 2S0.8.
This GRR, located in the short arm, is flanked by deletions 2BS-14(0.84) and 2BS-
3(0.79). GRR 2S0.8 represents a physical segment of ~7 Mb containing ~31% of the
genes in this chromosome arm. Furthermore, Erayman et al. (2004) estimated that

frequency of recombination in this GRR was 215 Kb/cM. On the other hand,
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QGt.orst-2D.3 was placed in GRR 2S0.5 with an estimated recombination frequency
of 1.5 Mb/cM. These estimates indicate that cloning Tg/ and 7g3 using map-based
methods is feasible while cloning QGt.orst-2D.3 will be extremely challenging if not

impossible.
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Chapter 4

Conclusions

The goal of this thesis was to broaden our understanding of the genetic basis of

domestication traits in wheat by addressing the following objectives:

i. To develop linkage maps of chromosomes 3A and 3B of tetraploid wheat;

ii. To genetically map genes for the brittle rachis character, Br-42 and Br-43,

iii. To generate microsatellite-based linkage maps of the short arm of
chromosome 2D of hexaploid wheat; and

iv. To localize factors affecting glume tenacity and free-threshing character on

chromosome 2D.

Objectives (i.) and (ii.) were addressed in a study presented in chapter 2. In this
study, two mapping populations (RICL-3A and RICL-3B) were used to develop
linkage maps of chromosomes 3A and 3B and to localize the brittle rachis loci, Br-42
and Br-A3. The Br-A2 locus was localized between Xgwm2 and Xbarcl9 on
chromosome 3A and Br-A3 was mapped to the Xbarc218 - Xwmc540 interval on the
short arm of chromosome 3B (Figure 2.4 B and 2.4 C). These results are consistent
with the reported chromosomal locations of these genes (Watanabe et al., 2002).

Deletion mapping placed Br-42 and Br-A3 into deletion bins 3AS4-0.45-1.00

and 3BS-9 0.57-0.78, respectively. Comparative mapping analyses with the consensus
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physical maps of homoeologous group 3 chromosomes described by Erayman et al.
(2004) indicate that Br-42 and Br-43 were localized in a minor gene rich region (GRR)
termed 3S0.8 (Figure 2.4 A). This GRR has a physical size of 25 Mb and accounts for
39% of recombination. The estimated frequency of recombination in GRR 3S0.8 was
580 Kb/cM. These estimates indicate that cloning Br-42 and Br-43 using map-based
methods will be extremely challenging.

Objectives (iii.) and (iv.) were addressed in a study presented in chapter 3. In
this study, two mapping populations and a quantitative mapping approach were used
to localize factors affecting the free-threshing character on chromosome 2D of
common wheat (Triticum aestivum L). In analyses using the ITMI RIL population,
two coincident QTL: that affected both' glume tenacity and percent threshability were
identified. Subsequently, loci underlying these QTL were genetically localized on the
linkage map of chromosome 2D. A locus corresponding to tenacious glumes 1 (Tgl)
was localized to a ~23-cM interval between the markers Xwmc25 and Xgdm107 and a
locus distinct from 7g/, named 7g3, was mapped to an 11.3-cM interval between
Xbedl102 and Xgwm455 (Figure 3.4 A). Similarly, analyses using the CS/CS2D
mapping population allowed the identification of two QTL that affected glume
tenacity. A discrete genetic locus for one of these QTL was placed in an interval that
corresponded to the genetic location of 7g/ observed in the ITMI mapping population.
Thus, this locus is likely to also represent 7g/ (Figure 3.4 A). We also found that this
locus had both additive and dominance effects but had mostly an additive mode of
inheritance that was consistent with earlier descriptions of Tg/ as a semi-dominant

gene (Kerber and Rowland, 1974). We were unable to precisely localize QGt.orst-
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2D.3, another QTL that affected glume tenacity in the CS/CS2D population (Figure
3.4 A).

Deletion mapping placed 7g/ and Tg3 in deletion bin 2DS5-0.47-1.0.
QGt.orst-2D.3 was placed in deletion bin C-2DS-0.33 (Figure 3.4 C). Comparative
mapping analyses with the consensus physical maps of homoeologous group 2
chromosomes described by Erayman et al. (2004) indicate that 7g/ and 7g3 were
located in GRR 2S0.8. The estimated frequency of recombination in this GRR was
215 Kb/cM. On the other hand, QGt.orst-2D.3 was placed in GRR 250.5 with an
estimated recombination frequency of 1.5 Mb/cM. These estimates indicate that
cloning Tgl and Tg3 using map-based methods is feasible while cloning QGt.orst-
2D.3 will be extremely challenging if not impossible.

In summary, this research yielded the location of five genetic loci that affected
rachis brittleness (Br-42 and Br-43) and glume tenacity (7g/, Tg3, QGt.orst-2D.3) in
wheat. Our analysis suggests that map-based cloning of Br-42, Br-A3, and QGt.orst-
2D.3 will be extremely difficult since they reside in chromosomal areas with
suppressed recombination. On the other hand, the isolation of 7g/ and 7g3 using map-
based methods will be feasible since they are located in a chromosomal region with a
moderate level of recombination. Information from model species such as Arabidopsis
thaliana, Oryza sativa, and Zea mays may help identify candidate genes that underlie
Br-A2 and Br-A3 since these regulate the formation of abscission zones, a process that
is ubiquitous in plants and which may have conserved regulation (Paterson et al,,
2001). Similarly, a candidate gene approach may help the identification of Tgl, Tg3,

and QGtrorst-2D.3 since genetic analysis suggest these genes should directly or
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indirectly interact with (, an AP2-like homeotic transcription factor involved in

flower development (Faris et al., 2003).
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Appendix 1 Microsatellite segregation data for the RICL-3A mapping population. A score of 0 represents allele from LDN, 1 from
LDN (Dic-3A) and ‘- represents missing data. RL indicates Recombinant Inbred Chromosome Line

Lines  Xbarc294 Xbarc310 Xbarc12 Xgwm369 Xcdo395 Xcdo1435 Xbed1532 Xbarcd5 Xgwm?2 Br-A2 Xgwm666.1 Xbarcl9 Xcfa2164b  Xbarc356

RLO1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL02 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RLO3 1 1 1 1 1 1 1 1 1 1 0 0 0 0
RLO4 1 1 1 0 0 0 0 0 0 - 0 0 0 0
RLO5 1 0 0 0 0 0 0 0 0 0 0 - 0 0
RLO6 - 0 0 0 0 0 0 0 0 - 0 0 0 0
RLO7 1 1 1 1 1 1 1 1 0 0 0 0 0 0
RLO8 0 0 0 - 1 1 1 1 1 0 1 1 1 1
RLO9 0 0 0 - 0 0 0 0 0 0 0 0 0 0
RL10 0 0 0 0 1 1 1 1 1 1 1 1 1 1
RL11 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL12 0 0 - 0 0 0 0 0 0 0 0 0 0 0
RL13 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL14 0 0 0 1 1 1 1 1 1 1 1 1 1 1
RL15 1 1 1 1 1 1 1 1 0 0 0 0 0 0
RL16 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL17 0 0 0 0 0 0 0 0 0 0 0 0 0 U
RL18 1 1 1 0 0 0 0 0 0 0 0 0 0 0
RL19 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL20 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL21 0 0 0 0 0 - 0 0 0 0 0 0 0 0
RL22 0 0 0 1 1 1 1 1 1 1 1 1 1 1
RL23 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL24 1 1 1 1 1 1 1 1 1 0 0 0 0 0
RL25 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Appendix | (Continued)

Line  Xbarc294  Xbarc310 Xbarc12 Xgwm369 Xcdo395 Xcdol435 Xbed1532  Xbarcd5 Xgwm  Br-A2  Xgwm666.1  Xbarc19  Xcfa2164b  Xbarc356

s 2

RL25 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL26 1 1 1 - 0 0 0 0 0 0 0 0 0 0
RL27 - 1 1 0 1 0 0 0 - 0 0 0 0 0
RL28 0 0 0 0 0 0 0 0 0 - 1 1 1
RL29 0 0 0 0 0 0 0 0 0 0 0 0 0
RL30 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL31 0 0 0 0 0 0 0 0 1 0 0 0 0 0
RL32 0 0 0 1 1 1 1 1 1 1 1 1 1 1
RL33 1 1 1 1 1 1 1 1 0 0 1 1 1 1
RL34 1 1 1 0 0 0 0 0 1 0 0 0 0 0
RL35 1 1 1 0 0 0 0 0 1 0 1 1 1 1
RL36 0 0 0 0 0 0 0 0 0 0 1 1 1

RL37 0 0 0 0 0 0 0 0 0 0 0 0 - 0
RL38 0 0 0 0 0 0 0 0 0 0 0 0
RL39 0 0 0 0 0 0 0 0 0 0 0 0 0
RL40 0 0 0 1 1 1 1 1 - 1 1 1 1 1
RL41 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL42 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL43 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL44 1 1 - 1 0 0 0 0 0 0 0 0 0
RL45 1 1 1 1 0 0 0 0 0 0 0 0

RL46 1 1 1 0 1 1 1 1 1 0 0 0 0

RL47 0 0 0 0 0 0 0 0 0 0 0 0 0

RL48 - 0 - 0 0 0 0 - - 0 - - - 0
RL49 1 1 0 1 1 1 1 1 0 0 1 1 1 0
RL50 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Appendix | (Continued)

Lines  Xbarc294  Xbarc310 Xbarc12 Xgwm369 Xcdo395 Xcdol435  Xbed1532 Xbarc45  Xgwm2  Br-A2  Xgwm666.1  Xbarcl9  Xcfa2164b  Xbarc356

RL51 0 0 0 - 0 0 0 0 0 0 0 0 0 0
RL52 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL53 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL54 0 0 1 0 0 0 0 0 1 0 0 0 0 1
RL55 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL56 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL57 0 0 1 0 0 1 1 0 1 1 0 1 1 1
RL58 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL59 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL60 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL61 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL62 0 0 1 1 1 1 1 - 1 1 0 1 1 1
RL63 0 0 1 1 1 1 1 0 1 1 0 1 1 1
RL64 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL65 1 1 0 0 0 0 0 1 0 0 1 0 - 0
RL66 1 0 0 0 0 0 0 0 - 0 1 0 1 0
RL67 0 0 1 0 0 1 1 0 1 1 0 1 1 1
RL68 1 0 1 0 1 1 1 0 1 1 1 1 1 1
RL69 0 0 0 0 0 0 0 0 0 - 0 0
RL70 1 0 1 0 0 1 0 0 0 0 0 0
RL71 - 0 1 1 1 1 1 0 1 1 - 1 1 1
RL72 1 0 1 0 0 1 1 0 - 1 1 1 1 1
RL73 0 1 0 1 1 1 1 1 0 1 0 1 1 0
RL74 0 1 0 1 1 1 1 0 0 0 0 0 0
RL75 1 0 0 0 0 0 0 0 0 1 0 0 0
RL76 0 1 0 1 0 0 0 1 0 0 0 0 0 0
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Appendix 1 (Continued)

Lines  Xbarc294  Xbarc310  Xbarc12 Xgwm369 Xcdo395  Xcdo1435 Xbcd1532  Xbarc45 Xgwm2 Br-A2  Xgwm666.1  Xbarc19  Xcfa2164b  Xbarc356

RL77 1 0 0 0 0 0 0 0 0 0 1 0 0 0
RL78 1 0 0 0 0 0 0 0 0 0 1 0 0 0
RL79 1 0 0 0 0 0 0 0 0 0 1 0 0 0
RL80 0 1 0 0 1 0 0 1 0 0 0 0 - 0
RL81 1 0 1 0 0 0 0 0 1 1 1 0 0 1
RL82 1 0 0 0 0 0 0 0 0 1 0 - 0
RLS83 0 1 1 1 1 1 1 1 1 1 0 1 1 1
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Appendix | (Continued)

Lines  Xbarc67 Xbcd828 Xcfa213¢  Xcfa2037 Xbed115 Xbed2044 Xwmc264  Xcfa2193  Xwmcl53  Xbarc51  Xcfa2076  Xwmcl69  Xgwm666.2  Xgwm391

RLO1 0 0 0 0 0 0 0 1 1 1 1 1 1 1
RLO02 0 0 0 0 0 0 1 1 1 1 1 1 1 1
RLO3 0 0 0 0 0 0 0 0 0 0 0 0 0 1
RLO4 0 0 0 0 1 1 - 1 1 1 1 1 1 0
RLO5 0 0 0 0 1 1 1 1 1 1 1 1 1 1
RLO6 0 0 0 0 1 1 0 0 0 0 0 0 0 0
RLO7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 |
RLO8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 }
RLO9 0 0 0 0 1 1 1 0 1 1 1 1 1 1
RL10 1 1 1 1 0 0 0 0 1 0 0 0 0 0
RL11 1 1 1 1 1 1 1 0 0 0 0 0 -
RL12 0 0 0 0 0 0 1 1 1 1 1 1 1 1
RL13 1 1 1 1 1 1 1 1 0 0 0 0 0 0
RL14 1 1 1 1 1 1 1 1 1 1 1 1 1 0
RL15 - 0 0 0 1 1 1 1 1 1 1 1 1 1
RL16 1 1 1 1 1 1 1 1 1 0 0 0 0 0
RL17 0 0 1 1 1 1 1 0 1 1 1 1 1 1
RL18 0 0 0 0 0 0 0 1 1 1 1 1 1 1
RL19 0 0 0 0 0 0 0 1 1 1 1 1 1 1
RL20 1 1 1 1 1 1 1 0 0 0 0 0 0 1
RL21 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL22 1 1 1 1 1 1 0 0 0 0 0 0 0 0
RL23 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL24 0 0 0 0 0 0 1 1 1 1 1 1 1 1
RL25 1 1 1 1 0 0 1 1 1 1 0 0 0 0
RL26 0 0 0 0 0 0 0 1 1 1 1 1 0 0
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Appendix 1 (Continued)

Lines  Xbarc67 Xbcd828 Xcfa2134 Xcfa2037 Xbed115 Xbed2044 Xwmc264 Xcfa2193 Xwmcl53 Xbarc51l  Xcfa2076  Xwmcl69 Xgwm666.2  Xgwm391
RL27 0 0 0 0 0 0 0 1 1 1 1 1 1 1
RL28 1 1 1 1 1 1 1 0 0 0 0 0 - 0
RL29 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL30 1 1 1 1 1 1 1 0 0 0 0 0 0 1
RL31 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL32 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL33 1 1 1 1 0 0 - 0 0 0 0 0 0 0
RL34 0 0 0 0 0 0 0 - 0 0 0 0 0 0
RL35 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL36 1 1 1 1 1 1 1 1 0 0 0 0 0 0
RL37 0 1 1 1 1 1 1 - 1 1 1 1 1 1
RL38 0 0 0 0 0 0 1 1 - 1 1 1 1 1
RL39 0 0 0 0 1 1 1 1 - 1 1 1 1 0
RL40 1 1 1 1 1 1 1 1 1 0 0 0 0 0
RL41 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL42 1 1 0 0 0 0 0 0 0 0 0 1 0 -
RL43 1 1 1 1 1 1 1 1 1 1 1 1 1 0
RL44 0 0 0 0 0 0 0 0 0 1 1 1 1 1
RL45 0 0 0 0 0 0 0 1 1 1 1 1 1 0
RL46 0 0 0 0 0 0 0 0 0 ? 0 0 0 0
RL47 0 0 0 0 0 0 0 0 0 0 1 1 1 1
RL48 - 0 - 0 0 1 - - - - 1 1
RL49 0 0 0 0 0 0 0 1 1 1 1 1 1 0
RL50 0 1 1 1 1 1 1 1 1 ? 1 1 1

RL51 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL52 1 1 1 1 1 1 0 0 0 0 0 0 0 1
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Appendix 1 (Continued)

Lines  Xbarc67 Xbcd828 Xcfa2134 Xcfa2037 Xbed115 Xbcd2044 Xwmc264  Xcfa2193  Xwmc153  Xbarc51  Xcfa2076  Xwmc169  Xgwm666.2  Xgwm391

RL53 1 1 1 1 1 1 1 1 1 1 1 1 1 0
RL54 1 1 1 1 1 1 1 1 1 1 0 0 0 0
RL55 0 0 0 0 1 1 1 1 1 1 1 1 1 1
RL56 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL57 1 1 1 1 1 1 1 1 1 1 0 0 0 0
RL58 1 1 1 1 1 1 1 1 1 1 1 1 1 0
RL59 0 0 0 0 0 0 0 1 1 1 1 1 1 0
RL60 0 0 1 0 1 1 1 1 1 1 1 1 1 0
RL61 0 0 1 0 0 0 0 1 1 1 0 0 0 0
RL62 1 1 1 1 0 0 0 0 0 0 0 0 0 1
RL63 1 1 1 1 1 1 1 1 1 1 1 1 1 0
RL64 1 1 1 1 1 1 1 - 1 0 0 0 0 0
RL65 0 0 0 0 0 0 0 0 0 0 0 0 0 -
RL66 0] 0 0 0 0 0 0 1 1 1 1 1 - 0
RL67 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RL68 1 1 1 1 0 0 1 1 1 1 1 1 1 0
RL69 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL70 0 1 1 1 1 1 - 1 - 1 1 1 0 1
RL71 1 1 1 1 0 0 1 1 1 1 1 - 1 1
RL72 1 1 1 1 0 0 0 0 0 0 0 0 - 0
RL73 0 0 0 0 0 1 1 1 1 1 1 1 1
RL74 0 0 0 0 0 0 1 1 1 1 1 1 1 1
RL75 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL76 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL77 0 1 1 1 1 1 1 1 1 1 1 1 1 1
RL78 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Appendix | (Continued)

Lines  Xbarc67 Xbcd828 Xcfa2134 Xcfa2037 Xbcd1l5  Xbed2044  Xwmc264  Xcfa2193 Xwmcl53  Xbarc51  Xcfa2076  Xwmcl69  Xgwm666.2  Xgwm391
RL79 0 0 0 0 1 1 1 1 1 1 1 1 1 1
RL80 0 0 0 0 0 0 - 1 1 1 1 1 1 1
RL81 1 1 1 1 0 0 0 0 0 0 0 0 0 0
RL82 0 0 0 0 0 0 0 0 0 0 0 0 0 -
RL83 1 - 1 1 0 0 0 0 0 0 0 0 1 0
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Appendix 2 Microsatellite segregation data for the RICL-3B mapping population. A score of 0 represents allele from LDN, 1 from

LDN(Dic-3B) and *-* represents missing data. RL indicates Recombinant Inbred Chromosome Line.
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Appendix 2 (Continued)

Lines  *Xgwm389  *Xburci33  *Xbarcl47  *Xgwmd493  *Xbarcl102  *Xwmc78  *Xksum45  *Xwmc43  *Xbarc218  *Br-A3  *Xwmc540  *Xwmc777  *Xgwm264

RL2S 0 0 0 0 0 0 0 0 0 1 1 1 1
RL26 1 1 1 1 ! 1 - ! 1 0 0 0 0
RL27 0 0 0 0 0 ] 1 1 1 1 1 1 1
RL28 1 | 1 1 1 0 0 0 0 0 0 0 0
RL29 1 1 1 1 1 1 1 1 1 1 1 I 0
RL30 0 1 1 1 1 1 1 1 1 0 0 0 0
RL31 0 1 1 1 1 1 1 1 1 1 1 1 1
RL32 0 1 1 1 1 1 1 1 1 0 1 1 1
RL33 1 1 ! 1 1 1 1 1 1 1 1 1 1
RL34 | 1 1 1 1 1 1 1 1 1 1 1 1
RL35 0 0 0 0 0 1 1 1 1 0 0 0 I
RL36 0 0 0 0 0 1 1 1 | - 1 1 1
RL37 0 0 0 0 0 0 0 0 0 0 0 0 0
RL38 0 1 1 1 1 1 1 1 1 0 0 0 0
RL39 0 1 1 l 1 1 1 1 1 ! 1 1 1
RL40 0 0 0 0 0 0 0 0 0 0 0 0 0
RLA41 1 1 1 1 1 0 0 0 0 0 0 0 0
RL42 1 1 1 1 1 0 0 0 0 - 0 0 0
RL43 1 1 | 1 1 1 1 1 1 - 1 1 1
RL44 0 0 0 0 0 0 0 0 0 0 0 0 0
RL4S - 0 0 0 0 0 0 0 0 0 0 0 0
RL46 - 1 1 1 1 0 0 - 0 0 0 0 0
RL47 0 0 0 0 1 1 1 ! 1 0 0 0 0
RL48 0 0 0 0 0 0 0 0 0 - 1 1 I
RL49Y 1 1 1 1 1 1 ! i 1 1 1 1 1
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Appendix 2 (Continued)

Lines  *Xgwm389  *Xbarcl33  *Xbarcl47  *Xgwmd493  *Xbarc102  *Xwmc78  *Xksum45  *Xwmced3  *Xbarc218  *Br-A3 *Xwmc540  *Xwmc777  *Xgwm264

RL50 0 0 0 0 0 0 0 0 0 V] 0 0 0
RL5t1 0 0 0 0 0 0 0 V] 0 0 0 1 0
RLS2 1 - 1 1 1 1 1 1 1 1 0 1 0
RL53 0 0 0 0 0 0 0 1 1 1 1 1 1
RL54 1 1 1 1 1 1 1 1 1 0 0 0 0
RLSS 0 0 0 0 0 0 - 0 0 4] 0 0 0
RL56 1 1 1 1 1 1 1 1 1 1 1 1 1
RL57 1 1 1 1 1 1 1 - 1 1 1 1 1
RLS8 0 0 0 - 0 0 0 0 0 0 0 0 1
RL59Y 1 - 1 1 1 1 1 1 1 0 0 0 0
RL60 1 1 1 1 1 0 0 0 0 0 0 0 0
RL61 0 1 1 - 1 1 1 1 1 0 0 0 0
RL62 0 1 1 1 1 - 1 1 1 0 0 0 0
RL63 0 - 0 0 0 0 - 0 V] 0 1 1 1
RL64 1 1 1 1 1 1 1 | 1 1 1 0 0
RL6S 1 1 1 1 | 1 1 1 1 - 0 0 0
RL66 0 1 1 0 0 0 0 0 0 0 0 0 0
RL67 0 - - 0 - 0 - 0 0 I 1 I 1
RL68 1 1 1 1 1 1 1 1 1 1 1 | 1
RL69 V] | 1 1 1 1 1 1 1 0 1 1 1
RL70 1 1 1 1 1 1 1 1 1 1 1 1 1
RL7t 0 0 0 0 0 0 0 0 0 0 0 0 0
RL72 1 - 0 0 0 0 0 0 0 0 0 0 0
RL73 1 1 1 0 0 0 0 0 0 0 0 0 0
RL74 1 1 1 - 1 1 - - 1 0 0 0 0
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Appendix 2 (Continued)

Lines  *Xgwm389  *Xbarcl33  *Xburcl47 — *Xgwm493  *Xburcl02  *Xwmc78  *Xksum45 ~ *Xwmcd3  *Xbarc218  *Br-A3  *Xwmc540  *Xwmc777  *Xgwm264

RL75 0 0 0 0 0 0 0 0 0 0 0 0 0
RL76 1 1 I 1 1 1 1 1 1 0 0 0 0
RL77 0 0 0 0 0 0 0 0 0 0 0 0 0
RL78 0 0 0 0 0 0 0 0 0 0 0 0 0
RL79 0 0 0 1 1 1 1 1 1 I 1 1 1
RL380 0 0 0 0 0 0 0 0 0 0 0 0 0
RLS81 - 0 0 0 0 0 0 0 0 - 1 I 1
RL82 1 1 1 | 1 0 0 0 0 0 0 0 0
RL33 0 0 - 0 0 0 0 0 0 0 0 0 0
RL34 1 1 1 1 1 1 1 1 1 0 1 1 1
RLSS 0 1 1 1 1 0 1 1 0 0 0 0 0
RL86 1 1 l 0 0 0 0 0 0 0 0 0 0
RLS§7 1 1 1 1 1 1 1 1 1 - 0 0 0
RL38 0 1 1 1 | 1 1 1 - | 1 1 1
RL8Y 1 1 1 1 1 1 1 1 1 0 0 0 0
‘ RL90 1 1 1 I 1 1 1 1 1 0 1 1 0
RLI1 1 - 1 1 - 1 1 - - 0 1 1 1

O
o]




Appendix 2 (Continued)

Lines  *Xwmc612  *Xwmce366  *Xgwm376  *Xgwm77  *Xbarc73  *Xwmcl  *Xwmc527  *Xwmed7! *Xbarc344  *Xbarc229  *Xwmc291  *Xburc84  *Xwmc326

RLO1 0 0 0 0 0 0 0 0 0 0 0 0 0
RLO2 1 1 1 1 1 1 1 1 1 | 1 1 1
RLO3 | 1 1 1 | 1 1 1 1 1 1 1 1
RL04 0 0 0 0 0 0 0 0 0 0 0 0 0
RLOS 1 1 1 1 - 0 0 0 0 0 0 0 0
RLO6 0 0 0 0 0 0 0 0 0 0 0 0 0
RLO7 0 0 0 0 0 0 0 1 1 1 - I 1
RLO8 0 0 0 0 0 0 0 0 0 0 0 1 |
RL09 0 0 0 0 0 0 0 0 0 0 0 1 1
RL10 1 1 1 ! 1 1 | 1 1 1 I - 1
RL11 0 0 0 0 0 0 0 0 I 1 1 1 I
RL12 0 0 0 0 0 0 0 0 0 0 0 0 0
RL13 0 1 1 1 1 1 | 0 0 0 0 0 1
RL14 1 1 ! 1 1 1 1 0 0 0 0 0 0
RL15 1 T 1 1 1 0 0 0 0 1 1 0 0
RL16 0 0 0 0 0 0 0 0 0 0 0 0 0
RL17 0 0 0 0 0 0 0 1 1 1 1 1 1
RL18 1 1 1 1 1 1 1 1 1 1 1 1 1
RL19 0 0 0 0 0 0 0 0 1 1 1 | 1
RL20 0 0 0 0 0 0 0 1 1 0 0 - -
RL21 0 0 0 0 0 0 0 0 0 1 1 1 1
RL22 - 0 0 0 0 0 0 0 0 0 0 0 0
RL23 0 0 0 0 0 0 0 0 0 0 0 0 0
RL24 I 1 1 1 1 0 0 1 1 1 1 1 1
RL2S 1 | - 1 1 1 1 1 0 0 0 - 0
RL26 0 0 0 0 0 0 0 0 0 0 0 0 0
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Appendix 2 (Continued)

Lines
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Appendix 2 (Continued)

Lines

*Xwmc612

*Xwmc366

*Xgwm376

*Xgwm?77

*Xburc73

*Xwmcl

*Xwmce527

*Xwmced71

*Xburc344

*Xbarc229

*Xwmce29]

*Xburc84

*Xwme326

RL61
RL62
RL63
RL64
RL65
RL66
RL67
RL68
RL6Y
RL70
RL71
RL72
RL73
RL74
RL75
RL76
RL77
RL78
RL79
RL8¢

0
0

0
0

<

o o <

0
0
1

- c & o <

[=2 = =1

- c o <

S o o <o <

0
0

< <

< <

101



Appendix 2 (Continued)

Lines
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Appendix 2 (Continued)

Lines

*Xbarc77

*Xbarcl 124
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Appendix 2 (Continued)

Lines *Xbarc77  *Xbuarcll124 *Xwmc632 *Xgwm247 *Xgwml 8] *Xgwm340 *Xgwm347
RL27 1 | 1 1 1 1 |
RL28 0 0 1 1 1 1 1
RL29 | | | 1 t 1 1
RL30 0 0 0 0 0 0 0
RL3t 1 1 0 0 0 0 0
RL32 0 0 1 1 1 1 1
RL33 | | 1 - 1 1 |
RL34 | ! | 1 | ! 1
RL35 0 0 0 0 0 0 0
RL36 0 0 0 0 0 0 |
RL37 0 0 0 0 0 0 |
RL38 0 0 0 0 0 0
RL39 0 0 0 0 0 0
RL40 0 0 0 0 0 0
RLA41 0 0 0 - 0 0
RLA42 0 1 | 1 1 1 |
RLA43 - 1 | 1 1 1 0
RL44 0 0 0 0 0 0 0
RLA45 | - 1 1 | - 0
RL46 0 0 0 0 0 0 0
RLA47 0 0 0 0 0 0 0
RL48 0 0 0 0 0 0

RL49 1 1 1 1 1 1 |
RL50 | 1 0 0 0 0 0
RL51 0 0 0 0 0 0 -
RLS2 | | | 1 1 | ]
RL53 0 0 0 0 0 0 0
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Appendix 2 (Continued)

Lines
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Appendix 2 (Continued)

Lines
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Appendix 3 Microsatellite segregation data for the ITMI RIL population. A score of O represents allele from Opata-85, 1 from W-7984
and °-* represents missing data. RIL #061 was not used in the analysis.

Lines Xgwm296 Xgwm261 Xgwmd84 Xgwm455 Xgdm5 Xgdm107 Xgwm210 Xgwml0?2 XgwmS15 Xwme25 Tgl Tg3 w2

Opata 0 0 0 0 0 0 0 0 0 0 0 0 0
W-7984 1 1 ! 1 1 ! ! ! 1 1 1 1 1
RIL #001 ] ! 1 ! 1 1 1 1 0 1 1 1 1
RIL #002 0 0 1 0 0 0 0 0 0 0 0 0 0
RIL #003 0 0 0 0 0 0 0 0 0 0 - 0 0
RIL #004 - 1 0 1 1 0 1 1 1 1 1 ! 1
RIL #0605 0 0 ] 1 0 0 0 0 0 0 0 0
RIL #006 1 1 ] 1 1 ! 1 - 0 1 1 1 1
RIL #007 0 1 1 0 0 1 0 1 1 l ! 0 0
RIL #008 0 0 ] 0 0 0 0 0 0 0 ! 0 0
RIL #009 0 0 [} 0 0 0 0 0 - 0 - 0 0
RIL #010 0 0 1 0 0 0 0 1 1 0 0 0 0
RIL #011 - 1 1 1 1 ! 1 ! 1 ! 1 ! 1
RIL #012 0 0 0 0 0 0 0 0 0 0 - 0 0
RIL #013 0 0 1 0 0 1 0 0 0 0 0 0 0
RIL #014 0 0 0 0 0 0 0 0 1 0 0 0 0
RIL #015 ! 1 ! 1 0 1 1 1 ! 1 ! - 1
RIL #016 - 1 0 1 1 1 1 0 0 ! 1 ! 1
RIL #017 - 1 0 1 1 1 1 0 - 1 ! 1 1
RIL #018 0 0 0 0 0 0 0 0 0 0 0 0 0
RIL #019 1 1 1 1 1 1 1 0 0 1 ! 1 1
RIL #020 1 1 0 1 1 0 0 1 1 0 1 ! 1
RIL #021 0 0 1 0 0 0 0 0 0 0 1 0 0
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Appendix 3 (Continued)

Lines Xgwm296 Xgwm26] Xgwm484 Xgwm455 Xgdm35 Xgdm107 Xgwm210 Xgwml02 Xgwm515 Xwmc25 Tyl Tyl w2
RIL #022 - 0 0 0 0 0 1 0 0 1 0 0 0
RIL #023 1 | 0 1 1 1 1 0 0 1 1 1 1
RIL #024 - 1 0 1 1 | | 0 0 1 1 1 1
RIL #025 0 0 0 0 0 0 0 0 - 0 0 0 0
RIL #026 0 0 0 0 0 0 0 1 0 0 0 0 0
RIL #027 0 0 0 0 0 0 0 0 0 0 0 0 0
RIL #028 0 0 0 0 0 0 0 0 0 0 0 0 0
RIL #029 0 0 0 0 0 0 0 0 0 0 0 0 0
RIL #030 0 0 0 0 0 0 1 0 0 0 0 0 -
RIL #031 0 0 ! 0 0 - 0 | 1 1 1 0 -
RIL #032 0 0 | 0 0 1 0 1 1 0 0 0 0
RIL #033 0 0 1 0 0 1 0 1 - ! 0 0 0
RIL #034 0 0 1 0 0 1 0 I 1 0 0 0 0
RIL #035 1 1 0 1 1 0 1 0 0 l 0 0 1
RIL #036 0 0 0 | 0 0 1 0 1 0 0 - 1
RIL #037 1 1 1 | - 1 1 1 1 1 1 - 1
RIL #038 1 1 0 1 1 0 0 1 0 1 - 1 0
RIL #039 - l 1 1 1 1 1 1 1 1 1 1 1
RIL #040 0 0 | 0 0 | 0 1 1 0 0 0 0
RIL #041 0 0 0 0 0 0 1 0 0 0 0 0 1
RIL #042 - - 0 0 1 - - - | 0 1 - 0
RIL #043 0 0 1 0 0 1 0 I I 0 1 0 0
RIL #044 1 l 1 1 - 1 0 1 1 1 1 - 0
RIL #045 1 1 1 ! 1 1 0 1 1 1 1 1 0
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Appendix 3 (Continued)

Lines Xgwm296 Xgwm26] Xgwind84 Xgwm455 Xgdm5 Xgdml107 Xgwm210 Xgwml02 Xgwm515 Xwme25 Tyl Tg3 2
RIL #046 ! 1 1 1 1 1 0 1 1 1 0 0 0
RIL #047 0 0 1 0 0 1 0 0 0 Y} 0 0 0
RIL #048 0 0 0 0 0 0 0 0 0 0 0 0 0
RIL #049 0 0 0 0 0 0 0 1 1 0 0 0 0
RIL #051 - 0 1 0 0 0 0 0 0 1 0 ! 0
RIL #052 0 0 0 0 0 0 1 - - 0 0 0 I
RIL #053 | 1 1 1 1 1 1 0 0 0 - 0 0
RIL #054 1 1 1 1 - ] | 1 0 1 1 1 1
RIL #055 ! 1 1 1 1 1 1 1 0 1 1 - 1
RIL #056 0 0 - 0 0 0 0 1 I 1 1 1 I
RIL #057 0 0 0 0 0 0 1 1 1 0 0 0 0
RIL #058 0 0 0 0 0 0 0 1 - 0 0 0 1
RIL #059 0 0 0 0 0 0 0 0 0 0 0 0 0
RIL #060 0 0 0 0 0 0 0 0 1 0 0 0 0
RIL #062 0 0 0 0 0 0 1 0 0 0 - 0 0
RIL #063 - - 0 1 - 1 1 ! 1 0 0 0 1
RIL #064 0 0 0 0 0 0 0 - 1 1 - 1
RIL #065 0 0 0 0 0 0 0 1 0 0 0 0 0
RIL #066 0 0 0 0 0 0 0 0 0 0 0 0 0
RIL #067 1 1 0 0 0 0 0 0 0 0 0 0 0
RIL #068 1 1 0 1 1 0 1 0 0 1 1 0 0
RIL #069 0 0 1 ! 0 1 0 0 0 1 0 1 1
RIL #070 0 0 1 0 0 1 0 1 0 1 0 - 0
RIL #071 0 0 0 0 0 0 0 1 1 0 0 0 0
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Appendix 3 (Continued)

Lines Xgwm296 Xgwm261 Xgwmdb4 Xgwm455 Xydm5 Xgdm107 Xgwm2l10  Xgwml02 Xgwm515 Xwme25 Tgl Tg3 w2
RIL #072 1 1 ] 1 1 1 - 0 0 0 ] 0 0
RIL #073 0 0 0 0 0 0 0 1 - 1 1 ] 1
RIL #074 0 0 0 0 0 0 0 0 0 0 0 0 0
‘ RIL #075 1 1 ] 1 1 | 1 0 0 0 1 0 0
| RIL #076 - I I I I I I 0 - 1 0 1 I
! RIL #077 0 0 | 0 0 1 0 1 - i 0 0 1
| RIL #078 i I 1 I - I i I I 0 i - 0
RIL #079 0 0 0 0 0 0 1 1 1 1 0 0 |
RIL #080 1 1 | 1 1 1 1 0 0 0 1 1 i
RIL #081 1 1 I 1 1 1 1 1 1 ] 1 1 1
RIL #082 0 0 0 0 0 0 0 1 0 1 0 0 1
RIL #083 1 1 1 | | 1 0 0 0 0 I 0 0
RIL #084 - - - - - | 0 1 ] ] 1 - 0
RIL #085 1 | 1 1 1 ] 0 1 0 1 1 1 0
RIL #086 1 1 ] 1 1 1 1 0 0 1 1 1 0
RIL #087 0 0 0 0 0 0 1 1 1 1 0 0 1
RIL #0838 - 1 i 1 1 1 1 1 i 0 1 1 ]
RIL #089 0 0 0 0 0 0 0 I 1 1 0 0 1
RIL #090 0 0 | 0 1 1 0 0 1 0 0 - 0
RIL #091 0 0 0 1 1 0 I 1 1 0 0 0 0
RIL #092 0 0 0 1 1 0 1 0 1 0 0 1 1
RIL #093 0 0 0 0 0 0 0 0 0 0 0 0 1
RIL #094 1 1 0 1 1 0 0 0 ] 0 0 1 0
RIL #095 1 1 ] 1 1 1 1 1 1 1 - 0 0
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Appendix 3 (Continued)

Lines Xgwm296 Xguwm26] Xgwmd84 Xgwm4355 Xgdm$ Xgdml07 Xgwm210 Xgwml[02 Xgwm3515 Xwme25 Tyl Ty3 w2 |
RIL #096 0 0 1 0 0 1 0 1 1 1 0 0 1 i
RIL #097 0 0 0 0 0 0 0 1 1 0 1 0 0 }
RIL #098 1 1 0 1 | 0 | 0 0 0 1 1 0 |
RIL #099 0 0 0 0 0 0 0 1 - 1 0 | 1
RIL #100 1 1 1 1 1 1 1 0 0 0 1 1 0
RIL #101 0 0 0 0 0 0 0 1 1 1 0 0 1
RIL #102 0 0 0 0 0 0 0 0 0 0 0 0 0
RIL #103 1 1 1 1 1 1 1 0 0 0 1 1 0
RIL #104 1 1 0 1 1 0 1 | 1 | 1 1 1
RIL #105 - 1 1 1 1 1 1 0 0 1 1 1 1
RIL #106 0 0 0 0 0 0 0 | 0 ! 0 0 1
RIL #107 0 1 1 1 0 1 1 0 0 0 | - 0
RIL #108 - - - - - - - - - - - - - |
; RIL #109 - - - - - - - - - - 0 0 -
| RIL #110 1 1 0 1 1 0 I - - - 1 1 -
RIL #111 1 1 1 1 1 1 1 0 0 1 1 1 1
| RIL #112 1 1 1 1 1 1 1 1 1 1 | 1 1
i RIL #113 ] 1 1 1 1 1 0 1 1 1 1 1 1
RIL #114 - 1 - 1 1 - - 0 1 1 1 1 0

RIL #115 - - - - - - - - - - - - R
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Appendix 4 Microsatellite segregation data for CS/CS2D F, mapping population. A score of 0 represents allele from Chinese Spring,
1 represents allele from 2D2, 2 represents a heterozygote, ‘-* represents missing value, 4 indicates that the individual is not a
homozygote for allele from Chinese Spring (fauschii 2D) and 5 indicates that the individual is not a homozygote for allele from

Chinese Spring.

Lines w2 Xgwm296 Xgwm26] Xgwm4&4 Xgwm455 Xgdm35 Xgwm5]5 Xwmc25 Xbarc124 Xbarcl68 Xbarc228 Xcfd43 Xwme245

CS 0 0 0 0 0 0 0 0 0 0 0 0 0
Cs2D 1 ! ] 1 1 1 1 1 1 1 1 1 1
F2 001 0 2 2 2 2 2 2 2 0 2 1 2 2
F2 002 2 2 1 2 2 1 2 2 1 1 1 1
F2 003 4 1 1 1 1 1 1 | 1 1 1 1 1
F2 004 4 0 0 0 0 0 0 0 2 0 0 0 0
F2 005 4 2 2 1 1 1 1 2 1 1 - 1 1
F2 006 0 0 0 0 0 0 2 0 0 0 2 2 2
F2 007 4 0 0 0 - 0 0 0 2 0 I 0 0
F2 008 4 I 1 1 1 1 2 - 2 I 1 1 2
F2 009 4 1 2 I 1 2 1 2 2 0 2 0
F2 010 4 2 2 2 2 2 2 2 1 2 2 2 2
F2 011 0 0 0 0 - 0 0 0 0 0 0 0 0
F2 012 4 2 2 0 - 2 2 2 2 0 0 0 2
F2 013 4 1 1 1 1 1 2 1 I 1 2 1 2
F2 014 0 2 2 2 2 2 2 0 2 2 2 2
F2 015 4 2 2 2 2 2 2 2 2 2 0 2 2
F2 016 0 0 0 0 0 0 2 0 0 0 2 0 2
F2 017 4 0 0 0 0 0 0 0 2 0 2 0 2
F2 018 0 0 0 2 0 0 2 0 0 0 2 2 2
F2 019 4 0 0 0 0 0 0 0 - - 0 0 0
F2 020 4 2 2 2 2 2 2 2 2 2 0 2 2
F2 021 4 2 2 2 2 2 2 2 2 - 1 - 2
F2 022 4 2 2 2 2 2 2 2 2 i 2 2 2
F2 023 0 0 0 0 0 0 0 0 0 0 2 0 2
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Appendix 4 (Continued)

Lines w2 Xgwm296 Xgwm261 Xgwm484 Xgwm455 XgdmS5 Xgwmsl5 Xwmel25 Xbuarcl24 Xburc168 Xbarc228 Xcfd43 Xwmc245

F2 024 4 2 2 2 2 2 2 2 2 2 1 2 2
F2 025 4 2 2 2 2 2 2 2 2 2 0 2 2
F2 026 4 2 2 2 2 2 2 2 1 2 2 - -
F2 027 4 ! ! ! ] 1 ! 1 2 1 1 1 1
F2 028 4 2 2 2 2 2 0 2 2 2 0 2 0
F2 029 4 2 2 2 2 2 2 2 2 2 2 2 2
F2 030 4 2 1 2 2 2 2 2 2 2 - 2 2
F2 031 4 ! 1 2 1 ! 0 1 1 2 0 2 0
F2 032 4 0 0 0 2 2 0 0 2 0 2 0 0
F2 033 4 2 2 0 2 2 0 2 2 0 0 0 0
F2 034 4 2 2 2 2 2 2 2 2 2 2 2 2
F2 035 0 2 2 2 2 2 2 2 2 2 1 2 2
F2 036 4 0 0 ! 0 0 2 0 0 1 0 | 0
F2 037 0 2 2 2 2 2 2 2 2 2 2 2 2
F2 038 0 2 2 2 2 2 2 2 0 2 2 2 2
F2 040 4 2 2 0 2 2 2 2 2 0 1 0 2
F2 042 0 0 0 0 0 0 0 0 0 0 0 0 0
F2 043 4 2 2 2 2 2 2 2 2 2 2 2 2
F2 044 0 0 0 0 0 0 0 0 0 - - - -
F2 045 0 2 2 2 2 2 0 2 0 2 0 2 0
F2 046 0 0 0 2 0 0 - 0 0 2 2 2 |
F2 047 4 2 2 2 2 2 2 2 2 2 2 2 2
F2 048 4 2 2 2 2 2 0 2 2 2 2 - 0
F2 049 4 1 1 ! 1 1 1 1 1 1 1 1 1
F2 050 4 2 2 2 2 2 2 2 2 2 1 2 2
i F2 051 4 1 1 2 1 1 2 1 1 2 0 2 0
| F2 052 4 2 2 2 2 2 2 2 2 2 2 0 2
F2 054 4 0 0 0 0 0 2 0 1 0 2 0 2
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Appendix 4 (Continued)

Lines w2 Xgwm296 Xgwm261 Xgwmd84 Xgwm455 Xgdm5 Xgwm515 Xwme25 Xbarci24 Xbarcl68 Xbarc228 Xcfd43 Xwmc245

F2055 4 2 2 0 2 2 0 2 2 0 - 0 0
F2056 4 ! 2 2 I I 2 - 2 2 1 2 2

| F2057 4 1 I [ I I 2 I I I i I 2

| F2058 4 1 I 2 [ 1 2 I I 2 2 2 2

} F2059 4 2 2 [ 2 2 2 2 2 I 2 1 2

| F2060 4 2 2 2 2 2 2 2 2 2 2 2 2

| F2061 0 2 2 2 2 2 2 2 0 2 2 2 2
F2062 4 2 2 2 2 2 i 2 2 1 2 2 2
F2063 4 2 2 2 2 2 2 2 I 2 2 2 2
F2064 4 2 2 2 2 2 2 2 I 2 I 2 0

| F2065 4 2 2 2 2 2 1 2 2 2 2 2 I
F2066 0 0 0 0 0 0 0 0 0 0 2 0 0
F2067 0 0 0 0 0 0 0 0 0 0 2 0 0

| F2 068 4 2 2 2 2 2 2 2 2 I 2 1

| F2069 0 0 0 0 0 0 0 0 0 0 0 0 0 |
F2070 4 2 2 2 2 2 2 2 2 2 0 2 2 |
F2011 4 I I [ I I | 1 2 I 1 I 1 |
F2072 4 2 2 [ 2 2 [ 2 2 1 1 I | |
F2073 4 0 0 0 0 0 0 0 2 0 0 0 |
F2074 0 0 0 0 0 0 0 - 0 2 0 0
F2075 4 2 2 0 2 2 0 2 2 0 0 0 0 |
F2076 0 2 2 2 2 I 2 0 2 1 2 1 |
F2077 0 0 0 2 0 0 2 0 0 2 2 2 2
F2078 4 I 1 0 I I 2 1 I 0 2 2 2
F2079 4 2 2 2 2 2 0 2 - 2 0 2 0

1 F2 080 0 0 0 2 0 0 2 0 - 2 2 2 2
F2081 0 2 0 0 2 2 0 2 2 0 0 0 0
F2082 4 2 2 2 2 2 2 | 2 - 2 2
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Appendix 4 (Continued)

Lines w2 Xgwm296 Xgwm261 Xgwm484 Xgwmd55 Xgdm$5 Xgwm515 Xwmc2§ Xbarci24 Xbarcl68 Xbarc228 Xcfd43 Xwmc245
F2 083 0 0 0 0 0 0 2 0 0 0 1 0 1
F2 084 0 0 0 2 0 0 - 0 0 2 2 2 2
F2 085 4 0 2 2 0 0 0 0 - 2 2 2 0
F2 086 4 2 2 2 2 2 2 2 2 2 2 2 2
F2 087 4 2 2 2 2 2 2 2 2 2 2 2 2
F2 088 4 1 ] 1 | 1 | 1 2 1 | 1 |
F2 090 4 2 2 2 | | 2 2 1 2 0 0 2
F2 091 0 0 0 2 0 0 2 0 0 2 | 2 2
F2 092 4 | | 2 1 1 2 ! | 2 2 2 2
F2 093 0 0 0 0 0 0 2 0 0 0 1 2 2
F2 094 4 2 2 2 2 2 2 2 2 2 1 2 2
F2 095 4 2 2 0 2 2 0 2 2 0 0 0 0
F2 096 4 ! 1 2 | 1 1 1 1 2 1 2 1
F2 097 0 0 0 0 0 0 0 0 0 - 0 0 2
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Appendix 4 (Continued)

Lines Tgl Xgwm3ll Xpsr928 Xgwm301 Xgwm320 Xgwm349 Xbedl75.2 Xbedl1970.2 Xwmc503 Xgwml157 Xgwm539 Xcfdl168
(6] 0 0 0 0 0 0 0 0 0 0 0 0
CS2Db 1 1 1 1 1 1 1 1 1 1 1 1
F2 001 5 2 2 2 2 5 - 5 2 2 S 1
F2 002 - 1 2 1 1 1 - 5 2 1 1 1
F2 003 1 1 1 1 1 1 - I 1 1 5 1
F2 004 0 0 0 0 0 5 - 5 0 0 5 0
F2 005 - 1 1 2 2 1 - 1 2 2 5 2
F2 006 5 2 0 2 2 5 0 5 0 2 5 2
F2 007 - 1 0 2 1 1 0 5 0 2 5 1
F2 008 4 2 1 2 2 5 1 1 1 2 S 1
F2 009 - 1 ! 1 1 1 1 1 2 0 5 0
F2 010 4 2 2 2 2 R - I 2 2 ) 2
F2 011 0 2 0 2 2 5 0 5 0 0 S 0
F2 012 5 2 2 2 2 5 - 5 2 2 S 0
F2 013 4 1 1 1 1 1 - 1 1 2 5 2
F2 014 4 0 0 0 0 5 2 S 2 2 5 2
F2 015 5 2 2 1 2 5 2 N 2 2 S 0
F2 016 5 0 0 0 0 N 0 5 0 2 5 2
F2 017 5 1 0 1 1 1 0 5 0 2 5 2
F2 018 5 1 0 1 1 1 0 S 0 2 5 2
F2 019 - 2 2 2 2 5 0 ) 0 1 S 0
F2 020 - 0 2 2 2 5 - 5 2 1 S 0
F2 021 4 - - - 2 1 - - 2 2 S 1
F2 022 4 0 2 0 0 5 2 1 1 2 S 2
F2 023 5 1 0 1 1 1 0 5 0 2 S 2
F2 024 4 0 2 0 0 5 2 s 2 2 1 1
F2 025 5 0 2 0 0 b - S 2 2 5 0
F2 026 - 2 1 2 2 1 1 1 2 2 5 2
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Appendix 4 (Continued)

Lines Tgl  Xgwm3ll Xpsr928 Xgwm301 Xgwm320 Xgwm349 Xbcd175.2 Xbed1970.2 Xwmc503 Xgwml57 Xgwm539 Xcfd168
F2 027 ] 2 1 2 2 5 ] ] 1 1 1 ]
F2 028 4 0 2 0 0 5 - S 2 0 5 0
F2 029 4 0 - 2 2 5 - S 2 2 5 2
F2 030 4 2 2 2 2 5 2 S ] 2 5 2
F2 031 4 2 1 2 2 1 ] l 1 0 5 2
F2 032 0 2 2 0 0 1 2 S 0 0 5 1
F2 033 0 2 2 2 2 ] - S 2 0 5 0
F2034 4 ] 2 ] 1 ] - S 2 2 5 2
F2 035 - 2 2 2 2 5 2 S 2 ] ] ]
F2 036 0 0 0 0 0 5 - 5 0 0 5 0
F2 037 4 2 ] 0 2 5 - 5 2 2 5 2
F2 038 4 ] 0 1 - S 0 S 2 2 5 2
F2 040 5 2 2 2 2 5 2 S 2 2 ] 1
F2 042 0 0 0 0 0 5 0 5 0 0 5 0
F2 043 4 2 2 2 2 5 2 1 2 2 5 2
F2 044 - - - - - - 0 1 2 0 S 2
F2 045 4 2 0 0 0 ] 0 S 2 0 5 0
F2 046 5 2 0 2 2 5 0 5 2 1 ] 0
F2 047 5 1 2 1 1 5 - 5 2 2 S 0
F2 048 - 0 - 0 0 5 2 5 2 2 5 2
F2 049 ] 1 ] 1 1 ] ] ] ] ] 1 1
F2 050 4 | 2 | 1 ] 2 5 2 2 5 1
F2 051 4 0 ] 0 0 5 ] ] ] 0 5 0
F2 052 - 2 2 0 0 5 2 5 2 2 5 2
F2 054 - ] ] ] 1 ] - ] 0 2 5 2
F2 055 4 2 2 2 2 5 2 5 2 0 5 0
F2 056 4 2 ] 2 2 5 - ] 2 2 5 1
F2 057 - 2 ] 2 2 1 1 ] 1 ] ] ]
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Appendix 4 (Continued)
Lines Tgl Xgwm3ll Xpsr928 Xgwm301 Xgwm320 Xgwm349 Xbcdl75.2 Xbed1970.2 Xwmc503 Xgwmi57 Xgwm539 Xcfd168
F2 058 4 0 1 0 0 5 1 1 1 2 5 2
F2 059 4 2 2 2 2 S 2 S 2 2 - 2
F2 060 4 2 2 2 - S 2 S 2 2 S 2
F2 061 4 1 0 1 1 1 2 5 2 2 5 2
F2 062 - 2 2 2 2 5 2 5 2 2 5 2
F2 063 4 2 ] 2 2 5 1 1 2 2 5 2
F2 064 4 1 2 | 1 1 - S 2 0 S 1
F2 065 1 2 2 2 2 5 2 S 2 1 1 2
F2 066 0 1 0 | 1 1 0 5 0 0 5 2
F2 067 0 0 0 0 0 S 0 5 0 0 S 2
F2 068 1 2 2 2 2 1 2 5 2 1 1 1
F2 069 0 2 0 2 2 5 0 5 0 0 5 0
F2 070 4 0 2 0 0 5 2 5 2 2 S 0
F2 071 1 1 1 1 1 - 1 1 1 1 1 !
F2 072 1 1 2 1 1 1 - S 2 1 1 1
F2 073 0 2 ] 2 2 S 2 5 0 0 5 0
F2 074 0 0 0 0 0 S 0 S 0 0 S 0
F2 075 4 0 2 0 0 S 2 5 2 0 5 0
F2 076 1 0 2 2 2 S 2 S 2 1 1 1
F2 077 4 1 0 2 2 - 0 S 0 2 S 2
F2 078 4 2 1 2 2 5 1 1 1 2 S 2
| F2 079 4 0 2 2 2 5 2 5 2 0 5 0
| F2 080 5 2 0 1 2 5 - 5 0 2 5 2
F2 081 0 1 2 1 1 S 2 - 0 0 S 0
F2 082 4 0 2 0 0 S 2 5 2 2 S 0
F2 083 5 2 0 2 2 5 0 5 0 1 1 1
F2 084 4 2 0 1 0 S 0 S 0 2 S 2

—
—
o o]




Appendix 4 (Continued)

Lines Tgl  Xgwm3ll Xpsr928 Xgwm301 Xgwm320 Xgwm349 Xbedl175.2 Xbcd1970.2 Xwmc503 Xgwmli57 Xgwm539 Xcfd168
F2 085 4 2 0 2 2 5 0 5 2 0 N 2
F2 086 4 2 2 2 2 1 2 5 2 2 5 2
F2 087 4 2 2 2 - 5 2 5 2 2 I 2
F2 088 1 2 2 2 2 5 2 5 1 1 1 1
F2 090 4 0 1 0 0 5 1 1 2 2 5 0
F2 091 S 1 0 2 1 1 0 5 0 2 S 1
F2 092 4 2 | 2 2 1 1 1 1 2 5 2
F2 093 - 1 0 0 1 0 S 0 1 1 1
F2 094 4 2 2 2 2 S 2 5 2 2 1 2
F2 095 4 0 2 0 0 5 2 5 2 0 5 0
F2 096 1 2 1 - 2 5 1 1 I 1 1 1
F2 097 5 1 0 1 1 5 0 5 0 2 S 0

ol1
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Appendix 5 Percent threshability (%) data for the ITMI RIL population for three
environments and the combined average. ‘- represents a missing data point.

Line Hyslop Farm 1999 East Farm 2000 Hyslop Farm 2001 Combined (Avg)
Opata ) 97.74 98.54 97.94 98.07
Mé 26.62 32.73 33.59 30.98
Altar 85.16 87.79 93.63 88.86
RIL #001 77.78 80.51 30.45 62.92
RIL #002 87.14 81.12 92.42 86.89
RIL #003 50.56 87.12 52.41 63.36
RIL #004 54.30 59.51 47.01 53.60
RIL #005 77.93 87.67 82.49 82.70
RIL #006 36.24 58.44 51.03 48.57
RIL #007 39.10 61.55 59.89 53.51
RIL #008 46.89 - 34.34 40.62
RIL #009 56.54 85.32 46.96 62.94
RIL #010 75.15 88.49 84.46 82.70
RIL #011 60.82 57.46 61.18 59.82
RIL #012 68.75 80.94 51.95 67.21
RIL #013 95.05 93.96 92.52 93.85
RIL #014 82.04 86.97 67.34 78.78
RIL #015 52.26 66.29 43.30 53.95
RIL #016 56.15 79.64 61.16 65.65
RIL #017 69.32 73.72 59.52 67.52
RIL #018 84.24 90.62 54.81 76.56
RIL #019 26.03 68.71 45.60 46.78
RIL #020 71.81 70.33 75.07 72.41
RIL #021 60.21 80.24 70.73 70.39
RIL #022 81.58 - 70.73 76.16
RIL #023 53.25 55.90 39.09 4941
RIL #024 51.79 51.88 49.79 S1.15
RIL #025 83.12 93.50 64.56 80.39
RIL #026 71.57 74.40 54.11 66.69
RIL #027 68.92 76.68 58.49 68.03
RIL #028 86.25 87.76 84.76 86.26
RIL #029 86.72 77.89 67.27 77.29
RIL #030 84.62 - 45.45 65.03
RIL #031 64.14 92.87 11.76 56.26
RIL #032 93.78 88.19 60.93 80.97
RIL #033 91.27 93.40 80.00 88.22
RIL #034 93.57 83.12 64.10 80.26
RIL #035 84.73 82.74 94.03 87.17
RIL #036 94.06 83.61 55.04 77.57
RIL #037 34.57 - 4337 3897
RIL #038 52,15 34.50 38.10 41.58
RIL #039 22.47 29.65 16.75 22.96
RIL #040 92.74 93.25 96.37 94.12
RIL #041 89.10 94.27 60.73 81.36

RIL #042 79.66 69.94 68.47 72.69
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Appendix 5 (Continued)

Lines Hyslop Farm 1999 East Farm 2000 Hyslop Farm 2001 Combined (Avg)
RIL #043 51.63 4247 60,52 51.54
RIL #044 57.22 49.62 59.09 55.31
RIL #045 50.87 38.68 28.45 39.33
RIL #046 77.29 77.41 95.02 83.24
RIL #047 81.54 85.02 67.68 78.08
RIL #048 91.86 - 54.25 73.05
RIL #049 100.00 97.35 94.26 97.20
RIL #050 81.47 92.50 83.76 85.91
RIL #051 89.77 93.13 92.56 91.82
RIL #052 53.37 78.59 72.14 68.03
RIL #053 63.96 46.51 54.68 55.05
RIL #054 78.21 67.02 76.33 73.85
RIL #055 50.43 48.83 43.63 47.63
RIL #056 90.75 92.01 81.45 88.07
RIL #057 78.49 70.84 85.10 78.14
RIL #058 80.00 77.77 85.11 80.96
RIL #059 85.96 85.13 87.57 86.22
RIL #060 67.05 66.81 74.44 69.43
RIL #062 95.74 97.63 94.56 95.98
RIL #063 27.90 34.43 42.69 35.01
RIL #064 92.46 83.22 78.47 84.72
RIL #065 98.04 - 77.00 87.52
RIL #066 78.33 80.68 67.05 75.35
RIL #067 62.50 35.66 47.46 48.54
RIL #068 52.94 56.16 72.92 60.67
RIL #069 80.86 76.07 67.68 74.87
RIL #070 84.47 86.47 72.20 81.05
RIL #071 83.74 72.10 56.58 70.81
RIL #072 69.18 54.87 51.55 58.53
RIL #067 62.50 35.66 47.46 48.54
RIL #068 52.94 56.16 72.92 60.67
RIL #069 80.86 76.07 67.68 74.87
RIL #070 84.47 86.47 72.20 81.05
RIL #071 83.74 72.10 56.58 70.81
RIL #072 69.18 54.87 51.55 58.53
RIL #073 97.46 90.22 84.96 90.88
RIL #074 82.42 96.82 81.66 86.97
RIL #075 41.78 36.28 41.85 39.97
RIL #076 94.57 67.54 85.66 82.59
RIL #077 89.74 96.80 96.09 94.21
RIL #078 3333 49.44 20.72 34.50
RIL #079 84.12 91.20 69.23 81.51
RIL #080 - 4192 68.86 55.39

RIL #081 44.27 46.86 71.10 54.08




Appendix 5 (Continued)

Lines Hyslop Farm 1999 East Farm 2000 Hyslop Farm 2001 Combined (Avg)
" RIL #082 90.36 Tor3e 8286 TTTTRRYT T

RIL #083 64.93 57.15 46.08 56.05
RIL #084 60.68 54.94 48.60 54.74
RIL #085 56.41 41.27 38.89 45.52
RIL #086 45.97 46.56 50.00 47.51
RIL #087 87.35 80.03 78.38 81.92
RIL #088 69.48 67.28 73.28 70.01
RIL #089 88.57 95.44 98.76 94.26
RIL #090 82.81 86.57 94.72 88.03
RIL #091 96.32 90.43 81.25 89.33
RIL #092 92.57 96.46 84.21 91.08
RIL #093 82.21 85.65 78.91 82.25
RIL #094 93.05 88.65 68.46 83.38
RIL #095 51.59 - 77.30 64.45
RIL #096 81.05 88.69 73.17 80.97
RIL #097 80.81 72.83 72.22 75.29
RIL #098 53.79 40.02 4791 47.24
RIL #099 67.48 88.45 74.55 76.83
RIL #100 68.27 64.04 76.44 69.59
RIL #101 83.02 83.85 64.75 77.21
RIL #102 79.69 84.19 60.27 74.72
RIL #103 68.69 71.28 71.13 70.37
RIL #104 77.87 65.80 77.78 73.82
RIL #105 33.18 38.98 41.70 37.96
RIL #106 86.13 95.90 94.53 92.18
RIL #107 58.46 . 77.13 67.80
RIL #108 - - - -

RIL #109 - - - -

RIL #110 71.33 70.86 72.22 71.47
RIL #111 42.39 63.13 59.71 55.08
RIL #112 76.38 66.83 68.98 70.73
RIL #113 25.27 . 73.71 49.49
RIL #114 61.16 67.65 66.84 65.22

RIL #115 - - - -
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Appendix 6 Glume tenacity (N) measurements in the ITMI RIL population. Glume
tenacity measurements for three environments and the combined average are presented.
‘-‘ represents missing data points.

Lines East Farm 2000 Greenhouse 2000 Hyslop Farm 2001 Combined (Avg)
" Opata 035 0.26 1.02 0.55
M6 5.80 5.96 6.24 6.00
Altar 0.50 0.50 0.81 0.60
RIL #001 0.98 111 4.78 2.29
RIL #002 1.33 0.67 2.72 1.57
RIL #003 1.68 - 3.03 2.36
RIL #004 2.10 0.61 5.42 2.71
RIL #005 1.04 0.74 2.59 1.45
RIL #006 1.74 1.73 5.06 2.84
RIL #007 1.44 - 6.12 3.78
RIL #008 358 1.33 3.22 271
RIL #009 1.66 0.93 3.78 2.12
RIL #010 0.87 0.61 3.86 1.78
RIL #011 1.05 1.00 6.48 2.84
RIL #012 1.73 0.69 297 1.80
RIL #013 0.40 - 242 1.41
RIL #014 097 0.86 2.28 1.37
RIL #015 1.04 1.01 5.81 2.62
RIL #016 0.81 - 5.09 2.95
RIL #017 0.81 - 5.03 292
RIL #018 0.61 - 2.84 1.72
RIL #019 1.70 2.55 342 2.56
RIL #020 0.82 0.87 6.53 2.74
RIL #021 1.77 1.18 4.39 244
RIL #022 0.76 0.57 2.70 1.34
RIL #023 2.96 1.76 381 2.84
RIL #024 223 1.87 439 283
RIL #025 051 0.57 1.93 1.00
RIL #026 1.60 - 1.31 1.45
RIL #027 1.30 - 1.58 1.44
RIL #028 0.48 0.39 0.97 0.61
RIL #029 1.95 0.68 1.53 1.39
RIL #030 253 - 1.75 2.14
RIL #031 0.89 - 311 2.00
RIL #032 1.12 - 0.89 1.01
RIL #033 0.79 - 0.75 0.77
RIL #034 2.35 0.76 0.97 1.36
RIL #035 0.55 040 1.08 0.68
RIL #036 0.46 0.59 1.36 0.80
RIL #037 1.14 0.74 7.45 3.1
RIL #038 435 1.72 275 2.94
RIL #039 4.77 2.82 3.36 3.65

RIL #040 0.31 0.32 0.95 0.53
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Appendix 6 (Continued)

Lines East Farm 2000 Greenhouse 2000 Hyslop Farm 2001 Combined (Avg)
RIL #041 067 052 206 1.08
RIL #042 1.76 1.33 4.09 239
RIL #043 2.32 1.10 3.84 242
RIL #044 248 1.27 348 2.41
RIL #045 2.61 1.29 4.09 2.66
RIL #046 0.83 0.62 2.09 1.18
RIL #047 1.26 - 1.61 1.44
RIL #048 0.99 - 1.78 1.38
RIL #049 0.46 0.62 2.45 1.18
RIL #050 0.56 - 342 1.99
RIL #051 0.76 0.71 3.39 1.62
RIL #052 2.30 0.87 3.48 2.22
RIL #053 1.25 - 4.87 3.06
RIL #054 1.06 - 6.45 375
RIL #055 1.99 1.14 4.67 2.60
RIL #056 0.44 - 1.58 1.01
RIL #057 1.52 - 3.39 2.46
RIL #058 1.99 1.31 348 2.26
RIL #059 1.78 1.22 2.61 1.87
RIL #060 4.11 - 3.36 373
RIL #062 0.34 0.29 2.22 0.95
RIL #063 336 4.08 3.1 3.52
RIL #064 1.55 0.34 2.03 1.31
RIL #065 0.38 0.34 2.09 0.94
RIL #066 1.96 1.41 1.97 1.78
RIL #067 3.04 2.41 3.03 2.83
RIL #068 1.84 .13 2.84 1.93
RIL #069 115 0.43 2.67 1.41
RIL #070 1.93 1.09 1.39 1.47
RIL #071 1.40 0.49 4.92 227
RIL #072 1.81 0.92 5.45 2.73
RIL #073 1.20 0.65 2.59 1.48
RIL #074 1.03 0.59 1.97 1.20
RIL #075 3.93 2.98 3.70 3.54
RIL #076 244 - 2.72 2.58
RIL #077 047 0.61 234 .14
RIL #078 383 248 3.48 3.26
RIL #079 0.70 0.64 3.61 1.65
RIL #080 - 2.36 4.09 322
RIL #081 3.10 - 3.89 3.50
RIL #082 047 0.63 1.67 0.92
RIL #083 1.57 0.81 403 2.14
RIL #084 1.65 - 4.31 298
RIL #085 2.10 - 4.95 3.53
RIL #086 3.82 - 361 3.72

RIL #087 1.57 1.18 2.39 1.71




Appendix 6 (Continued)

Lines East Farm 2000 Greenhouse 2000 Hyslop Farm 2001 Combined (Avg)
RIL #088 093 0.96 556 249
RIL #089 0.39 0.34 1.64 0.79
RIL #090 0.48 0.34 1.86 0.90
RIL #091 0.66 0.39 345 1.50
RIL #092 0.66 0.32 311 1.36
RIL #093 1.82 0.91 295 1.89
RIL #094 0.78 0.54 2.06 1.13
RIL #095 1.27 0.63 3.20 1.70
RIL #096 1.38 0.66 2.81 1.62
RIL #097 2.20 1.00 4.23 247
RIL #098 3.96 295 6.53 448
RIL #099 1.48 - 2.39 1.93
RIL #100 0.88 0.68 6.01 2.52
RIL #101 2.43 - 3.20 2.81
RIL #102 1.36 0.78 2.59 1.58
RIL #103 1.00 0.79 6.06 2.62
RIL #104 1.11 - 5.28 3.20
RIL #105 2.29 1.51 3.64 248
RIL #106 0.70 0.47 2.14 1.10
RIL #107 - - 4.14 4.14
RIL #108 - - 3.20 320
RIL #109 - - 2.50 2.50
RIL #110 1.86 0.98 5.12 2.65
RIL #111 1.03 0.93 6.62 2.86
RIL #112 0.73 0.52 5.25 2.17
RIL #113 2.70 3.95 3.32
RIL #114 1.18 0.72 5.28 2.39

RIL #115
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Appendix 7 Glume tenacity (N) for the CS/CS2D F, population for one environment
(Greenhouse 2003). Data for individual spikes and total spike average are provided ‘-
‘ represents missing data points.

Lines Spikel Spike2 Spike3 Spike4 Total Avg.
csS 0T 0.86 T1.06 0.88 08
CS 0.75 0.75 0.84 1.41 0.94

CS2D 1.85 2.7 2.86 3.78 2.80

CS2D 3.03 2.70 3.71 2.86 3.08

F2 001 0.49 0.71 1.10 2.05 1.09

F2 002 2.14 1.99 2.40 315 242

F2 003 3.18 2.60 2.78 3.19 2.93

F2 004 0.09 0.41 0.65 0.84 0.50

F2 005 1.44 1.18 1.10 1.26 1.24

F2 006 1.13 1.25 1.31 0.76 .11

F2 007 1.08 0.76 0.75 0.79 0.84

F2 008 2.65 2.05 1.45 2.00 2.04

F2 009 115 1.19 1.26 2.25 1.46

F2 010 2.01 1.65 1.91 1.38 1.74

F2 011 0.90 091 0.93 0.95 0.92

F2 012 1.04 0.39 0.80 - 0.74

F2 013 1.68 230 2.05 2.61 2.16

F2 014 2.78 233 1.64 1.99 218

F2 015 1.41 2.15 1.75 - 1.77

F2 016 0.81 1.10 0.93 0.93 0.94

F2017 0.43 0.50 1.35 0.73 0.75

F2018 1.15 1.28 1.43 0.96 1.20

F2 019 0.94 0.85 0.48 0.46 0.68

F2 020 1.56 1.91 1.20 0.74 1.35

F2 021 2.26 2.10 1.95 1.74 2.01

F2 022 1.98 2.86 2.28 2.84 249

F2 023 0.85 1.06 0.68 1.00 0.90

F2 024 3.30 2.35 1.96 2.66 2.57

F2 025 1.54 1.85 1.14 2.11 1.66

F2 026 2.80 2.96 3.31 2.63 2.93

F2 027 3.53 4.64 2.96 5.19 4.08

F2 028 1.61 1.74 2.14 1.73 1.80

F2 029 239 1.65 2.44 1.83 2.08

F2 030 3.90 318 425 3.25 3.64

F2 031 1.86 248 2.55 2.16 2.26

F2 032 0.95 1.00 1.23 1.24 1.10

F2 033 091 1.19 0.94 0.95 1.00

F2 034 2.74 1.73 2.30 294 243

F2 035 1.91 2.06 2.05 3.09 228

F2 036 1.58 1.11 1.56 1.23 1.37

F2 037 2.60 2.89 3.16 344 3.02

F2038 240 1.89 1.60 - 1.96




Appendix 7 (Continued)

127

Lines Spikel Spike2 Spike3 Spike4 Total Avg.
F2 040 0.63 0.76 0.95 1.04 0.84
F2 042 1.11 1.24 0.89 0.76 1.00
F2 043 2.28 1.71 1.11 1.89 1.75
F2 044 0.80 0.96 0.75 0.93 0.86
F2 045 1.79 2.81 2.36 316 253
F2 046 1.56 1.91 1.28 1.66 1.60
F2 047 1.60 0.98 1.50 1.29 1.34
F2 048 2.39 3.81 2.64 2.60 2.86
F2 049 3.55 2.80 - - 318
F2 050 2.36 1.84 2.09 1.99 207
F2 051 1.80 1.08 2.21 1.88 1.74
F2 052 - - - - 0.00
F2 054 - - - - 0.00
F2 055 1.61 141 1.70 1.90 1.66
F2 056 1.43 2.16 1.41 345 2.11
F2 057 2.85 2.64 2.65 371 2.96
F2 058 2.53 245 3.35 . 2.78
F2 059 2.29 2.35 2.06 1.96 2,17
F2 060 2.61 235 2.09 2.14 2.30
F2 061 3.10 363 3.33 2.50 3.14
F2 062 - - - - 0.00
F2 063 2.88 3.48 333 329 324
F2 064 1.94 2.01 2.31 336 241
F2 065 3.20 4.16 434 3.96 3.92
F2 066 1.05 1.01 0.93 0.79 0.94
F2 067 0.74 1.18 1.38 1.13 1.10
F2 068 2.56 3.25 2.41 - 2.74
F2 069 0.95 1.05 0.98 0.86 0.96
F2 070 2.33 2.69 3.08 238 2.62
F2 071 383 4.60 408 5.03 438
F2 072 2.49 2.81 2.79 316 2.81
F2073 1.05 1.48 1.20 0.99 118
F2 074 1.06 1.26 1.01 1.09 111
F2 075 2,11 1.30 221 1.63 1.81
F2 076 3.73 341 443 4.36 3.98
F2 077 2.39 2,61 2.30 2,13 2.36
F2078 3.93 3.39 401 3.89 3.80
F2 079 1.78 3.03 1.59 1.95 2.08
F2 080 0.81 1.18 1.33 1.15 1.12
F2 081 1.04 1.03 0.91 0.83 0.95
F2 082 2.03 1.44 1.84 2.29 1.90
F2 083 1.46 1.46 1.25 1.65 1.46
F2 084 244 2.78 2.79 226 257
F2 085 2.35 1.90 2.16 2.19 2.15
F2 086 2.18 2.84 2.56 2.15 243




Appendix 7 (Continued)

Lines Spikel Spike2 Spike3 Spike4 Total Avg.
F2 087 236 240 2385 1.93 238
F2 088 539 3.63 3.94 - 432
F2 090 2.54 2.24 2.4 2.54 2.39
F2 091 1.28 1.16 129 1.03 1.19
F2 092 425 3.54 2.63 378 3.55
F2 093 131 1.89 1.65 1.56 1.60
F2 094 211 2.66 - - 2.39
F2 095 1.95 313 2.00 2.06 2.8
F2 096 3.30 4.53 5.66 - 4.50
F2 097 118 1.03 0.99 0.78 0.99






