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MOLECULAR MARKER ASSISTED ANALYSIS OF GRAIN YIELD

AND RELATED TRAITS IN BARLEY

_Abstract

by Nejdet Kandemir, Ph.D.
Washington State University
August 1999

Chair: Andris Kleinhofs

Mapping of quantitative traits is a very active topic in biology. Quantitative trait Joci
(QTL) data have to be \_feriﬁed and validated for usefulness in plant breeding. The present study
aims to detenﬁine the usefulness of previously identified yield QTL for barley (Hordeum vulgare
L) breeding. |

Three previously mapped grain yield QTL on chromosomes 2,3 and S were studied in
Steptoe X Morex cross using near isogenic lines (NILs). The chromosome 2 yield QTL region of
Morex delayed flowering time of Steptoe by 11 days but did not affect grain yield. The Steptoe
chromosome 3 yield QTL, which is the largest yield QTL in Steptoe x Morex cross, reduced
lodging and head shattering when introduced into the moderate yielding,- high malting quality
barley, Morex. Grain yield of Morex, however, was not improved. | The chromosome 5 yield
QTL transferred from Steptoe 1o Morex caused slight yield increase in all NILs although
differences were not sign{ﬂcant.

Two major and a minor QTL were detected on chromosomes 2, 3 and 7 for head
shattering. The largest QTL on chromosome 3 was located in a 0.6 ¢cM region using NiLs. We
detected two flowering time QTL with photoperiod response (Phr) on éhrornosomes 2S and 5L

{designated Phr-2§ and Phr-3L) in positions similar to the previously mapped PpdH [ and



PpdH? loci, respectively. NIL analyses located Phr-2S and Phr-5L i.n 0.9 and 6.6 cM intervals.
Results suggested the presence of additional loci for flowering time.

NILs developed in this study will be useful to trace additional loci for the respective traits
using QTL mapping. The QTL introgressed into the NILs in this study were the major ones. The
major QTL make detection of relatively small eﬁ"ect QTL difficult. Minor QTL can be more
readily detected if studied in crosses where the major QTL are fixed. Minor QTL could be
useful in plant breeding. Discrete phenotype classes created in NILs will be useful in fine |

mapping for map based cloning of QTL.



 TABLE OF CONTENTS
Page
ACKNOWLEDGEMENTS ..o oooioititeeceeceecissna s s s s b s i b s s e it
ABSTRACT oovoeoeeeeeeeeeeemeeeeesteesstessesss st sassossasssase s et SAas See s e R s b B E R SE RS SSS s iv
LIST OF TABLES ...oooverre oo e oo e e Vi
LIST OF FIGURES oo oo e vii
CHAPTER o |
1. INTRODUCGTION oot eees s nessnas s s e s st as bbb s s 1
2 MARKER ASSISTED ANALYSIS OF GRAIN YIELD QTL IN BARLEY ....... 22
3. MOLECULAR MARKER ASSISTED GENETIC ANALYSIS OF
- HEAD SHATTERING IN SIX-ROWED BARLEY ..o 51
4. MARKER ASSISTED ANALYSIS OF FLOWERING TIME IN A
SPRING BARLEY CROSS .o I 77
5. PERSPECTIVES AND PROSPECTS e, e 101
APPENDICES ......cooessrrrece S, e 103
APPENDIX A. Steptoe and Morex chromosomal fragments of SM DH lines
©23,8420d 179 e O OS— SO 104
APPENDIX B. Molec_:ular marker assisted backcross SCHEME ......cooovvvrreeererrecreneene 105

APPENDIX C. Steptoe x Morex skeletal map used in QTL mapping ........cooeeerrreen- 106

vi



vii

LIST OF TABLES
1. Ecological and agronomical features of field TOCALIONS —....eoverrerrerrcsrmerimcanesrammsss s s 43
2. Summary of QTL effects for piant height, NRN and seed weight 1 711 JOURO 44
3. Field evaluations of NILs Aa‘nd parents at Four IOCALONS .....coovoviiiisemsirmmnsssriasssssnssennoneoeeees 45
4. Malting quality-characteristics of isogenic lines and .parents from two [0cations ..........oovves 47
5. Summary of QTL effects for héad sﬁatteﬁ-ng and related traits 70

6. Summary of QTL effects for field and controlled short daylength flowering time ............. 93

" 7. Flowering time of NILs under short dayléngth CONAILIONS +.veveeeverremeserecrreranssrssmrenssanenescsseans 94



viii

LIST OF FIGURES

1. Genomic composition of N]i,s evaluated in multilocational yield triﬁls ........................... e 48
2. Frequency distributions of SM DHLs for plant height, number of rachis nodes/spike

and 1000-seed weight et ot eurorusussbeseerassssatas e ensaeasar s SRR eE R r e SRS R s s 49
~ 3. QTL mapping for plant helght NRN and 1000-seed weight ...... 1 ................................ e 50

4. Frequency distributions of SM DHLs for head shattering, splke densny,

number of rachis nodes and peduncle curve. e eee e e sesess s s et 71
5. QTL mapping with sCIM for head shattering and related traits ...........cooooceviiecinnnns ........... 72
6. Interaction between chromosdfne 3 and 2 head sﬁattering QTL i s 73
7. High resolution mapping of chromosome 3 head shatteﬁpg locus ...oovoeeeeriennee eereesrannenae s 74
8. Horde;zm vulgare ssp. spontaneum fragment in GSHOL1937 i esirssmeie e 75
9. Spike density in Steptoe x Morex ¢ross ............................................ 76

10. Frequency distribution of SM DHLs for flowering time under long day conditions
(field planting) ............ccocn.. e oo 95
11. Frequency distribution of SM DHLs for flowering time under controlled short day
CONAILIONS .-ooveeemeeeerrrarreerreressstsnssmmres e stras s s s s sas s cnenes o et eae s enatee e e e sa s ten 96
12. QTL mapping for flowering time at field and controlled short day conditions .................... .97
13. High resolution mapping of long daylength ﬂowering-QTL Phr-2S on chromosome 2 ..... 98
14. High resolution mapping of short daylength flowering QTL Phr-JL on chromosome 5 ..... 99

15. Comparison of the map locations of Phr-5L and Eam8 on chromosome SL ..........lcccucceene. 100



CHAPTER ONE B = - -

INTRODUCTION = =

L. Background

Higher yield is the main target in plant breeding programs of many crop spec1es In
malting barley (Hordeum vulgare L.), breeders must cons:der both grain yield and the maltmg
quality of the gram This fact necessttates prec151on style breeding programs”, in whxch only
very limited changes in the makeup of the accepted malling quality of the barley may take place.
Molecular marker technology has the advantage of precision that allows introgression of very
small genomic fragments from a donor genotype into a commercial variety through marker
assisted backcross breeding. | |

Besides its ecorlomic value as the world's fourth crop in acreage (FAO 1996), barley is a
candidate model genetic system for related cereal crops such as wheat, oat and rye. The seven
pairs of chromosomes in diploid cultivated barley have good homeologous relationships with

wheat (Triticum sp.) (Nelson et al. 1995; Devos et al 1993), rye (Wang ez al. 1992) and oat

chromosomes (Van Deynze et al. 1995). Barley research will benefit hexaploid common wheat '

(T aestivum L.), a major crop with limited application of molecular markers because of high
ploidy level (Hart 1994) and low polymorphism (Chao et aI 1989) Barley has been a model
species for mutation studies and more than 600 genes/mutants have been mapped in barley
(Barley Genetic Newsletter Vol;26). Molecular characterization of barley mutants- will be useful
to tdentlfy genes in other cereal species. |

A number of barley crosses have been uSed to develop moderately dense genetic rnaps

(Heun et al. 1991, Kleinhofs et al. 1993; Graner ¢ al. 1991; Bezant &/ aI 1997 Backes et al.




1995; Tinker et al_. 1996: Powell et al. 1997). Most of these crosses have been used to detect
QTL for grain yield, malting quality and related traits. Verification and detailed characterization

of these QTL are essential before their use in plant breeding programs is implemented.

2. QTL analysis

Unlike the qualitative traits with discrete phenotype classes that can be explained by |
simple genetic principles, quantitative traits with continuous variation are 2 result of complex
systems in which environment and mteractmg genetic factors play sngruﬁcant roles. -Discovery’
of associations of qualitative traits and quantitative characters as early as the 1920's (Sax 1923)
lead to the idea that quantitative traits can be tagged with qualitative trait markers. At the
beginning, only a few morphological traits with discrete phenotype ciasses were used as markers.
Molecular markers appeared first in the form of isozymes in the late 1950's and storage protein
markers in the early 1970's. The lack of sufficient numbers of markers in morphological,
isozyme and protein marker systems was thé major limitation for an effort to scan the whole
genome for associations with quantitativé traits. |

Emergence of DNA marker technology introduced practically unlimited numbers of
markers. Two types of DNA markers are used; hybridization based (RFLP, in situ hybridizétion)- '
and PCR based (RAPD, AFLP, STS,'microsatellites, etc.). Advantages and limitations of these |
markers have been reviewed by Kochert (1994), and Bur?w and Blake (1997). |

QTL analysis is basically finding a statistically sigqiﬁcant association between a marker
and a quantitative trait. The first requirement for such gendme-wide analysis is the presence Vof a
genetic map containing reasonably spaced markers evéry 15-20 cM (Tanksley 1993). Ifthe

target is a QTL in an approximately known region, then the development of a full genome niap
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may not be necessary. In this case, markers transferred ﬁ'om—' aﬁaii'abie inaps (RFLP markers can

easily be transferred) or random markers developed by targetmg specxﬁc reglons using bulked
segregant analysis (Michelmore e al. 1991) can be employed

QTL mapping can be classified into three categories based on the points of the genome
that are considered; a) single marker mapping, which scans the genome at the points represented
by markers only, b) interval mapping, which scans points between markers as well as marker
points, and ¢) composne interval mapping, which scans the genome at al! marker and interval
points and, at the same time, uses other points in the genome (other than the one being evaluated)
as cofactors to control genetic background effects . Comp051te interval mapping may use any
marker point, all marker points, or selected marker points that represent the .genome with some -
intervals (Basten et al. 1997)

Significance of marker-trait associations can be assessed using different parameter
estimation methods such as simple t or F-tests (Stuber et al. 1987), least squares method (Haley
and Knott 1992), maximum likelihood analysis {Lander and Botstein 1989), and regression
analysis (Knapp etal. 1990) Many QTL mapping programs were developed employmg
different combinations of test points (marker, interval or composite. mterval) and parameter
estimation methods (Liu 1998).

An important aspect of QTL mapping is the relatively high threshold levels to declare a
QTL because of the high number of hypothesis to be tested (Paterson 1996). A 99.8 %
significance level per test is used to ensure that 95 % of the QTL detected throughout a genome
are real (Paterson 1998). Although a high threshold level is necessary for the publicanon, a |
lower stringency might be acceptable if a "comparative analysis" of previously reported Q‘I'L is

possible (Paterson 1998). A number of methods are used to set thresholds. F-test, LOD score,
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and permutation tests are widely used. LOD ééore is the log (10) of éhe ratio between the odds of
presence of a QTL versus absence of a QTL. Permutation test uses empirical distribution
achieved by resampling of the data. Due to multiple test problems and violation of independence
principle because of linkage, use of permutation test is favored to set threshold levels for
significance (Liu 1998). |

QTL mapping is often performed on F,, recombinant inbred (RI), doubled haploid (DH),
and backeross (BC) populations. RI and DH populitions have the advantage ofbeiﬁ.g "immortal"
i.e. the seed frorﬁ these lines can be indefinitely increased and evéluations can be replicated. F2
and BC populations are easy to create. F, populations can show dominance effects. Number of

recombinations per line is higher in Fz and RIL populations compared to DH and BC populations.

3. Near isogenic line analysis

QTL mapping identifies the position of the trait only with limited accuracy. Errors with
fhe genetic map and marker data, presence of multiple loct affeéting the trait, linkage between
QTL especially in repulsion phase, sample size and QTL x environmen£ interactions are the
factors that contribute to limited accuracy. Higher resolution mapping may distinguish
pleiotropy from close linkage, and separate closely linked QTL. Resolution of QTL to a smaller
chromosome region is critical for the precise style plant breeding needed for the maintenance of
established malting quality standards and, of course, abs’blﬁtely essential for map based cloning
of quantitative trait genes. |

QTL mapping' results can be verified by repeating the QTL experiment using a) the same

mapping population or a subsample of the population (Bridges and Sobral 1996), b) additional '



population from the same cross (Spaner et al. 1999, Romagosa etal. 1999)or é) near isogenic
line analysis (Koester et al. 1993). -

Tsogenic line analysis has the advantage of analyzing fhe QTLina hqmougenous
background without the effect of segregation of other modifying loci. ‘Development of a series
of isogenic lines from the target region also allows high resolution mapping of the QTL.
Because of homozygosity, NILs are genetically stable and can be uéed in replicéted experiments.

_NILs with the QTL of interest can quickly be released as commercial varieties.'___Linkage drag,
the introgression of a genomic frégment from the donor parent around the lécus controlling the
trait of interest, can be controlled if sufficient markers are available in the éhromosome region of
intcrest.

NIL analysis also has some disadvantages. First of all, NIL development requires 2
relatively long time. Typlcally six or seven generations are needed. Even with thé use of indoor
facilities like growth chambers and growth rooms, the whole process takes about two years. If
closely and evenly spaced markers are not available, there is a substantial risk of losing the QTL
during the generations of NIL development due to double cross-overs in.the QTL region. If the

- QTL needs additional loci for full expression, its function can be partly or completely Iost in the
new genetic backgrqund. Another disadvantage of the NIL system may be in the case of -
epistatic interactions, which also could be considered an advantage because of information
generated about the QTL itself. )
| Near isogenic lines are commonly developed by backcrossing. A marker, or beﬁér :
flanking markers, tagging the QTL are traced in backcroés generz-itions' Using the. molecular
markers, three or four backcross generations and a selﬁng generation are usually enough to

create near isogenic lines. If high resolution mapping of the QTL is intended, then a relatwely-



large population from the selfing generation may be required. A second selfing generation is

also needed to isolate homozygous isogenic lines.

4. Wker agsisted selection

Use of molecular markers brings a great degl of precision to backcross breeding programs
where one of i few traits are being transferred from a donor genotypeto a commercial variety.
Sélectioﬁs'can be made in an early seedling stage, which reduces the resourcss needed to
maintain large populations. Genotype detection in an early seedling stage also eliminates the -
number of backcrosses that need to be made compared to classical backeross breeding, where
fines are selected after the expression of the trait, commonly in a very late stagerof plant life.; |
Depending upon the markers tagging the QTL, linkage drag is decreased compared t0
conver_xtional backerossing, which..will eliminate unwanted genes coming along with the trait of
interest.

Use of marker aséisted selection in breeding schemes, other than the backcross breeding,
is not practical at the present. There are two major reasons. First, in order to use markers in
plant preeding, one needs 10 determine the association between markers and agronomic traits.
Considering -the large number of loci affecting crop performance, assessment of these
associations s a formidable task. Second, genotypirig of the plants with molecular markers is an
expensive and labor consuming operation. This expensive technelogy is nbt fe;sib{e in early
generations of plant breeding with hundreds of thousands entﬁes. Development of hiéh output
and cost effective automated marker analysis systems will be helpful. In this case, selection fora
number of traits could be efficiently conducted using molecular markers resulti.ng in a decrease

of progeny that need to be carried to {ater generations and field testing.



“QTL hot spots” which include QTL for yield and yield related traits such as number of seed per
spike, plant height, lodging, kernel weight and fertile tiller number. The denso locus on
chromosome 3 (Powell et al. 1985; Laurie ef al. 1993), Eam8 on chromosome 5 (Kjaer et al
1991) and a flowering time QTL region on chromosome 2 (Hayes et al. 1996) are such
examples. Pleiotropic effects of the flowering genes on plant development a.r‘c possibly the
reason why many QTL for yield related traits have been mapped in the vicinity of flowering
genes. Due to the fact that the favorable allele, Steptoe or Morex, ohanges by the envifohiﬁent,
the yield QTL on chromosome 2 short arm may be interesting in breeding of barley for specific
environments. |
A third grain yield QTL in barley has been reported on the long arm of chromosome 3.
In a study with the 150 SM DHLs, this QTL. appeared in two of 16 environments and a.lso n
combined analysis of environments (Hayes e/ al. 1993a) suggesting that it has small but
consistent effects. A short daylength flowering locus, Ppd-H2 has been reported in this QTL .
regton in Igrix Tnumph cross (Laurie e al. 1995). At least two short day flowering genes,
Eam8 or Ea,of chromosome 5 (Kjaer et al. 1991) and Eam? (Ea?) of chromosome 6 (Stracke
and Bomner 1998), have been reported to affect flowering time in long days. The Fam8 locus
was assomated with grain yield. Hence, the yield QTL on chromosome SL may be associated
with the short daylength flowering time QTL, Phr-5L, also located on chromosome 5. Studies
with the SM population showed that the Phr-35L region was associated with many malting quality
traits. Han and Ullrich (1993) reported QTL for malt B-glucan content, diastatic power, .-
amylase activity and malt extract in this QTL region. Since Steptoe confers the undesirable
- alleles for all of these traits, introgression of this QTL region into Morex may result in malting

quality deterioration.



the SM DHL population (Kleinhofs ef al. 1993; also sée Graingenes database at
http://probe.nalusda.gov:SOOO).

QTL studies with the 150 SM DHL mapping population have shown a grain yield QTL in
the centromeric region of chromesome 3 (near ABG396) where Steptoe provides the higher
yielding allele (Hayes et al. 19933, 1993b; Romagosa &f al. 1999). Many potential yield related
traits such as head shattering, lodging (Larson et al. 1996), plant height (Hayes et al. 19933) and
xernel weight (Han and Ullrich 1993; Traore 1993) have aiso been niapped in this region. It has
been postulated that the higher grain yield associated with the Steptoe ABG396 region was a
result 65 less head shattering an& less lodging (Larson &f al. 1996). The grain yield QTL region
around th? chromosome 3 centromere Was also studied for malting quality (Larson €t al. 1997,
Han and Ullrich 1993) and is not expected to play a negative role in malting quality when
transferred to Morex.

SM QTL mapping shov»;ed association of a chromosome 2 region around ABGO02
, marker with grain yield (Hayes et al. 1993b). The higher yielding allele of the chromosome 2
QTL was influenced by the environment and varied between Steptoe and Morex (Hayes et al.
1993a, Zhu ef al. 1999). QTL for some yield related traits have been mapped to this region
including tl.owé;ing time, plant height, lodging (Hayes ef al. 19934) and kernet weight (Han and
Ullrich 1993). Association of the chromosome 2 region with seed yield has been found in other
pariey crosses such as Bleinheim x Kym (Bezant e/ al. 1997) and [gri x Triumph (Laurie et al.
1994). Plant height (Bezant et. al. 1996; Karsai et al. 1997, Kjaer ef al. 1995), kernel weight,
number of seed on the spike, and flowering time (Laurie e/ al. 1994) have been mappegd to a
similar region in other Crosses. This yield QTL might be associated with a flowering time QTL

reported in the region (Hayes ef al. 1993a) since flowering genes have been associated with some



"QTL hot spots" which include QTL for yield and yield related traits such as number of seed per
spike, plant height, lodging, kernel weight and fertile tiller number. The denso locus on
chromosome 3 (Powell ef al. 1985; Laurie ef al. £993), Eam8 on chromosome 5 (Kjaer et al.
1991) and a flowering time QTL region on chromosome 2 (Ha.ye-S et al. 1996) are such
examples. Pleiotropic effects of the ﬂoweri-ng genes on plant development are possibly the
reason why many QTL for yield related trz;its have been mapped in the vicinity of flowering
genes. Due to the fact that the favorable allele, Steptoe or Morex, changes by the environment,
the yield QTL on chromosome 2 short arm may be interesting in breeding of barley for spemﬁc

environments.
A third grain yield QTL in barley has been reported on the long arm of chroroosome 5‘7 |
Ina study with the 150 SM DHLs, this QTL appeared in two of 16 environments and also in
comb_med analysis of environments (Hayes ¢z al. 1993 a) suggesting that it has small but
consistent effects. A short daylength flowering locus, Ppd-H2 has been reported in this QTL
region in Igri x Triumph cross (Laurie e al. 1995). At least two short day flowering genes,
 Eams8 ot Ea, of chromosome 5 (Kjaer"ét al. i99 1.) and Eam?7 (Ea7) of chromosome & {Stracke
and Bomner 1998), have been reported t0 affect flowering time in long days. The EFam8 locus
was associated with grain yield. Hence, the yield QTL on chromosome 5L may be associated
with the short daylength flowering time QTL, Phr-JL also located on chromosome 3. Studles
with the SM population showed that the Phr-3L region was associated with many malting quality
traits. Han and Ullnch (1993) reported QTL for malt B-glucan content diastatic power, -
amylase activity and malt extract in this QTL region. Since Steptoe confers the undesirable
alleles for all of these traits, introgression of this QTL region into Morex may result in malting

quality deterioration.
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6. Head shattexiﬁg

Head shattering causes serious yield losses in barley throughout the world. Two
mechanisms are well known. In the first type, joints in the rachis nodes easily disarticulate-‘
(Franckowiak and Konishi 1996) resulting in segmentation of the rachis and loss of seed along
with a piece of the rachis. This type of shattering, termed "brittle rachis”, is found in Hordeum
vulgare ssp. spontaneum, and is considered a non-cultivated species adaptive feature for seed
dispersal (Takahashi 1955). In the second type, the rachis breaks résulting in the loss of 2 épike
segrnent (Kaufman and Shebeski 1954). Descriptions in literature indicate the possibility ofa
third kind of shattering where the kernel itself detaches from the rach1s (Platt and Wells 1949;
Chapman and Hockett 1976).

Genetics of brittle rachis have been extensively studied. Brittleness is due to two
complementary genes Br{ and B2 (Takahashi 1955), later named Btr! and Btrz (Franckowiak :
and Konishi 1996). Brittle is dominant to non-bnttle H. vulgare ssp. spontaneum has bnttle
rachis as a consequence of the dominant forrns of both genes (Takahashx 1964) Ina study to
determine the distribution of Btr{/Bir2 genes in cultivated barley, 1267 cultwars were crossed to
“tester genotypes” with known genetic composition for the B?r genes (Ta.kahashi 1964). Results
:ndicated that every barley cultivar tested had either the Btrl or Bir2 gene ina homozygous '
recessive form resulting in a non-brittle rachis. \

Shattering, as defined by rachis breaking, has not been as well described as brlttle;achls
Working with crosses between “weak” and “tough” rachis cultivars, Kaufman and Shebeskx
(1954) observed that the Fy plants had a weak rachis that shattered. In the F; popuiation, plants '
with tough, weak and intermediate rachis were observed. These data suggest that the weak

rachis may have been mediated by a-major dominant gene interacting with some minor genes.
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Kaufman and Shebeski (1954) concluded fhat their obseﬁed weak rachis phenotype was
different from the brittle rachis phenotype. Platt and Wells {1949) and Clarke (1981) did not
clearly distinguish rachis .breaking ﬁom brittle rachis. Thus, the weak rachis phenotype has not
been adequately differentiated from brittle rachis to date.

Using backcross derived homozygous Steptoe X Morex lines, Larson et al. (1996)
mapped two head shattering QTL to barley chromosome 3 arouﬁd DNA markers ABG396 and
ABGO57. These markers are separated by about 44 cM (Kleinhofs ef al. 1993). The two peaks
explained 13.9 and 13.7 % of the variation, respectively. This work also showed an association
between spiice density and head shattering with dense spikés shatterihg less.

In another study, using an "Igri" x "Danillo” cross, three head shattering QTL were
mapped to intervals of MWGSS?—MWG769 (50 cM), MWG611-MWG921 (2cM) and"
MWGR20C-MWG820B (13 cM) on chromosomes 2, 4 and 6, respectivel)-r (Backes et al. 1995).
These three QTL together explained 44 % of the genetic variance. QTL positions of ear
breaking, lodging, stalk brcaking and physical state of the plants befare harvest were quite

similar. It was suggested that the stability of the stem tissue was the determining factor for all of

the above traits.

7. Flowering time

Flowering time in cereals is under the control of three classes of genes. )Vernalization
and photoperiod response genes determine ﬂow_eﬁng time as a response to environmental
conditions. The third class of genes controls the flowering time via the developmental rate of the
plant and are named "earliness per se" genes (Laﬁrie et al. 1995). These three classes of genes

and common interactions among them (Karsai e al. 1997; Laurie et al. 1995; Gallagher et al.
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1991) determine the adaptation of genotypes to growing environments, which is often associated
with production potential of crop plants. |

Barley chromosome 2(ZH) short arm carries a photoperiod response gene, Ppd-H1
(Laurie et al. 1995), possibly the barley equivalent of wheat Ppd gene (reviewed by Laurie ;t al.
1997). Early flowering alleles of Ppd-H1 from cv. Ign reduced flowering time of DHLs by 12
days in spring sown, seven days in fall sown barley and 10 daysina controlled envﬁoment
under 16 h light (La(;rié et al. 1994). QTL studies with the Steptoe x Morex DH mapping
population showed a QTL near ABGOQ02 marker on ct;romosome 2 (cosegregates with MWGSSé
marker in SM map) for flowering time in 15 0utr of 16 environments (Hayes et al. 1993a).
Morex carried the late flowering allele in all environments with additive effects rangir.lg from
three to ten days. The ABG002 marker also has been associated with plant height and grain
yield. QTL for flowering time have also been reported in a comparable map pd.sition of
chromosome 2 using T. Prentice x V. Gold (Kj.aer et al. 1995) and Dicktoo x Morex crosses |
-(I(arsai etal. 1997).

A QTL for photoperiod response, deswnated Ppd-H2, was detected on barley
chromosome 5(1H) long arm (Laurie et al. 1995) Ppd-H2 affects flowering time in controlled |
short day conditions and winter sowmg but not in spring sowing (Laune et al. 1995) Pan et at'
(71 994) reported two intervals (iPgd-BCD265C and HorD-ABG452) on the long armof
chromosome 5 that affects ﬂowermg time under short days Dicktoo fragments of these intervals
deléyed the flowering time by 12-17 days in controiled enwronments Bh hght) and 8 days in
fall-sown field experiments. | |

Besides Ppd-HI and Ppd-H2, at least four additional photoperiod response genes haﬁe -

been mapped to barley chromosomes using natural or induced mutations. These are EamS (Fay)
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of chromosome SL (Takahashi and Yasuda 1971), Eam9 (Ea9) of chromosome 4L (Yasuda and
Hayashi 1980), Eam10 (Easp) of chromosome 3L (Gallagher et al. 1991) and Eam?7 (Ea7) of
chromosome 6S (Stracke and Borner 1998). Unlike wild type plants, mutant plants reach
flowering earlier in short daylength conditions.

Earliness per se (eps) genes affect flowering time both in short and long day conditions.
These genes tend to have a relatively small effect on flowering tfme (Laurie 1997). Eighteps
genes hove been mapped as QTL withrminor effects on six barley coro-mosomes (Laurie ef ol.
- 1995). Among them is 5 locus associated with the radiation induced semidwarf mufant denso.
Reports dealing with eps genes are not common, possibly because the rolativeiy small effects
produced by eps genes can not be detected in the presence of segregating photoperiod response

toci, which are responsible for the majority of variation in flowering time.

8. The Dissertation

This dissertation research is a part of North American Barley Genome Mappmg project
(NABGMP). NABGMP is a cooperative, mult1-mst1tut10nal mulndlsc:lphnary prolect wnh '
. grower, industry and government support. The NABGMP was initiated in 1990 The first aim
of the pro_;ect was to develop a saturated molecular marker map, which was accomphshed by
pubhshmg the Steptoe x Morex map with 293 markers located on sevei barley chromosomes
épanning more than 1,250 cM (Kleinhofs et al. 1993). T‘ms map now has more than 900 markers
(http://barleygenomics.wsu.edu). |

1) Goal

This dissertation research is relevant to the second goal of the NABGMP, whlch deals

with identification and mapping of the genes and QTL controlling economically 1mportant traits.
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The specific goal of the dissertation is to increase grain yield of the Morex cultivar via

introgression of favorable Steptoe yield QTL regions without losing its excellent malting quality

2) Objectives

A. Verification of previously reported grain yield QTL of Steptoe x- Morex cross

B. Identify muitiple components of the head shattering trait

C. ngh resolutlon mapping of two photoperiod response genes
The dissertation cons&sts of three manuscripts as chapters 2,3 and 4. Each manuscrrpt uses the
specific format prescribed by the Joumal. Besides the manuscript chapters, there is an
introduction chapter in which backgrouhd information regarding the research is given and the
dissertation is described, and a ﬁnsl chapter in which perspectives and prospects of the
dissertation are given. The dissertation conc.ludes with an Appendix, which consists of three
figures that are not included in the manuscript chapters. Appendxx A shows gencsmic
compositions of three SM DHLs (SM23, SM84 and $M179) used in marker assisted backcrosses ‘
along with the markers used to check donor parent backgrouad. Appendix B isa representation
' of the skeletal map used in QTL mapping. Appendix C sho-ws a diagram of molecular marker

assisted backcross breeding scheme.

Chapter 2. Marker assisted analysis of grain yxeld QTL in barley BL Jones, DM
Wesenberg, SE Ullrich and A Klemhofs are also contributors to the manuscnpt BL Jones
conducted the malting quality analysis. DM Wesenberg maintained two Idaho locations of yleld
trials. SE Ullrich mediated two Washington locations of yield trials. A Kleinhofs is the advisor.

 for the dissertation. This manuscript was prepared for Molecular Breeding.
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Chapter 3. Molecular marker assisted genetic analjsie of head shattering in six-
rowed barley. The contributors of this manuscript include DA Kudma, SE Ullrich and A
Kleinhofs. DA Kudrna helped with the moleeular marker and crossing work in the early stages
of the research. SE Ullrich mediated field experiments. A Kleinhofs is the advisor for the
dissertation project. This manuscript was prepared for Theoretical and Applied Genetics.
Chapter 4. Marker assisted analysis of ﬂoweriﬁg time i_n a spring barley cross. The
ontnbutors also include DA Kudrmna and A Klemhofs DA Kudrna assisted with the controlled-
short day flowering observations and initial part of the moIecuIar marker work A Kleinhofs i is
the advisor for the dissertation. - This manuscript was prepared for Theoretical and Appl;ed

Genetics.
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ABSTRACT

Three grain yield quantitative trait loci (QTL), previously reported ih barley Steptoe x Morex
cross, were evaluated for plant breeding. These QTL are on chromosomes 28(2H), 3(3H)
centromenc region and SL(1H), and designated QTL-25, QTL-3 and OI?i-SL respectively. Our
objectives in n this study were to ldentlfy the mechanism of yield increase, to transfer QTL
berwéen different backgrounds. QTL mapping of yield related traits was perfonned and near
isogenic lines were devetoped. QTL for plant height, head shattering, seed weight and number
of rachis nodes/spike were detected in the QTL-3 region. near isogenic lines gleveloped by
introgression of QTL-3 from the high yielding cultwar Steptoe to superior malting qualxty,
moderate yielding variety Morex acquired reduced height, lodging and head shattering features
of Steptoe without major changes inr malting quality. The yield of near isogenid lines, measured
by minimizing the losses due to lodging and head shattering, did not exceed that of Morex. .
QTL-2S has been reported to be environmentally dependent with either'Morex or Stéptoe- !
contributing the positive alleles. Steptoe near xsogemc lines with Morex Q7L-2S region flowered
10 days later than Steptoe but the grain yield was not changed. When OTI—5L was transferred
from Steptoe to Morex, slight but not significant yield increases over Morex were obtamed while
malting quality traits were not affected. None of the three QTL s likely to play a significant role

in exceptional yield level of Steptoe unless they interact with other loci to mcrease grain yield.

Abbreviations: cM, centimorgan; DHL, doubled haploid line; NIL, near isogenic line; QTL,

quantitative trait locus or loci; SM, Steptoe x Morex.



24

INTRODUCTION

Tagging quantitative trait Ioci (QTL) wfth molecular markers facilitates the efficient
transfer of QTL between different genetic backgrounds through marker assisted selection. Near
isogenic lines (NIL) developed by transferring particular QTL in a new genetic background are
useful for high-resolution mapping as well as for verifying the effect of the QTL. In the present
study, we focus on three previously reported grain yield QTL [9] in a cross between 2 feed barley
{Hordeum vulgare L.), Steptoe, and a malting barley, Morex. The Steotoe x Morex (SM) cross
offers the followmg advantages for detailed analysis of grain yield QTL a) a good and stable |
level of grain yield difference between parents [10,17,23], b) availability of a 150 doobled |
haploid line (DHL) mapping populatlon with grain yield data from 16 env1ronments (91, and c)
availability of a moderately dense genetic map based on the SM DHL populauon {15].

In QTL studies involving the 150 SM DHL mapping population, a grain yteld Q'I'L has

been identified near the centromeric region of chromosome 3(3H), designated QTL-3, where

Steptoe provides the higher yielding allele [9-10]. QTL-3 has been verified using a second setof - |

92 DHLs from the SM population evaluated in three environments, where Steptoe fragmon_té |
from this QTL region consistently increased yield by 10-23 % [28]. Several yie]d reiated trﬁits;
such as head shattering, lodging [17] plant height [9] and kemel welght [8,36] also mapped to
this region. Larson et al. {17] developed BC, derived homozygous lines from the backcross ofa
SM DHL (SM72), which carries the entire chromosome 3 from Steptoe, to Morex. The Steptoe
allele of the ABG396 marker was associated with an increase of 12.2 % gﬁn yiel& over Morex.
Presence of the Steptoe allele of ABG396 marker accounted for nearly 14 % of the variation for '
both headrshattering and lodging, Larson efal. [17] concluded that the higher grain y1eld

associated with the ABG396 region from Steptoe was a result of reductions in head shattening
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and lodging. In another study, Steptoe-like high yields were recooorod io DH lines derived from
cross of the two low yielding SM DH lines, SM73 and SM-145; both of which car:fied the Steptoe
QTL-3 [37]. These findings imply that the QTL-3 by itself does not enhance grain. yield but is
needed in the presence of other Steptoe loci to attain Steptoe-like yields. Gher barley crosses
have not revealed a yield QTL in the chromosome 3 centromeric region {3,5,22,27,32,33]. The
Steptoe Q7L-3 region were associated with higher seed size and kernel plumpness [8] favorable
traits for malting quality because of their positive correlations vnth malt extract [25]. Other
© studies showed no detrimental effects of Steptoe QTL-3 fragment on maltmg quality [9,10,18]
indicating that introgression of QTL-3 is not likely to detenorate the excellent Morex maltmg,

quality.

A grain yield QTL, detected near the ABG002 marker of chromosome 23 [9] was

designated QTL-2S. The pareat conferring the higher yielding allele, Steptoe or Morex, changed =

with the environment. Several yield related QTL havo been mapped to this region including
flowering time, plant height, lodging [9] and kernel weight [8]. Association of the QTL-25
region with seed yield has been found in other barley orosoes such as Bloinheim x Kym [5] and
Igri x Triumph [20]. Plant height [4,12,14], kernel weight, number of seed per spike, ano
ﬂowenng time {20] have also been mapped to this QTL reglon The map position of this yield
QTL and presence of QTL for yield related traits in other crosses suggest that these QTL may be
due to the same gene(s). Flowering time genes have been assocrated thh some "QTL hot spots” -
which include QTL for yield and yield related traits suci; as number of see.d pef spike, .plant
height, lodging, kernel Weight and fertile tiller number [1 1,13,19,261. Pieiotfopic effects of .the -
flowering genes on plant developmént are possibly the reason why many QTL for Svield related

traits have been mapped in the vicinity of flowering genes. Presence of the QTL for vield and
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primary yield components (number of seed per spike and seed 'weight) in the same region
suggests that yield is at least partly determined by primary yield componeots in specific
environments. However, grain yield is not altered over a large range of environments due to a
compensation effect among primary yield components (2]. Therefore, yield QTL detected in the
vicinity of flowering genes may be interesting only for specific environments. |

A third grain yield QTL in barley has been reported on the long arm of chromosome 5
[9]. This QTL, designated Q7L-5L, appeared in two of 16 environments and also in combmed
analysis of environments [9], suggesting that it has a small but consxstent effect on grain yleld
A short daylength flowering locus, Ppd-H2 has been mapped to this QTL region in the Igrix
Triumph cross [21]. Two short day flowering genes, eam8 or eak of chromosome SL {13] and
ea’ of chromosome 6S [31], have been reported to affect flowering time in long days, ano the
eam8 locus was associated with grain yield [13]. Hence, QTL-5L may be associated with the
short daylength flowering locus mapped in this region. The OTZ-JL reg!.on was assocxated with
a number of malting quality traits such as malt extract, diastatic power, cx.-amyiase actmty and
malt B-ghican content [8,91. T\hus, transferring the Stepﬁoe OTL-3L into Morex may coose
deterioration in malting quality. o |

We aimed to determine the usefulness of three barley yielo QTL for plant bfeoding. The
QTL regions were analyzed in detail through the assessment of overlapping QTL effects on grain
yield and related traits such as seed weight, plant hexght head shattening, 'ﬁoweriog time. Near
isogenic lines were developed for each QTL region to determine the value of each yield Q'I'L for
plant breeding. Qur goal is to increase the yield of Morex, while maintaining its excellent
Vmalting quality. The objectives of this study were; a) to identify the mechanism of yleld

increase, and b) to transfer yield QTL between different backgrounds.
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MATERIALS AND METHODS

Steptoe and Morex are six-rowed spring barley cultivars grown in the Pacific Northwest
(PNW) region of the United States. Steptoe is a high yielding feed barley developed for the
PNW whereas Morex is a high quality malting barley developed for the Upper Midwest and not
well adapted for production in the PNW. Steptoe and Morex are the parents of a 150 DHL
mapping population of North American Barley Genome Mapping Project. |

Two approaches were used to characterize and validate grain yield QTL; a) evaluation of
overlapping QTL eﬁ'eets on grain yield, as reported by Hayes et al. [9,10], and yield related traits
such as head shattering, plant height, flowering time, seed weighi, and b) analysis of yieId and
related traits in near isogenic lines, which were developed by trensferring QTL regions from one
variety into the other. |

QTL mapping of yield related traits was performed using agronomic data from field trials
of the 150 SM DHLs grown as smgle rows in 1996 and 1997 at Pullman, WA. The 1997 tnal
was arranged in two replication blocks while 1996 trial was not replicated. The average of the
two replications in 1997 was used in all analyses since there were no block effect for any trait. - |
Phenotypic data were collected for the number of rachis nodes per spike, head shattering, plant
height and awn emergence in 1996 and 1997, and for seed weight in 1996. Based on map
posmon and completeness of the marker data set, 149 markers from the SM map were selected to
obtain a skeleton map consisting of a marker every 6-8 cM whenever possible. Marker
distances were confirmed using Mapmak.er EXP [16]. QTL mapplng was performed esing

MQTL software, which is suitable for multiple location data analyses [34,35]. Lmear regression

based simple interval mapping was used to detect QTL and QTL x environment interaction {7].

Threshold values for test statistics of QTL main effects and QTL x environment effects to check



28

type 1 error rate were calculated for each trait using permutations réplicate_d 5,000 times for 5 %
and 10,000 times for 1 % level of significance [6]. A QTL was declared when the test statistics
of QTL main effect and/or QTL x.environment effect exceeded the respective threshold level.
Additive effects calculated by MQTL are for two alleles per locus,r therefore, are twice those
reported for other QTL software.

NILs were developed by transferring Steptoe chromosome ﬁ'agments from the QII-3 and
QTI.-SL regions into the Morex genetic background. Q7L-25 was transferred from Morex into
Steptoe background. NILs that carry a combination of different &agments ﬁ'om QTL-3 and
QTL-5L, and QTZ-2S and QTL-3 regions were also deveIoped (Fig. 1). DHLs SM23 and SM84
were backcrossed to Morex for the development of QTL-3 and QTL-5L N'ﬂ.s OTL-28N1Ls
were derived by backcrossing the SM179 DHL to Steptoe. Progeny containing large fragments
(40-50 cM) from the -target region were selected using fnultiple RFLP markers for each fragment
and backcrossed until the BC4F;. The Morex background was checked with markers spaced at
20-25 cM intervals in the BC4F. The BC4F; was grown to obtain lines with recombmatlons in
the target area and homozygous lines were selected in the BC,F; using molecular markers NILs
developed for the chromosome 2 QTL region were selected from the BC3F3 generanon and
genomic background was not checked Only RFLP markers were used in this-study except: for
two morphological markers, short rachilla hair and pubescent leaf. DNA xsolatzon, Southern
transfcr and hybndlzatxon methods, and morphological marker descnptlons were as descnbed by
Kleinhofs et al. [15]. Seed from selected NILs was increased in New Zealand dunng October
1997-February 1998. The NILs (Fig. 1) were evaluated in four field locations in 1998. |
Environmental conditions and some characteristics of the trials are summarized 1;1 Table 1 Trial

plots consisted of eight rows spaced 15 ¢m apart at Pullman and Fairfield, WA, two rows spaced
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35 cm apart at Aberdeen, ID, and one row with 35 cm between rows at Tetonia, [D.
Experimental design was a randomized complete bIock design with four replicatic;)r;s. Seeding
rate was about 85 kg/ha at Pullman and Fairfield, 95 kg/ha at Aberdo.;.en and 70 kg/ha at Tetonia.
The trial at Aberdeen was irigated whereas the other three locations were dryland. Local
growing practices were applied in all trials.

Plant height was measured from ground to the tlp of the main spike; excludmg the awns
for 15 plants in each row or plot. The number of rachis nodes per splke was determined on 25

spikes by countmg the number of the rachis nodes on both sides of the rachis. Seed weight was

determined on 200 seeds from each row or plot. Lodging was measured asa \nsual estimate of
the percentage of lodged plants in each plot. Days to flowering were the number of days from
planting to awn emergence for 50 % of the plants in a plot or row. Plots were combin-e-harvested
in Pullman and Fairfield trials with hand picking of lodged plants. Plants_inr Aberdeeﬁ and
Tetonia locations were cut, dried and threshed. Harvest was conducted before head 'shatteri.ng in
all locations. |

Malting quality analyses were performed on a 4b0 g sample from each plot from two
locations (Aberdeen, ID and Fairfield, WA) by the USDA/ARS Cereél Crops Reséaréh Unit,
Madison, WI following the standard procedures described by American Society ofBrewing
Chermsts (13 | |

NIL field observations and quallty analyses were subjected to analysas of variance.

’

Combined analysis over locations was conducted whene\rer error variances ﬁ'cm environments

were homogenous based on Bartlett’s homogeneity test [30]. Genotype X envu'onment

interactions were calculated when combined analyses were performed. NIL means were grouped
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software [29] based on the principles explained by Steel ef al. [30].

RESULTS

QTL mapping

QTL analyses were performed for five yield related traits (plant height, number of fashis
nodes per splke seed weight flowering time and head shattering) Results with head shattering
and flowering time are presented in Chapters 3 and 4, respectwely Frequency distributions for
the SM 150 DHLs and parents averaged over years showed that number of rachis nodes per spike

~and plant height segregated transgressively while the data for seed welght were amblguous (F ig.
2). Test statistics calculated by MQTL are graphically displayed for the chromosomes 2,3and>5
in fig. 3. Additive effects, percent variance and QTL x environment test statistics for the
genomic regions wkth significant test statistics are provided in Table. 2.

Both Q7L-3 and QTL-2S regions carried QTL for plant height, number of rachis nodes
and seed weight (Table 3, Flg 2). Steptoe alleles of both regions conferred shorter stature and
heavier seeds. The [ocation of the seed welght QTL peak was shifted from plant height and
aumber of rachis nodes per spike QTL peaks. For the number of rachis nodes.per spike, Steptoe
conferred higher values at QTZJ region but lower in QTL-28. QTL-5L region had no QTL for

any of the yield related traits studied. Number of rachis nodes per spike and plaht height traits
each had one additional QTL in chromosomes 6 and 7, respectwely (Table 3).

Isogenic Line Eval_uations

Agronomic traits

Grain yield, plant height, lodging, flowering time, number of rachls nodes per spike and

seed weight data were collected for NILs and parents for four locations. Fairfield and Pullman
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locations represented typical sprmg barley production area in the Palouse region of the Pacific
Northwest. The irrigated Aberdeen location represented a high yielding environment whxle
Te;conia lrepresented a poor environment because of high altitude and relatively cooler climate
(Table 1). Ecological and agronomic features of the trial environments are given in ’I;able 1.
Highest grain yield, number of rachis nodes per spike and seed weight values were obtained at
the irrigated site in Aberdeen (Tabie 3). The tailest plants and the hxghest lodgmg were obtamed
' at the Fairfield location. The smallest seedp' and the lowest number of rachis nodes per spike
were recorded at Pullman and Tetonia, respectively. .'

Significant differences were detected among geﬂotypes forall agronomic'traits.
Averaging over locations, Steptoe yielded nearly 25 % more grain and ﬂowe_-.red' about two days
earlier than Morex (Table 3). Steptoe plants also were 13 cm shorter and lodged 20 % less than
did Morex plants. Morex averaged 2.2 more nodes per spike than Steptoe but the seed weight of
Morex was eight mg less than that of Steptoe.

Grain yields of the Morex isogenic lines with the Steptoe chromosome 3 fragment (E19
and F13) were mmxlar to those of Morex (Table 3}, even 'though-these lines were nine cm shorter
and had 20 % less lodging than Morex. The F13 line had higher number of rachls nodes per.
spike than Morex in the combined environment analysis. |

Introgression of’ chromosome 5 fragments from Steptoe | into Morex in iéogenic lines A24,
B2, BS, F11, and F15 (Fig. 1) did not greatly alter the More*c-hke traits measured All of these
lines had slightly higher seed weight and grain yield averages compared to Mos:ex (Table .w)
These NILs had simiiar plant height and lodging to Morex.

Three NiLs can'ymg both cheomosome 3 and chromosome 5 fragments from Steptoe

[(A23, A38 and F12 (Fig. 1)] had slightly hlgher grain yield averages compared to Morex and
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" the two NILs, E19 and F13, which carry only the Steptee chromosome 3 ﬁ'agment (Table 3).
A23, A38 and F12 NILs were 8-10 cm shorter with 20 % less lodging than Morex. Compared to
Morex, A23 had statistically higher number of rachis nodes per spike values in all environments,
whereas A38 had higher number of rachis nodes per spike only in the combined aealysis.

The Steptoe line CS with a Morex chromosome 2 fragment (Fig. 1) flowered about 10
days later than Steptoe (Table 3). The CS5 plants had 0.8 more rachis nodes per spike and were
five cm taller than Steptoe: Cs yielded higher-'m two _lc;w yielding environments (Puliman land
Tetonia), whereas Steptoe yielded higher in two high yielding environments (Aberdeen and
Faifﬂel_d). Another Steptoe line, K5, containing two Morex fragments tone frofn chromosorﬁe 2
and the other from chromoscme 3, Fig. 1) flowered nine days later than- Steptoe. Compared to
Steptoe, K5 was significantly taller in two locations and had lodged more severe[y inone
location (Table 3). K5 had higher number of rachis. ‘nodes per spike than both Steptoe and the C5 7‘ :
line that carries only tﬁe chromosome 2 fragment from Morex.r Seed welght of K5 was
significantly lower than Steptoe and C5 at the Aberdeen location. Finally, K5 yielded =
significantly less than Steptoe or C5 in some locations and also in the combined' aﬁeiysis. o

Malting quality traits . - |

Kernel plumpness, malt extraet and grain protein percentages, diastatic power, a-amylase
activity and malt $-glucan content were measured on seed samples from Aberdeen and Fazrﬁeld
locations. The irrigated environment at Aberdeen provided. plumper seeds that yielded hlgher
malt extract compared to the dryland Fairfield location (Table 4). Protein content of the seed

from Aberdeen was slightly higher than that from Fairfield. Diastatic power, a-amylase activity .

and malt B-glucan content of the seeds from Aberdeen and Fairfield were comparable.
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Steptoe and Morex differed significantly for every ﬁmlting q”uhlrity character evahiated.
As the average of the r\#o environments, Steptoe had about 13 % more plump seeds and 1.5 %
less malt extract compared to Morex (Table 4). Morex &iastanc power and a-amylase activities
were three and two-fold that of Steptoe, respectively.. Morex malt B-glucan content was about
one-fourth of Steptoe. Steptoe seed contained mgmﬁcantly less protem than Morex |

NILs developed by introgression of Steptoe fragments from two yield QTL regions, QII-
3'and QTL-5L, into Morex had similar values to Morex for kernel pIumpness malt extract, gram
protein, diastatic power and malt - glucan (Table 4). There were some 51gn1f'1cant differences
between NILs and Morex for - amylase activity, which were not consistent in the two |
environments.

A Morex chromosome 2 fragment ina éteptoe background (C5 line, F.ig. 3] reéulted ina
slight decrease in kernel plumpness compared to Steptoe (Table 4). €5 had hlcrher malt extract
and lower malt B-glucan than Steptoe at Aﬁerdeen and vice versa at Fairfield. Introgression of
two Morex fragments from chromosomes 2 and _3 into Steptoe (K5 line, Fig. 1) resulted in |

significantly higher a-amylase activity but lower malt g-glucan content than Steptoe in both

environments. Other malting quality aspects of K5 were similar to C5 and Steptoe

DISCUSSION

A Steptoe chromosome 3 centromeric reglon has been associated with grain yield
_enhancement in several QTL studies [10,17,28]. This region also has been reported to mclude a
QTL for lodging [9]. We mapped a head shattering QTL in this region and successfully
transferred non-shattering Steptoe alleles to Morex (Chapter 3). In the present study, we also

detected QTL for plant heighf, number of rachis nodes per spike and seed weight in this region
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although the QTL. peak for the latter was clearly separated frofn the rest Steptoe alleles of this
reglon conferred shorter stature, reduced lodging, higher aumber of rachis nodes per spike and
heavier seeds (Table 3). Near isogenic lines (NILs) developed by the transfer of Steptoe
fragments from this genomic region into the Morex background did not increase yield over that
of Morex. However, the NILs acquired useful Steptoe features, such as shorter height, reduced
lodging and head shattering. Based on the Steptoe genomic composition of two chromosome 3
NILs (E19, F13) and three chromosome 3 + 5 NILs (A23, A38 and F12), QTL for plant height
and lodgmg reside in the overlappmg three cM area with the outermost borders marked by, but
not including, CDO118 and BCDS828 (Fig. 1). Itis possible that the same gene or tlghtly linked
genes control the plant height, lodging and head shattering traits.

Even though yield losses of Morex were minimized by hand picking lodged plants in
piots and harvesting before head shattering, Steptoe still had remarkable yield supertority (13-34 |
‘04 in different environments) over Morex. Tt does not appear that lodging and head shattenng
play significant roles in the yield potential differences of Steptoe and Morex. However, this fact
* does not eliminate the significance of these traits in determining the harvestable yield
differences. Lodging and head shattering most probably play significant roles in the net harvest
in env1ronments where these traits are favored.

Lack of a yield increase in Morex isogenic lines contammg the Steptoe ¢/ OTL-3 in the
absence of lodging and head shattering, suggests that the OTL 3 yield advantage isa resuit of
less lodging and head shattering, although other Vexplanations exist. First, the envxronments
where the isogenic lines were evaluated may not have promoted the expression of the yield QTL.
However, this conclusion would contradict the consistent effects of OTL-3 detected in previous

studies 9,28]. Second, other Steptoe genome regions may be required to interact wuh OTL—-S to
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obtain full expfessioh. This hypothesis is supported by a report by Zhu et al. [37}; in which-
crossing two low yielding SM DHLS, both containing the Steptoe Q7L-3 region, produced
progeny with Steptoe-like yield levels. These data suggest that other Steptoe loci are required to
interact with the chromosome 3 yield QTL to achieve the Steptoe yield level., Comparison of
two NILs, C5 and KS, .provides additional support for this hypothesis. The Steptoe NIL K5,
which carries the Morex chromosome 3 yield QTL fragment in addition toa frag_ment from
chromosome 2 found also in C5, had smaller seed size and lower grain yields than did C5. If this
result is due to the presence of the Mofex QTL-3, then we must conclude that th'is.Q'I'L can |
- depress yield‘in a Steptoe background, but can not increase yiéld in a Morex background
confirming the need for int‘eraction with additional loci. These findings ﬁeed to be verified due
to the importance of conclusioh and the uncertainty of the K5 genetic background puﬁty. ’

Introgression of the Steptoe QTL-J‘L_ region i.nto Morex did not result in deterioration of
Morex malting quality although some inconsistent effects, usually negative in one énvjronment.
and positive in another, were detected for a-amylase ac;,tivity (Taﬁle 4). These diff'erences are
not likely real because Steptoe has never contributed higher c-amylase activity for any a-
amylase QTL in any énvironment including the irrigated ones (8,91 | |

Most of the Morex NILs with the Steptoe chromosome 3 frag:ﬁ-erit_had highér number of
rachis nodes per spike than Morex confirming the QTL mapping results (Table 3 Fig. 3). Grain
yields of these lines, however, were not different from h{[ote;x (Table 3). Hence, number of
rachis nodes per spike trait is not likely to be a major componen£ of the grain yield effect
associéted with this QTL region. | |

Although we hypothesized that a short daylength ﬂowering QTL on chromosome 5 may

be associated with the QTL-3L, this was probably not the case since the yield of the B2 NIL that



36

did not carry the Steptoe short daylength flowering trait (Chapter 4), was similar to other
chromosome 3 NILs. All NILs with the Steptoe chromosome 5 fragment had a slight, but non-
significant, yield increase over Morex and Morex NILs that do not carry the Steptoe
chromosome 5 fragments (F13 and E19). Most of the chromosome 5 NILs also had slightly
heavier seeds than Morex. In conclusion, our results did not verify the QTL-3L; however, larger
scale experiments might detect minor effects.

QTL mapping with the SM DH population predicted that transferring OTL-3L region
from Steptoe into Morex could negatively alter malting quality. AV nu.mber of malting quality
QTL have been reported in the QTL-3L region with Steptée_: conferring ﬁnfavorable alleles 8,91
Morex NILs with Steptoe Q7L-5L showed no detenoratién for maltinlg quality cbmp'ared 10
Morex. Either the Morex genetic background or the environments where NILs were grown did
not allow the develo_pment of unwanted phenotypes conferred by,Steptoe alleles from Q7L-3L
region or our NILs simply did not carry the Steptoe malting quality QTL.

- QTL-2Sisan interesting yield QTL since the favérable parent 1S changeﬁ by the
environment [9]. This QTL region was associated with ﬂov'vering' time (Chapter 4), plant height,
head shattering (Chapter 3) lodging [9] and seed weight [8]. Such environment depeﬁdent QTL
effects may be the result of the flowering gene. Transferring QTI—?S region from Morex toa
Steptoe genetic background resulted in significantly delayed ﬂowering time (Table 3). Along
~ daylength flowering gene, Ppd-H1, which affects the awn emergence time by 12 days [20] has
been previously reported to reside in this region. Although the two traut.s- appear to be located in
a similar region, there are not sufficient common markers mapped to conclude that the two
regions are identical. Higher number of rachis nodes per spike values associated with the Morex

allele in QTL mapping was verified in the BC5F; line, C5. Higher head shattering associated
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with Morex alleles from Q7L-2S region could simply be a result of sf:ikes that carry more seeds.
Transfer of Steptoe alteles from QTL-2§ region into Morex could be useful to reduce head
shattering damage of Morex especially in fertile environments where spi-kes carry more seeds.
Transfer of QTL-2S5 from Morex to Steptoe resulted in only minor changes in other agronomic
and malting quality aspects. Nevertheless, a ten day difference in flowering time conferred by
this QTL region has the potential to affect agronomic and malting quality traits in some’
environrne.nts. | | “
In conclusion, we transferred reduced lodging and head sha&ering t;aits froma high

yielding barley cultivar, Steptoe, to a high malting quality barley Morex, ﬁvithoﬁt alteﬁﬁg the

ood malting quality profile. Gram yield of ihe NILs, under conditions where yield loéses from
lodgmg and head shattering were mlmmlzcd however, was not improfed aver -h;{oréx and did
not approach Steptoe. The chromosome 3 NILs, with less lodging and head shattenng, rné.y Be
useful to stabilize Morex yield in certain environments while maintaining the excelient Morex
malting quality. Two other yield QTL transferred from Steptoe to Morex [chromosome 5(1H)]
or from Morex to Steptoe [chrormosome_Z(?.H)] did not reSult in major changes in the NIL ylelds
Considering the remarkable yield differences between Steptoe and ’viorex, finding the loci and
interactions responsible for the high Steptoe yield remains an important goal and challénge.
Considering the fact that Steptoe has much larger seed size than Morex, tracing the loci
associated with seed size might lead to the identification of the yleld QTL whu:h might tnteract
with the chromosome 3 yield QTL, the largest and the most consistent yield QTL in the SM

Cross.
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Table 2. Summary of QTL effects for plant height, NEN and seed weight traits.

Interval Location Main - % QxE
Marker or size of QTL in Additive' effect variance effect
Chr. interval cM the interval effect test stat. explained test stat.

Plant height

Threshold values for test statistics QTL main effect 5 %= 18.8 1 %= 23.4
) QTL x env. effect 5 %= 5.9 1 %= 7.3

2 MWG858 - - -8.7 36.5** 27.5 9.8%*

2 ABC157-ABG317B 6.7 5.0 -5,17 32.7*%* 10.4 0.3

3 Dfr-cMWG680 5.0 2.0 -4.4 - 20.0* 6.3 Q.7

7 WGS530-CDO348B 7.4 6.0 -5.0 25 .3%* 8.1 0.7

_ o Number of rachis nodes _

Threshold values for test statistics QTL main effect 5 %= 19.3 1 %= 24.7

S QTL x env. effect 5 %= 5.1 1 %= 6.5

2 MWGHS8 7 - T - -2.1 9L. T 26.3 1.3

3 Dfr - - . 1.0 - 19.5* 6.3 1.0

6 MWG798A - - -1.1 21.4% 6.9 1.7

Seed weight

Threshold values for test statistics QTL main effect 5 3= 12.0 1 %= 16.2
2 ABG358-ABG459 4.9 2.0 4.2 62.0** 33.9
2  ABCL152D-MWGH65 5.1 2.0 3.4 39,5** 23.2
3 BCD1532-ABG39%6 16.3 3.0 2.0 12.3* 7.7

*, %% p<0.05 and 0.01, respectively.‘Negative additive effects indicate’
that the Morex allele has higher value. - '
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Plant Number of Sead . Days Grain
height rachis weight Lodging to yield
Genotype Genome cm nodes mg % - flowering t ha[-1]
Aberdeen
Steptoe 5 93.5 H* 18.0 E* 48.3 A* 7.3 C* 66.0 E* §.58 A*
HMorex M 105.% AB 19.0 CBE 38.4 DEF 28.8 A 68.0 D 6.39 DE
E1S8 M+35 37.3 E-H 20.0 B8CD 38.9 D 9.0 BC 88.8 €D 6.06 E
Fl13 M+35 98.0 D-H 20.0 BCD 36.8 G 10.8 BC €68.5 D 6.07 B
AZ4 M+53 102.3 A-D 20.0 BC 38.0 D=-G 19.% AB 68.3 D 6.23 DE
B2 M+5S 100.5 Cc-F 15.0 CDE 37.5 D-G 18.8 AB 70.0 B 6.93 CD
B9 ‘M+55 . 106.8 A 19.6 BCD 37.0 FG 18.8 AB 70.0 B 6.39 DE
F1l M+55 103.0 ABC 19.6 »CD 33.5 DB 26.8 A 68.3 0O 6.10 DE
F15 M+5S 101.8 B-B 1%8.4 CD 37.7 D-G - 26.8 A 68.0 D 6.48 DE
A23 M+35+55 99.3 ¢-G 21.6 A 37.3 EFG 9.3 BC 69.8 BC 6,58 DE
A8 M+3S5+5S 95.8 FGH 20.6 B~ 37.3 BFG 6.8 C 66.5 D 6.32 DE
Fl2 M+35+58 95.5 G-H 19.8 BCD 37.0 FG 7.3 BC 69:.3 BCD 6.35 DB
cS S+2M 97.3 B-H 18.2 B 46.7 B 5.3 C 76.5 A 8.07 AB
K5 S+2M+3M 96.0 FGH 15.8 DE 43.3 C 5.0 C 77.0 A 7.64 BC
- Average 59.8 19.6 A 39.2 : 15.1 69.7 A** 6.61 A**
.. . Fairfield

Steptoe S 94.3 ¢* 16.6 D* 38.8 A* 51.3 56.8-D* 4.96
Morex - M 113.5 A 19.6 AB 32.3 DE . B87.5 59.8 BC 4.40
El9 M+3S 101.8 BC 20.0 AB 31.5 E 62.5 : 60.8 B 4.53
F13 M+35 102.8-BC =~ 20.6 A 31.3 E 62.5 60.3 BC 4.72
AZ4 M+55 115.8 A 19.6 AB 33.2 DE " 66.3 $9.5 BC 4.49
.B2 M+5S 114.3 A 20.0 BB 34.7 CD - 60.0 59.5% BC 3.54

BS M+55 115.3 A 19.6 AB 33.1 pE 76.3 60.0 BC 4.71
Fll M+5S 113.0 A~ 13.2 B 33.9 CDE 66.3 58,8 C 4.03
F1l5 M+5S 112.5 A 19.8 AB 34.1 CDE 73.8 59,8 BC 4.24
A23 M+35+55 102.8 BC 20.6 A 32.7 DE 45.0 60.8 B 4.33
aA38 M+35+55 98.5 CD 19.6 AB ~ 32.8 DE 65.0 . 59.8 BC 4.35
Fl2 M+35+55 101.8 BC 19.0 B 32.2 DE 62.5 . 60.5 B 4.77

cS 5+2M 97.3 BC 17.4 CD 36.2 BC 66.3 68.3 A "4.85

KS S+2M+3M 104.3 B 17.8 ¢ 38.3 AB 61.3 67.8 A 4.07
Average 106.6 i%.2 B 33.9 64.3 60.8 B 4.41 B

Pullman

Steptoe bt 76.3 DE* 16.0 B* 28.3 ABRC* 18.0 B-E* 54.5 F* 2.87
Morex M 86.0 B . 17.6 D 22.8 EF 44.0 AB 57.8 CDE 2.28
El19 M+3S 74.3 B 18.2 CD 23.8 BF 14.3 B-E 58.5 B-E 2.53
Fl3 M+35 77.0 BE 19.8 AB 23.5 EF ° 6.8 CDE 58.0 CDE 2.54
A24 M+55 80.5 CD 18.4 BCD 24,2 DEF - 42.5 AB 57.3 E 2.73
B2 M+55 82.5 BC 18.0 CD 27.1 BCD 40.0 ABC 59.3 BCD 3.25

B9 M+5S 82.0 BC 19.8 BCD 25.% CDE 5.8 DE 58.8 B-E 3.14
Fll M+55 g84.0 BC 18.2 CD 25.1 DEF  36.5 A-D 58.3 B-E 2.81
F15 M+55 B4.5 BC 17.8 D 25.1 DEF 33.8 A-B §7.3 E .2.86
A23 M+35+58 76.8 DE 21.0 A 22.2 F 19.0 B-E 60.0 B 2.33
A38 M+3S+55 73.3 E 1%.4 BC 24.8 DEF 5.8 DE 57.5 DE 2.73.
Fl2 M+35+5S 75.0 E 19.0 BCD 22.7 EF 8.0 CDE 59.5 BC 2.45
(of} S+2M 91.0 A 18.2 ¢D 31.2 A 2.0 E 7.8 A 3.44

K5 S+2M+3M 6.0 B 18.0 CD 28.6 AB 65.0 A 68.0 A 2.43
Average 81.0 i8.4 C 25.3 23.0 59.4 C 2.75 D
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Plant Number of Seed Days Grain

height rachis weight Lodging to yield
Genotype Genome cm nodes mg. % flowering t haf{-11

Tatonia
Steptoe 5 J0.0 DE* 14.0 BE* 42.1 A* No lodging 68.5 DE* 4.24
Morex M §0.5 AB 17.8 BC 33.0 BC was cbserved &87.0F 3.57
E1l% M+35 77.0 ABC 17.6 BCD 33.7 BC in Tetonia 69.0 CDE 3.54
F13 M+35 72.3 CDE 17.0 BCE 33.1 BC 69.3 CDE 3.43
A24 M+53 80.3 AB 18.0 BC 4.1 BC 68.8 DE 3.55
B2 M+55 79.5 AB l6.6 BCD 30.2 C 69.3 CDE 4.43
B9 M+55 77.5 ABC 18.2 B 34.2 BC 70.¢ CD 4.22
Fl1l M+55 76.5 ARC 16.4 CD 33.5 BC 68.3 EF 4.00
Fl5 M+55 81.3 A 17.8 BC 33.5 BC 69.0 CDE 4,12
A23 M+35+55 74.5 BCD 13.6 A 33.9 BC 71L.5 B 4.32
A38 M+35+55 77.0 ABC 17.0 BCD 35.3 B 68.5 DE 3.77
Fl2 M+35+55 75.0 A-D 16.4 €D 32.2 BC 69.3 CDE’ 3.45
cs S+2M 68.0 B 14.0 E 42.0 A 73.8 A 4,63
KS S+2M+3M 71.3 CDE 15.0 D 40.49 A 76.3 BC 3.34
Average 15.7 1.8 D ~34.8 69.4 A - 3.83
Avaraged over locations . _ i

Steptoe s 83.5NC 16.2 H* 39.4NC -27.25C 61.4 B* 5.16 A
Morex M 96.4 18.5% DE 31.6 47.9 €3.1 G 4.16 3
El9 M+35 87.6 168.9 B-E 32.0 - 29.0 64.3 DE 4.16 B
‘F13 M+3S 87.5 19.4 B8 31.2 8.2 64.0 DEF 4.19 B
A24 M+53 84.7 19.0 B-8  32.4 40.7 63.4 FG §.25 B
B2 M+55 94.2 18.4 E | 32.4 3g.2 | 64.5 D 4.54 B
B9 M+55S 95.4 19.1 BCD 32.5 az.s 4.7 D 4,61 B
Fil M+55 94.1 18.4 E 2.7 .40.2 63.4 FG- 4.23 B~
F153 M+5S 95.0 18.7 B-E 32.5 41.9 63.5 FG 4.44 B
A23 M+35+55 88.3 20.7 A 31.5 27.5 65.5 C 4,39 B
A38 M+35+55 §86.1 19.2 8C 32.5 26.7 63.6 EFG 4.29 B
F12 M+3S5+55 g6.8 18.6 CDE 31.0 27.4 64.6 D 4.26 B~
Cc5 S+2M 843.4 17.0 G 39.0 25.7 71.6 A 5.25 A
KS S+2M+3M 85.1 17.6 F 37.9 42.2 70.3 B 4.35 B

* differences be
at 5 %. NC combined analysis over location

tween the means with the same letter are not significant
s was not performed.
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Table 4. Malting quality characteristica of isogenic lines and parents from two locations

Kernel Malt Grain Diaatatic Alpha Beta

Plumpness extract protein power amylase glucans
Genotype Genome {%) % % *ASBC 20°DU ppm

Aberdeen
Steptoe 5 96.56 A* 75.9 D* 10.25 C* §1.7 F¥ . 22.05 mB* 777 A*
Morex M 86.9 DE 78.1 AB 13.25 A 158.5 A~D 44.92 DEF 192 D
El9 M+35 48.1 CDE 77.9 AB 13.25 A 166.7 AB §1.35 A 126 B
F13 M+3S 83.1 B 77.7 ARC 13.47T A 163.0 ABC 47.42 BCD 167 DE
AZ4 M+55 88.0 CDE" 77.8 AB 13.27 A 154.7 BCD 42.10 F 195 D
B2 M+55 90.2 BCD 77.4 B 13.37 A 168.7 A 46.02 CDE 187 D
B9 M+55 89.7 BCD 78.1 AB 12.87 A 164.0 ABC 47.87 A-D 192 D
Fl1l M+55 86.6 DE 77.8 AB 12.87 A 156.5 A-D 47.30 BCD 195 D
F1i5 M+5S 87.7 CDE 78.3 A 13.20 A 165.5 AB 49.80 AB 162 DE
A23 M+IS+5S  85.3 DE 77.7 AB 12.76 A 143.2 D 48.30 A-D 207 D
A38 M+35+5S 84.1 E 77.8 AB 12.96 A 151.7 CD 49,30 ABC 164 DE
F12 . M+35+5S 84.9 DE -77.8 AB 12.80 A 135.7 B 43.30 EF 202 D
cs 5+2M 93.9 AB 76.6 C 10.92 BC 62.7 F 23.85 GH 489 B
KS S54+2M+3M 92.4 ABC 75.8 D 11.10 B 62.3 F 26.50 G 426 C
Average 87.3. 17.5 12.75 . .~ 139.9 43.10 B** 252
S : Fairfield .
Steptoe s 78.6 A* 75.4 B*. 9.62 C* 51.0 C* 24.42 E* 517 B*
Morex M £2.7 ABC 76.4 AB 11,65 AB 140.2 AB 52.75 A 170 D
EL1S M+325 57.5 BC 77.5 AB 12.10 AB 150.2 AB 48.12 BC 181 D
F13 M+35 51.4 C 76.3 AB 12.55 A 155.7 AB 50.15 AB 197 D
AZd M+5S 63.3 ABC 76.7 AB 12.27 BB 150.2 AB. 48,37 BC 220 D
B2 M+535 74.9 AB 78.3 A 11.57 AB 130.5 B 51.52 AB 232 D
BS M+5S 66.2 ABC 77.9 AB 11.65 AB 137.7 AB 45.45 C 187 D
Fll M+5S §3.5 ABC 77.9 AB 11.47 AB 134.0 AB 49.30 ABC 203 D
F15 M+55 69.9 ABC 77.8 AB 12.1Q AB 142.0 AB 47.83 BC 233 D
A23 M+35+58 55.3 C 76.9 AB 12.07 A8 - 152.7 AB 48.20 BC 171 D
A38 M+35+55 59.2 BC 77.2 AB "12.35 AB 163.2 A 49.52 AB 214 D
Fl2 M+3S+55 - 53.6 C 17.1 AB 12.57°'A 157.5 AB 45.47 C 158 D.
c5 S+2M 64.0 ABC 73.0C 10.95 BC 84.7 C ~ 26.92 DE - 600 A
K5 S+2M+3M 63.2 ABC  72.5 C 10.82 BC 58.5 C 28.65 D 431 C
Average 61.7 . 76.5 11.86 131.3 44.79 A 261
Averaged across locations

Steptoe S g7.6 NC 75.7 NC 9.94 NC 51.4 NC 23.23 E* 647 NC
Morex M 74.8 ' 77.2 12.45 : 149.4 48.83 AB 181
El9 M+35 72.8 7.7 12.68 158.5 49.73 A 158
F13 M+3S8 67.2 77.0 13.01 159.4 48.78 AB 182
A24 M+55 75.7 - 77.3 12.78 . 152.5 45.48 C 207
B2 M+55 82.6 77.9 12.48 . 149.6 48.77 AB 210
B9 M+53 77.9 78.0 12.28 150.9 46.66 BC 194
Fl1l M+5S 75.0 77.8 12.18 145.3 48.30 AB 199
F15 M+5S 80.1 78.0 12.73 155.4 48.95 AB 192
223 M+35+58 72.0 77.4 12.46 151.0 48.25 AB 189
A3B © M#+35+55 69.9 77.5 ©12.81 157.5 49.46 A 189
Fl2 M+35+53 69.3 77.4 12.69 146.6 44.38 C 180
C5 S+2M 78.9 74.8 10.94 63.8 25.33 E 547
K3 S+2M+3M  78.6 73.9 10.94 60.1 27.72 D 429

« Differences between means with the same letters are not significant at 5 %
level. NC, combined analysis over locations was not performed.
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Figure 1. Genomic composition of NILs evaluated in multilocational yield trials.
Solid lines show introgressed fragments in near isogenic lines while dotted lines

show the recombination region. Dark lines are from chromosome 5, gray lines are
from chromosome 3 and double lines are from chromosome 2. KS5 line also carries
DAK?202 region from Morex as determined by lax spike cosegregating with DAK202.
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CHAPTER THREE
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ABSTRACT

Head shattering in barley (Hordeum vulgare L.} has two forms; brittle rachis and weak rachis.
Brittle rachis is not observed in cultivated barley since all cultivars carry non-brittle alleles at one
of the two brittle rachis loci (Ber{/Bir2). Weak rachis causes head shattering in barley cultivars
and is often confused with brittle rachis. Brittle rachis was previously mapped to chromosome 3
short arm while map position(s) of the weak rachis was unknown. Two major and a putative
minor QTL for head shattering were mapped using the "Steptoe” x "Morex” doubled haploid
population. The largest QTL, designated fAst-3, was located on chromésome 3 centromeric
region. Steptoe alleles from Hist-3 region, when transferred into Morex, resuited in é-substantial
decrease of head shgtte_ring. High resolutioﬁ mapping of Hst-3 waszachi_e.ved using isogenic
lines. rTﬁe.map position of Hst-3 is different from -t.hat"of brittle rachis. The-second major QTL,
designated Ast-2S, w.as located on chromosome 28 and showed environmental sensitivity. |
Usefuliness of Hst-25 in breeding for head shattering resistance is in question due to possible
intervention of a yield QTL mapped to the safne region. |

-

Key words Head shattering . Brittle rachis . Weak rachis . QTL . Spike density . Peduncle curve



INTRODUCTION
Head shattering causes serious yield losses in barley throughout the world. Two
mechanisms are known. In the first type, joints in the rachis nodes easily disarticulate resulting in
segmentation of the rachis and loss of seed along with a piece of the rachis (Franckowiak and
Konishi’ 1996). This type of head shattering, termed "brittle rachis”, is found in Hordeum
vulgare ssp. spontaneum, and is considered a non-cultivated species adaptive feature for seed
dispersal (Takahashi 1955). In the second type, the rachis breaks resulting in the loss of a spike
segment (Kaufman and Shebeskn 1954). However, the breakmg point of the rachis, node of
| internode, is not known. Descriptions in literature 1nd1cate the possibility of a thlrd kind of head
 shattering where the kernel itself detaches from the rachis (Platt and Wells 1949; Chapman ahd
Hockett 1976). | -
| Geneucs of bnttrle rech1s have been extenswely studied. Bnittieness Is-due to two
complementary genes (Takahashi 1955), later named Btrl and Btr2 (Franckowiak and Konishi
1996). Brittle is dominant to non-brittle. H. vulgare ssp. spontaneunt has brittle rachis as 2
consequence of the dominaht forms of both genes (Takahasiu 1964). Ina studv to determme the
distfibution of Btr!’ Btr2 genes in cultivated barley, 1267 cultivars were c;'ossed to “tester
genotypes” thh known genetxc composition for the Bir genes {Takahashi 1964). Results
" indicated that every barley cultwar tested had either the Btr! or Bir2 gene in a homozygous
recessive form resulting in a non-brittle rachis. Referring to two reports by Takahashi and
Hayashi, Franckowiak and Konishi.(1996) noted that two brittle rachis genes were located on
chromosome 3 short arm and closely linked. There also have been reports of independent

segregation of the two brittle rachis loct (Iohnson-and Aberg 1943; Turcotte 1957), although the

close linkage conclusion is now generally accepted.
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Brittle rachis has been reported to be stable and easy to distinguish from non-brittle rachis
indicating little environmental effect, but the degree of toughness in the non-brittle group can be
variable (Aberg and Wiebe 1948). Segregation ratios that do not fit into the two complementary
gene model have been reported suggesting interactions with additional loci (Smith 1951). |

Head shatte:ring as caused by rachis breaking has not been as well described as brittle
rachis. Kaufman and Shebeski (1954) working with crosses between “weak” and “tough” rachis
cultrva.rs observed that the F, plants had a weak rachis that shattered. Inthe Fz populatlon, plants
with tough, weak and intermediate rachis were observed. Because of the difficulty of
differentiating weak rachis frorﬁ intermediate ones, thej combined both classes and obtained 3
weak: 1 tough rachis segregation ratio. These data suggest that the weak rachis may be niédiated
by a major dominant gene mteractmg with some minor genes. Kaufman and Shebéski (1954)
concluded that their observed weak rachis phenotype was different from the brittle rachis

~ phenotype. PIatt and Wells (1949) and Clarke (1981) did not clearly dlstmgmsh rachis breakmg
from brittle rachis. Thus, the weak rachis phenotype has not been adequately differentiated from
brittle rachis to date.

Platt and Wells (1949) feported that head shattering was promoted by irﬁgation. Planting
time was another factor affecting ﬁead shattering where earlier planting resulted in more head
shattering losses (Rutger et al. 1966). Less head shattering is observed in lodged plants
(Kaufman and Shebeski 1954). Turcotte (1957) cited Ubiscﬁ's findings that "dense spikes have
less tendency to be brittle”. Kaufman and Shebeski (1954) speculated that varieties with curved
(nodded) heads would have less head shattering because of less weathering damage on the rachis

due to rain. Platt and Wells (1949) reported that heads with larger seeds would shatter more than
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the ones with smaller seeds. These reports indicate that head shattering due to rachis breaking is
influenced by environment and associated with some morphological traits.

Using backcross derived homozygous Steptoe x Morex lines, Larson et al. (1996)
mapped two head shattering QTL to barley chromosome 3 around DNA markers ABG396 and
ABGO57. ’I'hese markers are separated by about 44 cM (Kleinhofs et al. 1993). The two peaks
explained 13.9 and 13.7 % of the varlatlon respectively. This work also showed an association
between head density and head shattering with dense heads shattering less. |

In another study, using an "Igri" x *Danillo" cross, three head shattenng QTL were
mapped to intervals of MWGSS7T-MWG769 (50 cM), MWG611 -MWG921 (2 cM) and
MWGSZOGMWGBZOB (13 ¢M) on chromosomes 2, 4 and 6, respectively. These QTL
e;plained 44 % of the genetic variance. Ear breaking, lodging, stalk breaking and "physical state
of the plants before harvest" traits had QTL at the same regions. It was suggested that the
~ stability of the stem tissue was the determining factor for all of ghe above traits (Baékes etal

1995).

Genetic control of rachis bréékage is complex possibly dueto m;.xltiple-locus ir_xheriténce
and to environmental effects. Availability of a genetic map with satisfactory genome coverage
facilitates simultaneous detec;tion of multiple loci affecting complex traits. Tagging of hose loci
with simply inherited molecular markers is useful to develop isogenic lines, which have uniform
genetic backgrounds and segregate only for the QTL of int;rest. Analysis of complex traits is
easier in uniform genetic backgrounds such as near isogenic lines (NILs) since the interactions
with modifying loci are standardized (Tanksiey 1993). Development of a series of NIL where
each NIL has a fragment from the target region also facilitates high resolution mapping of the

QTL. Inthe present study, we analyzed head shattering and related traits via both QTL mapping
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and NIL analysis. A high-resolution map of a major head shattering QTL on barfey chromosome

3 was also developed.

MATERIALS AND METHODS

Head shattering was studied in a Steptoe x Morex cross. Both Stéptoe and Morex are six-
rowed, spring type cultivars. Morex heads shatter in some environments resulting in. serious
yield losses (Nedel et al. 1993). Steptoe heads generally do not shatter. Steptoe and Morex
(SM) are the pa.rents ofa 150 doubled haplond line (DHL) mapping populatlon of the North
 America Barley Genome Mapping Project (http:f/www,css.orst.edw’ba:leylnabgmp htm) which |
has been ext_ensively mapped with RFLP markers (Kleinhofs et al. 1993; http:/fbarleygenomics.
wsu.edu). _ | -

QTL mapping was performed with thé 150 SM DHLs grown in 3.3 m sinéle fows in
Pullman, WA, in 1996 and 1997. The 1997 trial was arran.ged in randomized complete blocks
with two rephcates The 1996 trial was not replicated. Based on the map position and
completeness of marker data, 149 markers were selected to obtain 2 skeleton map consisting of
markers spaced approximately 6-8 cM apart. Marker distances were confirmed using Mapmaker
EXP (Lander et al. 1987). QTL analysis was conducted using MQTL software which cari- haﬁdle
data repeated over environments (Tinker and Mather 19952, 1995b). The 1996 and 1997 trials
constituted the two environments. Linear regression based simple interval mapping (Haley and
Knott 1992) of MQTL was used first. Test statistics for QTL main effects and QTL x
environment effects were calculated. Threshold values for test statistics to check type 1 error
‘rate were calculated for both QTL main effects and QTL x environment interaction effects using

permutations replicated 5,000 times for 5 % and 10,000 times for 1 % significance levels,
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respectively (Churchill and Doerge 1994). Using the resuits of simple interval mapping,
simplified composite interval mapping (sCIM) based on partial regression analysis was applied
(Zeng 1993; Zeng 1994). For sCIM, markers closest to the peaks of QTL detected by simple
interval mapping were used as background markers for each trait. This approach was advocated
by QTL Cartographer software (Basten ef al. 1997), which employs linear regression based
interval mapping jusc like MQTL. Threshold values were not calculated for sCIM since
calculation of threshold values using permutations was not advised using multiple environment
data (Tinker and Mather 1995b) A strong test statistic value was accepted as an indication of a
QTL. The term secondaxy QTL" is used for the QTL detected onIy by sCIM. Additive effects
calculated by MQTL are for two alleles at each locus and, therefore, are twice that obtained with
other QTL so&ware \’Iultlple regressnon analy51s was used to calculate interaction between QTL
based on pnnc:ples explained by Allen (1997) using SAS software (SAS Institute 1991). F-test
was used to detect significance level of QTL x QTL interaction.

In order to determine the exact location of the head sﬁatceﬁné QTL with the lacgest
eff_ect, a series o-f NILs were developed based on preliminary information about the presence of a
major head shattering QTL on barley chromosome 3 (T. Blake, personal communication). The
' DHL SM23 carried the entire Steptce chromosome 3 while DHL SM84 had a small piece from -
Morex at the distal part of the long arm of chromosome 3. The SM23 and SM84 lines were-
backerossed to Morex four times and then selfed to produce the BC,F; lines. Molecular markers
were used to select the Steptoe allele of chromosome 3 in every generation starting with BCoF.
Genetic background of isogenic lines was checked using markers every 20-25 cM on the SM
map in the BC,F; generation. Lines with recombination in the target regien were grown to

BC.4F3 and homozygous individuals were selected by genotyping. The result was a series of
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isogenic cv. Morex lines each with a fragment of Steptoe chromosorne'3 in the region presumed
to contain the head shattering QTL. Only RFLP markers were used in this study except for two
morphological markers, short rachilla hair and pubescent leaf. DNA isolation, Southern transfer
and hybridization methods, and morphological marker descriptions were as described by
Kleinhofs et ai. (1993). In orderto accele;'ate generation turnover, 20-day old embryos were
cultured on a growth medlum to stan a new generation without waiting for seed mé.turation. The
MS basal medium (Murashxge and Skoog 1962) supplemented w1th vitamins and 30 g/L maltose
without any hormones was used. Seedlings were directly transferred to pots when they reached
5-10 c¢m height. |

~ Head shattenng was observed in isogenic lmeé grown as single rows un&ef field -
‘conditions in Pullman, WA in 1997. Evaluatxon of head shattering phenotypes and marker
genétypes of each isogeni_c line were used to obtain a high-resolution map of the largest head
sﬁattering QTL. ‘ |

‘The map posmon of H. vulgare ssp. spontaneutn brittle rachis locus (Btr) was determined

ﬁsing the barley genetic stock GSHO1937. This genetic stock carries th:a brittle rachls trait from
H. vulgare ssp. spontaneum introduced into cv. Bownan through BCsF4 generations with
selection for the brittle rachis trait (W oife and Franckowiak 1990). The GSHO 1937 line was
analyzed with chromosome 3 RFLP markers to deteﬁnine the location and size of the
introgressed . vulgare ssp. spontaneunt DNA ﬁ'agment": .'.I"he genomic DNA of Boﬁman was
used as a control. Unfortunately, the H. vulgare ssp. spontaneum parent of GSHO1937 was not
available (JD Franckowiak, personal communication). High polymorphism rate between

cultivated barley and H. vulgare ssp. spontaneum (Petersen et al. 1994) and use of multiple

markers provided a reasonable confidence for the results.
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Head shattering of DHLs and NILs was observed 2-3 weeks after the crop reached
maturity (Platt and Wells 1949). Observations were made based on a visual assessment of the
percentage of shattered heads ina plant row. The percentage was converted to a 1-5 scale
(1=0%, 2=1-15 %, 3=16-30 %, 4=31-45 % $>46 %). A spike with a_missing piece was
considered as shattered.

In addition to head shattering, a number of other traits that may be related to head

- shattering were analyzed These traits were the number of rachis nodes (NRN), spike densnty
(nodes/cm) and peduncle curve ‘The NRN x 3 (three seeds per node in sxx~rowed barley) 15
equal to the number of seeds on the spike. Head densrty was caicu]ated as NRN/ Splke Iength
‘(cm). Peduncle curve was scored on a scale of 1 to 3, w1th 1 being the most curved, 3 being
erect, and 2 intermediate. Data for these traits were collected from DHLs grown as smgle TOWS :

“in 1996 and 1997. In addition, spike density and head shattering data were collected from NILs

grown as single rows at Puliman, WA in 1997.

RESULTS

Head shattering was scared on 150 SM DHLs field grown at Pullman, WA during 1996
and 1997. The head shattering trait, showed 2 skewed distribution pattern in both years (Fig. 1)
where half of the DHLs had no head shattering and the other half had varying degrees of
shattering. Only 10 lines in 1996 and 19 lines in 1997 had'/a score of 5, the highest level of head
shattering. Parents, Steptoe and Morex, had the extreme values of 1 and 5, respectively.

Morex and DHLs with high head shattering score had long rachis internodes. These
spikes also had a relatively high number of seeds and erect (uncurved) peduncles. The non- |

shattering parent Steptoe and DHLSs, on the other hand, had short rachis internodes, fewer seeds
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per spike and curved peduncles. Based én these observations, we analyzed spike density
(nodes/cm), number of rachis nodes per spike (NRN) and peduncle c1-1rvature in the 150 DHLs
(Fig. 1). NRN and spike density traits showed transgressive segregation. Average NRN and
spike density Vvalues were statistically greater (P<0.01} in 19§7 (18.0 and 2.9) than in 1996 (14.5
and 2.8).

QTL mapping of head shattering and related traits -

Head shattering and related traits were mapped as QTL, ﬁrstrusing sfmple interval
mapping (SDM) and later simpiiﬁed composite interval mapping {sCIM). Test statistics
calculated by both SIM and sCIM for QTL main eﬁe&s andv.QTL X environment interaction
effects are summarized in Table 1. Additive effects and per E.ent variance explained by each’
QTL are also presented in Table 1. Test statistics calculated by SCIM are presented as graphics
in Fig. 2. sCIM fesults did not s_how any major deviation in positions of QTL detected by SM. --
Magnitude of test statistics was 5§nerally similar or higher with sCIM in QTL regior.ls detected
by SIM. However, sCIM identified ad—ditibnal QTL. Hence, sCIM test stati—stic graphics are used
to illustrate QTL positions detected by SIM. |

Head shattering |

Hea& shattering QTL analysis using simple interval mapping detected f\no major QTL on
chromosomes 2S and 3 centromeric region, designated Hst-28 and Hst-3, respectively (Fig. 2).
Hst-3 had the peak at the RFLP marker Dfr (dihydroﬂavoqol-él- reductase, Kristiansen and
Rohde 1991) on chromosome 3. This QTL had a test ;t;tistic of 101.2 with'SIM (Table 1,
P<0.01) and explained 28.6 % of the variation. DHLs with the Steptoe Dfr allele had 1.3 less
head shattering score compared to DHLs with the Morex ailele. None of the 19 DHLs with the

highest head shattering score in 1996 and 1997 had the Steptoe Dfr allele while about 1/3 of the
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non-shattering group had the Morex Dfr allele. Hst-3 x environment interaction was not
significant. |

The peak of the Hst-25 QTL coincided with the RFLP marker MWG858. The Steptoe
MWG8SS allele reduced the head shattering by a score of 1.0 compared to the Morex allele
('I'ab-le 1). This QTL had a test statistic of 48.5 with SIM (P<0.01) and explained 14.9 % of the
variation for head shattering based on two year data. On the other hand, QTL analysis conducted
for each year showed that head shattenng variance due to QTL represented by MWGSSS i23.0
% of the total variance in 1997 but only 7.4 % in 1996 (data not shown). This difference is
possib_ly the reason for the significant QTL x environment interaction dgtected by two-year\Q_‘”[.‘L
analysis (Table 1, P<0.05).

Hst-3 and Hst-25 showed an additive gene eﬂ'ect (Fig. 3). When the Morex aIleles of the
two QTL were present, the average head shattering score was 3 2. Presence of Steptoe aileles
from both QTL regions resulted in a head shattering score of 1.1. Based on multiple regression
analysis, the two major head shattering QTL had a highly significant (P<0.01) interaction that
explained 2.1 % of the variation. Together, Hst-3, Hst-2S and their interactions explained about
45 % of the variation for head shattering. A major part of the variation remained unexplaingd |
and possibly was due to unidentified loci and non-genetic factors inéluding variability gaused by
env{ronment and experimental error.

sCIM was performed using MWG858 and Dfr as taatkground markers. This effort
yielded a secondary QTL with strong test statistics on ciwomosome 7L, designated Hst-7L (Fig.

2, Table 1). The QTL profile was broad without a distinet peak, perhaps due to the presence ofa
31.2 cM gap between markers in this region. Two markers, CDQ057B and CDQ504, were used

to represent this putative QTL. The CDOO057B was the closest marker to the test statistic peak
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(17.0 with SCDM) in the interval of CDOOS7B to mSrh markers. The marker CDO504 on the
distal side of the gap had a test statistic of 10.1. CDOOST}S and CDO504 explained 2.1 and 1.1
9, of the variation for head shattering. The Steptoe allele decreased the head shattering score by
0.5 and 0.4, respectively (Table 1). Interactions between Hst-7L and Hst-3 or Hst-25 were not
calculated due to the uncertainty of the map location of the putative chromosome 7 QTL.

Spike density |

T he only spike density QTL detected by SIM was on chromosome 3 in the same position
and shape as the head shattering QTL Hst-3 (Fig. 2). The sbike density QTL had a very largg .
test statistic of 368.9 with SIM (Tz}ble 1, P<0.01) and explained 70.8 % of the variation fo,r spike
density. The Steptoe- Dfr allele was associated with the dense spike trait (an average of 0.7 more
nodes/cm spike length than Morex). buﬁng fhe backcrbss and selfing generations, we observed
that the lax spike qhar;zcter ts dominant to dense spike. sCIM mépping using the Dfr rﬁarker as
background yielded four- secondary QTL for spike density each explaining a relatively small part |
of the variance (Table 1). Two of these QTL wére on chromosome 1, one on chromosome 2 and
one on chromosome 4. -None of these QTL regions showed coincidence with head shattéring. |

Number of rachis nodes |

. The Iafgest NRN QTL coincided with the head shattering QTL Hst-25, also located on

: chromosome 2 {Fig. 2).. This QTL had a test statistic of 91.7 with SIM (Table 1) and explained
26.3 % of the variation for. NRN. Morex MWGB858 allele resulted in an averagg of 2.1 more |
nodes (about six seeds) per spike. The second largest QTL had a peak at the MWG798A marker
of chromosome 6 explaining 6.9 % of the variaﬁce (Table 1). Morex allele of this QTL

conferred 1.1 more nodes/spike. A third NRN QTL explaiﬁed 6.3 % of the variance and peaked
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at the Dfr marker on chromosome 3 where Hst-3 was mapped (Tablé 1, Fig. 2). In this case, it
was the Steptoe Dfr allele that resulted in increased NRN values (about 1.0 node/spike).
Peduncle curve
The peduncle curve trait was associated with head shattering in the extremely shattering
SM DHLs i.e. DHLs with the highest shattering (score of 5) had erect pedur_xcles while the DHLs

with the lowest shattering (score of 1) had curved peduncles. Simple interval mapping showed a

| QTL on chromosomes 2 and 7. The larger QTL marked by CD0504 on chrorhosome 7, was. in . |

the vicinity of a minor head shattering QTL, had a test statistic of 82.9 with SIM (Flg 2 and'
Table 1, P<0.01) and explained 24.1 % of the variation. The second QTL mapped close to .
marker MWG858 of chromosome 2, had a test statistic of 33.4, and coincided with,the second
largest head shattering QTL, Hst-2S, and the largest NRN QTL (Fig. 2). MWG858 explamed
10.5 %o of the variation for the peduncle curve tra1t sCIM usmg CDOSO4 and MWGSSS as
'background markers yielded two secondary QTL for peduncle curve both on chromosome 3 and
11 cM apart. These two QTL had test statistic peaks in the MWG571B- ABG377 and ABG398-
Dfr intervals and explained 3.4 and 4.6 % of the variance, respectively.’The Steptoe alleles of
the two chromosome 3 peduncle curve QTL resulted in erect peduncles while the Steptoe alleles
" of the cﬁromosome 2and 7 QTL resulted in curved peduncles. |

High resolution mapping of chromosome 3 head s’,hattering QTL via NILs

It was observed that the breaking of the rachis infsl;attered heads always happened at the
attachment points of rachis internodes. However, this breakage was different from the
segmentation or disarticulation of rachis internodes, which in the brittle rachis trait occurs at
almost every attachment point. Hst-3 NILs presented two head shattering phenotypes, either 5

(46 % or higher shattering) or 2 (1-15 % shattering). All lines with a Steptoe segment in the



ABG396-ABG703 region, except E15 and A18, had shattering score of 2 and short fachis
internodes (Fig. 4). Since the shortest proximal segment terminated between Dfr and DAkZOZ
and the shortest distal segment terminated between DAK202 and DAK160B, we conclude that
Hst-3 resides in 0.6 cM interval between Dfr and DAK160B markers. The spike density. trait
cosegregated with Hs¢-3 locus in NILs and was located to the same 0.6 cM interval rﬁarked by
Dfr and DAK160B markers where Hst-3 was located. - -

Mapping of the H.' vulgare ssp. spontaneum Ba_-z locus

RFLP analysis of the GSHO1937, H ﬁulgare ssp. spontaneum derivredbrittle racﬁi§ line,'
‘and its backcross parent line c?. Bowman revealed an H. vulgare ssp. .spontanéum segment
containing markers MWG798B and MWGDM, but not including mafﬁers ABC171 and ABG396
(Fig. 5). We conclude that the Bfr2 gene resides in thié Vregion and does not overlap with Hst-3
in the Dfr to DAK160B interval. Since the Bowman parent is believed to carry Birl (J .
Franckowiak, personal communication) it is not possible to deterrniﬁe the location of Bir{ in this

genetic stock.

DISCUSSION
It has been speculated that the head shattering QTL on chromosome 3 may represent
| wéak‘ alletes of the britﬁe rachis genes Btr! and Bir2. Our data indicate that the Ber2 brittle
rachis gene, and presumably Bir! due 10 close linkage, are distal from the weak rachis QTL Hst-
3. These data are in agreement with the different genet;c (simple inheritance of brittle rachis vs.
~ quantitative inheritance of weak rachis), mechanism {disarticulation of rachis internodes in every
attachment point in brittle rachis vs. one or two breaks in weak rachis) and environmental effects

(less environment effect on brittle rachis vs. high environment effect on weak rachis) of the two
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traits. However, this fact does not exclude the possibility that the tra'its may be due to diverged
duplicated genes.

The Hst-3 QTL is probably the same as the head shattering QTL reported by Larson et al.
(1996) although they observed two peaks with the main one at marker ABG396 and the other
one is about 44 cM away on the short arm of chromosome 3. We found a single QTL with a
peak at the marker Dfr, 2.1 cM proximal to ABG396. The Hst-3 QTL is also probably the same
asa prreviousiy reported major yield, lodging, plant he:ght and head shattering QTL (Hayes et al
1993a and 1993b; Larson ez al. 1996).

Hst-3 was assoc1ated with a major QTL for splke densﬂy Head shattermg spxke density
ass_ociatlon has been previously reported (Turcotte 1957; Larson et al. 1996). Presence of clear
transgressive segregation for spike density (Figs. 1 and 6), but not for head shattering, might
indicate that head shattering is not a direct result of lax spikes. The spike 'densi'ty locus around
the Dfr marker must coincide with head shattering due to either pleiotropic effects or tightly

linked genes.

Hst-3 explained nearly one-third of the head shattering variation in SM DHL population.
Skewed distrib_utip,n_ and the presence of intermediate types in the DHL popﬁlation suggested the
| iﬁvolvemérit of Vadditional loci. QTL mapping uncovered a second major head shattering locus
on chromosome 2 (Hs¢-2S) and a putative minor locus on cfhro‘mosor’ne 7 (Hst-7L). Further
evidence for multiple head shattering loci was provided by the Hst-3 NILs. Head shattering in
these NILs showed a clear phenotypic separation with scores of either Z or 5. The Steptoe head
shattering score of 1 was not recovered.

The Hst-25 QTL is possibly associated with the NRN trait that also has a major QTL with

a peak around MWG858. Indeed, considerably less head shattering was abserved in DHLs that
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carry relatively fewer seeds on their spkes. Hst-2Shad a signiﬁcant.QTL x environment
interaction ahd explained a much higher proportion of head shattering variance in 1997 there
NRN values were higher than in 1996. Higher head shattering in spikes that carry more seeds is ™~ ~
in accordance with higher head shattering damage under growmg conditions that favor
development of large spikes e.g. early planting dates (Rutger et al. 1966) and irrigated condlt;ons B
(Platt and Wells 1949). These ﬁndmgs imply that Hst-2S might play a mgmﬁcant role in l'ugh -
yielding environments. It s possxble that Hst-2S is associated with the y::eid QTL mapped
previously on chromosome 25 (Hayes ef al. 1993a). Sinc;'e the parent that ﬁroﬁdes the hié,hef |
yielding allele changes by environments, transfer of this head shattering QTL- froni Stept_oe into
Morex might interfere with Morex yields in some enviroﬁments-. The only p;réviOus report
indicating the pre.sence of a head shattering QTL on chromosome 2 is from altrwo-rowed barley
cross (Backes et cﬂ'. 1995). The size of the reported QTL interval (50 cM) prevented comparison

with our mapping results.

- In conclusion, Steptoe allele of Ast-3 can be used for molecular marker assisted breeding
of head shattering resistance in six-rowed barley. Presence of 11 RFLP markers within one cM
distance of this locus provides mult‘iii’ie.“choices for such efforts. Similarly, Steptoe allele of Hst-

25 can be used to decrease head shattering losses at least in some environments.
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Table 1. Summary of QTL effects for head shattering and related craits.

SIM sCIM
Marker Interval
or size QTL Additive ME° 3 QxE Additive ME  QxE
Chr. interval oM location effect' TS var. TS effect TS TS
Head shattering
2 (MWG858) - - -1.0 48.5** 14.9 4.4 -0.9 56.9 5.9
3 (Dfr) - - -1.4 101.2** 28.6 1.8 -=-1.3 111.3 1.9
7 CDO057B-mSzh 5.4 2.0 -0.4 6.3 = 2.1 0.4 -0.5 17.0 0.7
7 CDO504 - - -0.3 3.3 1.1 0.0 -0.4 0.1 0.1
Spike density
‘'l ABC1SS8 - - 0.1 9.7 3.2 0.0 0.1 -22.7 0.0
1 RZ242-ABC310B 9.2 5.0 -0.1 5.8 1.9 0.1 -0.1 22.5 0.4
2 ABCl67B-bBES54D 6.0 4.0 Q.0 0.5 0.0 - 0.7 -0.1 23.7 2.1
3 (Dfr) - - 0.7 368.9*%* 70.8 - 4.3 0.7 - 368.9 4.3
4 BCD26SB-ABGOQ3A 3.8 3.0 -0.1 6.8 2.2 0.4 =-0.1 22.7 1.4
. _Number of rachis nodes _—
2 (MWGB858) - - -2.1 91.7** 26.3 1.3 -2.2 108.9 1.7
3 (Dfn) - - 1.0 19.5* 6.3 - L.0 1.2 36.2 1.7
6 (MWGT38A} - - -1.1 21.4* 6.9 1.7 -0.8 ~15.7 1.8
) Peduncle curve
2 ABC1S6A-{MWGB58) 6.0 5.0 -0.5 33.4** 10.5 g,5%* -0.5 40.5 12.8
3 ABG398-Dfr 1.3 1.2 0.3 14.1 4.6 26,9** 0.3 18.3 43.5
3 MWGS571B-ABG377 1l.7 3.0 0.3 10.4 7 3.4 20.6** 0.4 23.9 31.6
7 MAGS14-(CDO5SA4) 4.4 4.0 -0.8 g2.9%* 24.1 4.1 -0.8 83.0 4,4

* #* p<0.05 and 0.01, respectively. Negative additive effects indicate that
the Morex allele has higher value. Markers in paranthesis are used as
packground markers for sCIM analysis. “ME, main effect; TS, test statistics.
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shattering locus. ABG462 and KsuA3C co-segregates with Df; Dor4A and
RSB020 co-segregates with DAK202; 4dh5, KsuF2B, PSR626A and ABC156C
" co-segregates with DAK160B. Dfr, DAK202 and DAK160B cosegregate n
original 150 SM DH population '
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Fig. 5. H. vulgare ssp. spontaneum fragment
in GSHO1937 (thick line). Arrow shows the
location of chromosome 3 head shattering
QTL, Hst-3 detected in SM cross
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Fig. 6. Spike density in Steptoe x Morex cross. From left to right; Steptoe, Morex,
Morex NIL with Steptoe DAK202 region (F13), and Steptoe NIL with Morex
DAK202 region (K5). K5 NIL was derived in BC3F2. K5 was not evaluated for

head shattering and related traits
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ABSTRACT

FIoWering time is an adaptive trait with a significant role in crop performance. In cereals,
flowering time is determined by three classes of genes; vernalization, photoperiod response, and
developmental rate (earliness per se). The 150 doubled haploid line mapping population of a
Steptoe x Morex spring barley cross was used to identify loci that affect flowering time in short
and long day conditions. Two major QTL, each aﬁ'ectmg flowering under exther long or short
daylength conditions, were detected on chromosome 2S(2H) and SL( IH) and desxgnated Phr-ZS
and Phr-5L, respectively. Near isogenic lines developed by transferring late flowering Morex
alleles from Phr-2S region into Steptoe located the long daylength locus in a 0.9 ¢cM interval
flanked by the MWGB858 and Tef# markers of chromosome 2S. Near isogenic linés developed
for Phr-3L ]oca-téd the short daylength flowering locus to 2 6.0 cM interval flanked by MWG518
and PSR162 markers on chromosome SL. Map positions of PAr-25 and Phr-3L suggést that they
might be the same as two previously mapped photoperiod response loci, Ppd-HI and de-HZ
Presence of transgresswe segregation in the field grown (long daylength) DHLs and failure to
quantitatively recover the short daylength late flowering parent prhenotype in NILs with Phr-3L

suggested the presence of additional genes affecting flowering time in both environments.

Key words Photoperiod sensitivity . Flowering time . Marker assisted backcrossing .QTL

mapping . Near isogenic lines
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INTRODUCTION

Flowering time in cereals is under the control of three classes of gene;s‘ Vemalization
and photoperiod response genes determine flowering time as a response to environmental
conditions. The third class of genes controls the flowering time via the developmental rate of the
plant and are named "earliness per se” genes (Laurie ef a/. 1995). These three classes of genes
and their interactions determine the adaptation of genotypes to growing environments and aré
often associated with the production potential of crop plants. Vemaliiation r;espénsc genes are
not associated with flowering time of spring barley. Earliness per se (eps) genes have relatively
small effects on flowering time and are expressed both in short and long day conditions (Laurie
1997). |

Photoperiod response genés have large effects on flowering time. Most of these'genes .
affect flowering time either in short or long days. A flowering ge;ne, Eaml | is located on
chromosome 2S(2H) in the barley morphological marker map. The dominant allele confers early
flowering under long day conditions (Franckowiak 1996). A major flowering time QTL, Ppd-
H1, was mapped 1 ¢M proximal to the MWG838 marker and in a comparable region to Eam!
(Lau_rie et al. 1995). Ppd-H1 delays flowering time by 12 days in spring sowing, seven days in |
fall sowing and 10 days in controlled environments under 16 h light (Laurie e al. 1994). Ppd-
H1 has been proposed to be the barley equivalent of the wheat Ppd gene and may be the same as
Eam] (reviewed by Laurie 1997). A number of traits suchﬁaé plant height, number of seeds per
spike and seed weight have been associated with this ﬂo;vering locus (Laurie et al. 1994).
Studies with a doubled haploid line (DHL) mapping population of a cross between two spring
barley cultivars, Steptoe and Morex, showed a QTL for flowering time in 15 out of 16

environments (Hayes-et al. 1993). Morex carries the late flowering alleles with additive effects
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ranging from three to ten days. The peak of the QTL was in either the ARG002-ABG439
interval or in the nearby interval RbcS-ABG002 on chromosome 2 (Hayes e/ al. 1993). Both
intervals also have been associated with plant height and grain yield. QTL for flowering time
has also been. reported in comparable map positions with T. Prentice x V. Gold (Kjaer ef al.
1995) and Dicktoo X Morex crosses (Karsai et al. 1997).

Several short daylength photoperiod response genes are known. Three mutations for
flowering time under short days have been mapped. These are. Eam3 (Eay) mapped on
chromosome SL{1H) toward the telomere (Takahashi and Yasuda 1971), Eam9 (or Ea9) mapped
on 4L(4H) (Yasuda and Hayashi 1980), and Eam/0 (Ea:,,) mapped on chromosome JL(GH)
(Gallagher et al. 1991). Mutant plants reach flowering earher under short day conditions. A
fourth gene, a spontaﬁeous mutant designated Eam?7 (Ea7), has been mapped on chromosome 6S
(6H) near the centromere (Stracke and Bormer 1998). Eam?7 affected flowering time both in short
and long days a‘lthough its effect was three times stronger in short days compared to long days.

Flowering time under short days has also been studied using QTL analysis. Laurie ef al.
| (1995) mapped a QTL, de-H 2 on barley chromosome 5L(1H), approximately 3 cM distal to
the PSR162 marker. de-HZ affects flowering time under controlled short day conditions and in
fall planting but not in spring planting (Laurie et al. 1995). Pan et al. (1994) reported two
intervals (iPgd2-BCD265C and HorD-ABG452) on chromosome 5L that affect flowering time
under short days. Dicktoo chromosome regions of these intervals defayed the flowering time by
12-17 days in controlled environments (8 hlight), and 8 days in fall-sown field experiments.

The complex nature of flowering time, including minor QTL and epistatic effects, can be
analyzed using molecular marker technology. Development of isogenic lines is encouraged for

this purpose (Pan et al. 1994, Laurie et al. 1995). Our objectives were t0 detect loci affecting
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flowering time in short and/or long day conditions, and to achieve high resolution mapping of
two flowering loci mapped as QTL on chromosomes 28 (Hayes ef al. 1993) and 5L in the |
Steptoe x Morex population. Isogenic lines developed for these flowering l'oci will be very

useful in studying the epistatic interactions among them (Karsai et al. 1997, Laurie et al. 1595,

Gallagher et al. 1991). High-resolution mapping will also facilitate the alignment of mutation-

QTL-candidate gene data as well as map based cloning of the flowering genes.

MATERIAL AND METHODS

The Steptoe x Morex 150 DHL mapping populzﬁion wa§ used for QTL rﬁépping. Long |
day flowering time Vwas measured on each field grown DHL as single rows in 1996 and 1997 at
Pullman, WA. The 1997 trial had two replications while the 1996 trial was not replicated.
Planting date was April 27 in 1996 and May 13 in 1997. Flowering under short days was
observed in a controlled growth room environment with 11 h 30 min light/12 h 30 m?n dark
cycle and 18°C /13 °C day/night temperature. One plant from each DHL ﬁras evaluated.

Based on the map position and completeness of marker data, 149 markers were selected
to obtain a skeletal map consisting of markers spaced approximately 6-8 cM apart. Marker
distances were confirmed using Mapmaker EXP (Lander ef al. 1987). QTL analysis was
conducted using MQTL software which can utilize data repegted over environments (Tinker and
" Mather 1995a; 1995b).. The 1996 and 1997 data constitute& the two environments for flowering
observations at the field conditior{. Ligear regression based simple interval mapping (Haley and
Knott 1992) of MQTL was used. Test statistics for QTL main effects and QTL x environment

effects were calculated. Threshold values for test statistics to check type 1 error rate were

calculated for both QTL main effects and QTL x environment interaction effects using
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permutations replicated 5,000 times for 5 % and 10,000 times for 1 % significance levels,
respectively (Churchill and Doerge 1994). Additive effects calculated by MQTL are for two
alleles at each locus and, therefore, are twicg:__t_pose__obt@iped with other QTL software.

Based on the preliminary results with QTL mapping, near isogenic lines (NILs) were
developed for two genomic regions on chromosome 2S and chromosome 5L. To produce |
chromosome 5 NILs, SM23 and SM84 DHLSs were backcrossed four times ta Morex and seifed.
Recombmants from the target region were selected in the BC4F; and homozygous NILs were
isolated from the BC4F3. Several RFLP markers were used to select the Steptoe alleies of a large
target area (about 50 ¢cM) on chromosome 5 in every generation starting with BCzF y. For
chromosome 2 NiLs, SM179 was backcrossed to Steptoe three times with selections using
molecular markers. NILs were selected from the BC3F3 generatxon The genetic backgrounds of
the chromosome 5 isogenic lines were checked using markers every 20-25 cM on the SM map in
the BC4F, while this procedure was not applied for chromosome 2 NILs. In orderto accelerate
generation turnover, 20-day old embryos were grown in tissue culture to start a new geoeration
without waiting for seed maturation. The MS basal medium (Murashigf:' and Skoog 1962)
supplemented with vitamins and 30 g/L maltose without hormones was used. Seedlings were
| directly transferred to pots when they reached 5-10 cm height. RFLP markers and two
morphological markers, short rachilla hair and pubescent leaf on chromosomes 7 and 3 were
used in this study. DNA isolation, Southern transfer and"h;rbridization methods, and
morphological marker descriptions wore as described by Kleinhofs ef al. (1993).

Flowering time of all NILs and two parents were detected in field conditions grown as
single rows in 1998 at Pullman, WA. Ten plants from segregating lines were also obserfed in

greenhouse conditions. Day/night duration was approximately 16 V8 h. Temperature varied
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between 18 and 25 °C. Chromosome 5 NILs along with parents and. one chromosome 2 NIL,
K5, with a large fragment from the chromosome 2 flowering QTL region were grown in
controlled environments of growth room and growth chamber. In the first experiment, 17 NILs
and parents were grown in a growth room with 11 h light / 13 h dark period under 23 °C constant
temperature. In the second experiment, 10 NILs and parents were grown in growth chambers
with 10 h 30 min llght/ 13 h 30 min dark with 20 °C / 13 °C day/night temperature. Most plants
grown in short daylength conditions were genotyped using molecular markers around the target
regions.

Flowering time was measured as the time from planting to the time when 50 % of the
plants had awns emerged. Short daylength observations were subjected to statistical analysts -
since the NILs showed a contim_mu:s distribution. Analysis of variance was perférmed based on
the principles explained by St-eeiret al. 1997. Completely raﬁdémized block design with three
replications (each plant was a replication) was used. SAS software was used for analysis of
variance (SAS Institute 1991). VLong day observations, on the other hand, could be grouped in

discrete classes, hence, statistical analysis was not performed.

RESULTS

QTL mapping

The SM DHL population grown under long day ﬁéfld conditions showed a clear
transgressive segregation for flowering time (Fig. 1). As the average of twa years, Steptoe and
Morex reached flowering in 50 and 52 d, respectively. Flowering time of the DHLs varied from

46 to 63 d. Simple interval mapping using the 150 DHLs grown under field conditions (long

days) yielded one significant QTL in the interval of ABC156A-MWGS58 (Table 1). This QTL,
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named Phr-2S (PHotoperiod Response), explained 52.4 % of the variation and the Morex allele
from the QTL region delayed the flowering time by about six days. The QTL x environment
interaction was also significant (P<0.01).

The SM DHL population showed a non-normal distribution for short daylength flowering
time (Fig. 2). The DHLs formed two sub-populations with a break arcund 145-d. Flowering
times of the parents Steptoe and Morex were nearly at the extreme locations of the frequency
diagram. QTL mapping with 150 M DHLs under controlled short daylength conditions
detected one signiﬁcant QTL at the MWG518 marker of chromosome 5 (TaBIe 1, Fig. 3). _This :
QTL, designated Phr-5L, explained 16.5 % of the variation and Steptoe alleles of the QTL region
delayed the flowering by 28 days. o | -

Near isogenic line (NIL) analysis

' f\fear isogenic lines developed by transferring PAr-25 QTL from .Morex iﬁto Steptoe (Fig.
4) formed two discrete pﬁenotype classes for flowering time (data not shown). The Morex late
flowering QTL region introduced into Steptoe background caused a prostrate growth habit and
delayed flowering time for about 11 d under both greenhouse and Puliman, WA ﬁeld conditions.
The D7 NIL carried a Morex fragment from Tef# [elongation factor loe (Nielsen et al. 1997)] to
ABGO0S but did not have late flowering, implying that the Phr-25 locus was distal to Tef# (Fig.
4). The presence of MWG858 and RbcS Morex alleles at the distal side in the K1C NIL, but
absence of late flowering, placed the Phr-25 locus proxnmai to MWGS58, i.e. in the 0.9 cM
interval of MWG858-Tef4. The presence of the late flowering phenotype in the eight NILs (C1-
1, C5, K4, D2, C1-7,L18, K1B and K5) which carry the Morex alleles from this interval
" confirmed the location. Heterozygous plants, detected by codominant RFLP markers, revealed

that early flowering was dominant to ate flowering., The NIL, K5, with the late flowering region
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from Morex had Steptoe tike flowering phenotype under controlled short day environment
indicating that Phr-2S expresses only under long day conditions.

The flowering time of 19 NILs, each containing a fragment from Steptoe chromosome 3
Phr-5L region in a Morex background, were observed under short daylength conditions in two
experiments. The first experiment was conducted with 16 NILs, and Steptoe and Morex, ina
growth room with 10 h 30 miq light at 23 °C constant temperature. Development of narrow
leaves about 1 cm wide indicated late flowering. As plants proceeded towafd flowering, larger -
leaves were formed. Morex ﬂowéred 100 d after planting whife Steptde needed 165 d (Table 2).
The flowering times of seven NILs (A2, All, AlS, A35, AS52, A54 aﬁd B2) wer-e. vél;y similar to
Morex. Eight NILs (A4, Al2, A24, A39, B17, F12, F15 and F16) flowered 112 to 126 d after
planting. The NIL, G7, was in the middle with a flowering timé of 107 d. One plant from the
line F16 {designated F16A) was heterozygous for three markers (Fig. 5). Tﬁe heterozygous
F16A plant had the Morex like flowering phenotype although the other two F16 plants were in |
the late flowering NIL group, indicating that early flowering is dominant to late flowering (Table
2, Fig. 5). However, this Vﬁnding needs to be verified by observation of additional NILs
heterozygous for the markers in the target region or by observation'of the progeny of the
heterozygous F16A plant.

The second experiment was conducted in a growth chamber with 10 h 30 min light and
13 h 30 min dark; 20 °C day/ 13 °C night temperature cor.lélitions. In this experiment, three NILs
that were not observed in the previous experiment were used along with eight NILs that were
used previously, and Steptoe and Morex. Morex flowered 89 d after planting, as the average of

three plants (Table 2). Steptoe flowered 157 d after planting. The NILs All, A5 and G7 had
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similar flowering time to Morex. Seven other lines_(A4, A38, A40, B17, F11, F12 and F15)
flowered after 101-111 d.

Although the differences between the NILs showed a continuous variation, we grouped
them as early and late for the sake of simplicify of representatioh (Fig. 5). Because of'its clear
Morex like flowering phenotype in the second experiment, G7 was pleced in the early ﬂewering
group. All of the early ﬂowenng NILs had Morex alleles of PSR162 and BCD592 {cosegregates
with PSR162 in SM rnap and in NILs) except F16A, which was heterozygous for both markers.
Presence of the Steptoe alleles of MWGSIS and other markers in the proximatl side of the
chromosome in early flowering NILs All and B2 1mphes that the Phr-5L is distal to MWGSIS
Absence of Steptoe alleles of MWGS518 and other markers at the distal side in the F15 NIL also
shows that the locus is distal to MWG5-18. Presence of the Steptoe allele of MWG518 but
absence of PSR162 (and BCD592) in the late flowering line A‘12 means that PAr-3L is-in
MWGS18-PSR162 (BCD592) interval. Two other late ﬂpwering NILs (F11 and B17), which
carry Morex alleles of MWG092 and other markers distal to it, clearly show that Phr-3L can not
be distal to MWG092. Morex NILs that carry Steptoe alleles of thePhr:SL region flowered at a

time similar to Morex in field conditions (long days) indicating the photoperiod sensitivity of this

logus.

DISCUSSION -

Steptoe and Morex, which have a similar long daylength flowering time produced DHL
progeny with clear transgressive segregation for flowering time. QTL mapping identified a
major QTL, PAr-2S, in the interval ef' ABC156A-MWG858 of chromosome 2 that accounted for

more than half of the variation in flowering time. Evaluation of NILs with the Morex fragments
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from Phr-25 regibn in a Steptoe background allowed us to map this ﬂowering locus to a 0.9 cM
interval flanked by the marker§ MWG858 and Tef-!. Early flowering was dominant to late
flowering. The mapping data suggested that Phr-2S may be the same as Ppd-f/ photoperiod
response QTL mapped 1 cM proximal to MWGSSS in the Tgri x Triumph cross (Laurie et al,
1995). A yield QTL and a number of agronﬁmic trait QTL mapped in the vidinity of the marker
ABGO02 (Hayes et al. 1993j, which cosegregates with MWGB58 in SM mép, are likely to be the |
result of Phr-2S.. o

Under field conditions at Pullman, WA, Morex plants flowered one to two days Iafer than
Steptoe plants. Considering tﬁe 11 d delay in flowering due to the Morex Phr—ZS in tﬁe Steptoe
background, Morex appears to have additional genes that accelerate flowering timé by |
approximately nine or ten days. Neither our QTL mapping, nor that of Hayes ez al. (1 993)
cou&ucted in sixteen environments using the same SM DHL population identiﬁed sucha
flowering QTL. Morex flowering might be accelerated by a number of minor QTL, rather than a
major one like PAr-2S, whicﬁ are difficult to detect with QTL mapping. Another explanation
could be that epistatic interactions rather than additive effects play 2 sig;liﬁcant role for such an
effect. Failure to detect additional flowering QTL could also be because these loci are in régions
with poor marker coverage. Powell et al. (1997) reported the detection of new QTL after
introducing new markers to their maps. With extensive multilocational data and 2 confirmed
major locus, detection of additional loci for flowering tirﬁé in the Steptoe x Morex popu!atio.n
offers a model system to test the power of new QTL mapping approaches.

QTL analysis for flowering time under short days detected 2 QTL, designated Phr-3L, at

the MWGS518 marker or just distal to it, on chromosome SL(1H). Phr-3L affects flowering time

only under short daylength conditions, which implies that it has photoperiod sensitivity. NIL
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analysis showed that Phr-5L is in the 6.0 cM interval of MWG518-PSR162, being close to
PSR162. The map location of this QTL suggests that Phr-3L may be the same as the
photoperiod response QTL Ppd-H2 mapped by Laurie et al. (1995) using Igri x Triumph DHL
population and as short daylength flowering QTL mapped by Pan et al. (1994) using the Dicktoo
x Morex DH population. Although Pan et al (1994) reported two intervals for the QTL, it is
possible that this was an artifact due to the pbor marker coverage of chromosome S(1H) in their
population. Based on QTL mapping, Laurie et al. (19957) reported that de-HZ is 3 cM distal to
PSR162ina 16.9 cM interval. Although only one NIL puts Phr-5L proximal to PSR162 in our
study, a number of other NILs showed that it was very close to PSR162, if not proximal toiit. A
different map position in our NIL analysis and QTL mapping by Laurie ef al. (1995) is possibly
because of different methods used (i.e. NIL analyéis vs. QTL mapping). Similarly, QTL
p-ositions of both Phr-2S and Phr-3L were shifted in our QTL mapping compared to our NIL
analysis. If Phr-5L and de-'H.? are the same gene, then the map position detected by our NIL
analysis would be expected to be more accurate since NIL analysis reduces the effects of other
loci and has been reported to be more reliable (Paterson 1998).

Dominant forms of at least four genes are fe‘quired for short daylength photoperiod
sensitivity of barley and the presence of a recessive form of anyone of these genes confers
relative photoperiod insensitivity (Gallagher et al. 1991). Steptoe has been reported to have the
dominant forms of all four genes (Eam7, Eam8, Eam? and Eam 10 on chromosomes 6, 5, 4 and 3
respectively) (Gallager ef al. 1991). Corﬁparison of map. positions of Zam8 and Phr-5L on
chromosome 5L using morphological (Franckowiak 1996) and molecular marker maps
(Kleinhofs et al. 1993 and unpublished) aligned by fch7 locus (Kudrna et al. 1996) suggests that

the two loci are different (Fig. 6). The closest marker to the Phr-5L (PSR162) is about 36 cM
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proximal to MWG912 and fch7, which, in turn, are about 16 ¢cM pro:_cimal to Eam8. Thus, Phr-
SL is probably different from Eam8 and possibly is the fifth locus affecting barley flowering time
under short daylength conditions.

The Steptoe fragments from Phr-5L region introgressed into Mérex background showed
continuous variation in flowering time. This continuous variation probably originated, at least in
part, from environmental factors and experimental error, which could not be totally elirﬁinated
by replications due to limited space in controlled emﬁronments. Phr-5L delayed_ flowering time
only by 12t0 26 d-in the Morex background. The failure to recovel-' Steptoe-like late flowering
in the Morex NILs indicates the presence of additional genes for short daylength flowering time
in Steptoe, which may act in additive manner or have epistatic interaction with PAr-5L.

One Morex background NIL (F16A) turned out to be heterozygous in the Phr—fL region.
This plant 'ﬂowered similar to Morex implying that early flowering is dominant at this locus.
Although none of the four known short daylength flowering loci confers early flowering ina
dominant form, reports involving short daylength flowering time of Steptoe progeny support
these déta. Gallagher et al. (1991) found that the Fy of Steptoe x Super I_’recdz (recessive fdr
Eam10) flowered earfier than Steptoe, which would not be possible with the four-locus model
since Steptoe carries dominaﬁt forms .of' all four known short daylength flowering genes that
confer late flowering (Gallagher et al. 1991). In this case, Steptoe must have a recessive and
Super Precoz a dominant allele of a gene, which acceleréte__s flowering in the heterozygous state.
If this locus is the same as Phr-3L, then Phr-5L is di_ffer;nt from the other four short daylength
flowering loci since the dominant allele confers early flowering.

In conclusion, we mapped and verified two photoperiod resfgbnse genes; Phr-2S is

expressed in long day conditions and may be identical to Ppd-f{{, and Phr-3L is expressed in
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short day conditions and may be identical to Ppd-H2. The Phr-25 locus has a major effect on.
flowering time and resulted in clear-cut phenotypic separation of the NILs. The Phr-3L locus
effect was less clear with continuous variation. Our data indicate that both Steptoe and Morex
have ac_iditional genes for flowering time in long and short days, which were not c_Ietccted in this
study. Near isogenic lines produced in this .study will be usefut for further studies to identify

these genes and investigate their interactions,
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Table 1. Summary of QTL effects for field and controlled short daylength
flowering time.

Interval Main
Marker or size QTL BAdditive effact % QxE
Cchr. QTL interval oM location effect! TS variance TS

Awn emergence time in field conditions (long days)

Threshold values : QTL main effect 8 %= 21.3 1 %= 27.4
' QTL x env. interaction 5 %= 3,2 1 8= 4.2
2 Phr-25 ABC156A-MWG858 5.4 4.4 -5.% 222.7** %2.4 9.6%¥

Awn emergence time in controlled short day environment

Threshold values for QTL main effect 5 %= 12.6 1 %= 15.7
5 Phr-5L MWG518 28.1 27.0%*  16.5

«% p<0.0l. !, negative additive effects indicate that the Morex allele has
higher value. :
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Table 2. Flowering time of NILs under short daylength &onditions

MWG PSR No of Flowering MWG PSR No of Flowering
NIL 518 162 plants time (day) NIL 518 162 plants time (day)
‘Experiment 1 Experiment 2
Growth reoom 11 h light Growth chamber 10 h 30 min light
23/23 °C day/night temperature 20/13 °C day/night temperature
Steptoe A' A 3 165 A** Steptoe A A 3 157 A**
Fi2 A A 3 126 B A38 A A 3 111 B
A39 A A 2 121 BC A40 A A 3 111 B
A4 A A 3 119 CD A4 A A 3 107 BC
B17 A A 3 119 CD Fl2 A A 3 105 BC
F16 A A 2 118 CDE B17 A A 3 103 BC
Al2 A B 3 114 DE F1l3 B A 3 102 ¢
AZ24 A A 3 113 DEF F11 A A 3 101 C
F15 B A 3 112 EF G7 B B 3 81D
G7 - B B 3 107 FG - Als B B 3 90 D
AS2 B B 3 102 GH Morex B B 3 89 D
A2 B B 3 101 H All A B 3 88 D
All A B 3 101 H
A35 B B 3 100 H
B2 A B 3 100 #
AS4 B B 3 100 H
Morex B B 3 100 H
Als B B 3 99 H
F16A H H 1 95

++ means by the same letter are not different at 1 % level of probability.
lp Steptoe, B Morex. F16A was not included in statistical analysis.
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CHAPTER §

. PERSPECTIVES AND PROSPECTS

QTL mapping is used to ideﬁtif‘y quantitative trait loci in many crop species. Typical size
of mapping populations (100-400 lines) can detect only the major QTL (Beavis 1998), which
have been, in many cases, already identified in classical breeding programs anci manipulated

_extensively. Minor Q'I'L could be more interesting for plant breeding since they have not been
targetéd before. A major part of the variatién remaining unexplained in QTL rna-p_p-in.g
populations is probably due to minor QTL or epistatic interactions between different QTL, whilch
can not be detécted with a typical mapping population. Failure of fecovery of QTL effects,
partly or completely, in #new genetic background is possibly due to minor QTL and epistatic
interactions. An alternative method to detect minor QTL could be a "stép-by-step" approach
where one or a few QTL are fixed in a cross, preferably using NILs or advanced backcross lines,
and creating a new segrggat_ing population. Epistatic interactions involving the fixed QTL would
be expected to be simplified in these populations. |

We have verified the presence of yield QTL by mapping yield related traits in two of the
three previously reported yield QTL regions in barley. However, these QTL did not affect the
yield when transferred from one cultivar to another. The largest-effect yiéld QTL detected in the
cross between high yielding Steptoe and moderate yieIding/Morex cultivars, designated QTL-3,
was not a major factor in theoretical yield difference but/m’ay be important in harvestable yield
difference.. Finding the loci responsible for the high Steptoe Srields remains a major task. Having
fixed QTL-3 in Morex isogenic lines, the next strategy may be to prepare a new mapping

population between Morex NIL with QTL-3 and Steptoe. The new population will have less
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variation because a major variation due to Q7L-3 will be fixed. Reduction in the variance will
help detect QTL with relatively small effects. Epistatic interactions involving O7Z-3 will also be
simplified and loci interacting with QTL-3, if present, are likely to be identified.

The continuous distribution in many quantitative traits we studied were converted into
discrete phenotype classes in near isogenic lines. Simplification of phenotypic distribution in
NILs facilitated high resolution mapping of the quantitative traits. When combined with
transferability of RFLP markers, NIL analysis offers an excellent system for map based cloning
of genes for éw_antitative traits. Map based cloning of loci éontrolling quantitative traits can be
further facilitated by uéing the morphological genes with known map positions found throughout
the barley genome. These mutants or morphological markers can be used to pre-screena
segregating pop-ulation for recombinations. Putative recombinants can be further analyzed by
molecular markers and used in map based cloning of the gene of interest.

In conclusion, the present study raises questions about the nature of yield QTL that will
require further research to answer. The knowledge generated will help us to better manipulate

agronomically important traits in crop plants and hopefully to increase crop productivity.
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Appendix A. Steptoe and Morex chromosomal fragments of /M DH lines 23 (left) 84

(middle) and 179 (right). Shaded fragments are from Steptoe. Arrows show the
location of markers used to check genomic background in the BC,F generation.
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Appendix B. Molecular marker assisted backcross scheme

DH 23 x Steptoe
84 , Morex
179

EC

Steptoe x BC,F,
Morex

Vec

Steptoe x BC,F, g
Morex 4

EC
GEN

Steptoe x BC3Fq
Morex

EC
GEN

BC.F;

EC: Embryo culture EC
GEN: Genotyping , GEN
BCK: Background checking SELF

SELF: Selfing BCK
BC4F2

EC
GEN
SELF
BCK
Near isogenic lines BC4F3

\

Seed mulfiplidation '

v

Multilocationai yield trals
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