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Executive Summary
This project was designed to join the strengths of Oregon State University (OSU) and
the Martonvasar Research Institute (MRI) to realize the potential of winter barley. OSU
contributes strengths in molecular marker analysis and the MRI strengths in cold
tolerance physiology. In the course of this project, we have developed molecular
marker capability at the MRI, expanded our understanding of the genetics of
winterhardiness, and laid the groundwork for extensive, and expanded, international
collaboration. We have refined our analysis of winterhardiness characters in key
reference populations via rigorous testing and molecular mapping. We now have an
unrivaled linkage map in one of our reference populations of nearly 400 markers. This
population has been subjected by all cooperating parties to extensive phenotyping. We
expanded our search for genetic determinants of winterhardiness-related characters to
other winter barley germplasm. We initiated a process of transferring molecular
markers to these populations and relating these to critical phenotypes. The final
objective is to develop a comprehensive catalog of the determinants of winterhardiness
in a range of barley germplasm. With a catalog of markers in hand, breeders can
proceed to use rarker assisted selection to develop genotypes with appropriate
profiles. In terms of skill and awareness, researchers at the MRI have established
themnselves as a marker analysis facility and are now adept at generating and analyzing
marker data to detect quantitative trait loci. The US cooperator has developed an

appreciation for the realities of research in Eastern Europe.



Research Objectives
The objectives of this project were to determine the chromosome locations of
genes controlling freezing tolerance, vernalization and photoperiod reaction, and to
determine the extent of variation for these traits in genetically diverse accessions of
barley. Specifically, medium density genome mapping techniques and quantitative
trait locus analysis procedures were used to locate genes underlying quantitative trait
phenotypes in doubled haploid populations of barley.

J Doubled haploid populations were developed from the mating of U.S.,
Hungarian, and French barleys of winter and spring habit.

. These populations were characterized for reaction to photoperiod,
vernalization, and freezing stresses in controlled environment and field
tests.

. Key regions of the genome were mapped, and continue to be mapped, in

each population, using selected molecular markers.

. Hypotheses regarding the presence of genes controlling target traits in
these intervals were, and are being, tested via quantitative trait locus
analysis procedures.

. Additional stocks (near-isogenic lines) were generated to achieve finer
resolution of critical regions.

J A set of molecular markers were generated that can be used to manipulate
photoperiod, vernalization and cold tolerance genes in an applied
breeding context.

This project exemplifies one of the most active areas of research in applied
agricultural genetics. Barley (Hordeum vulgare L.) is an excellent system for genome
mapping and map-based analyses. This diploid (2n = 14) species has seven
cytologically distinct chromosomes cor.taining approximately 5.3 x 10° bp DNA?L
Barley chromosomes 1, 2, 3, 4, 5, 6 and 7 are homoeologous to wheat (Triticum aestioum)
chromosomes and are sometimes designated 7H, 2H, 3H, 4H, 1H, 6H and 5H,
respectively2. These homoeologous relationships are confirmed by extensive
comparative mapping34 and allow for barley to serve as a model system for the more
complex polyploids, such as Triticum durum (2n = 4x = 28) and Triticum aestivum (2n =
6x = 42). Barley is also the world's fourth most important cereal crop. The crop is
grown in may areas where climatic conditions are unfavorable for the production of
other major cereals. As summarized by Poehlman®, barley is a major crop for three
principal reasons: (i) broad adaptation, (ii) utility as a feedstock and for human food,
and (iii) superior properties of barley malt for brewing.

The economic importance of the crop and its tractability as a model system for
genetic analysis account for the significant level of activity in mapping and map-based
analyses. Additional advantages of barley as a model system are (i) the relative ease
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with which doubled haploid genetic reference populations can be produced, and (i) the
availability of cytogenetic stocks, such as the barley-wheat addition lines and extensive
translocation stocks. Doubled haploid reference populations allow for repeated
genotyping and phenotyping and consequently the development of comprehensive
maps and quantitative trait datasets. The Hordeum bulbosum technique is an efficient
system for producing haploids from female gametes®”.

As summarized by Kleinhofs et al.8, over 1,000 genes and 500 translocation stocks
are known, but only a small number of these have been mapped to specific locations on
the barley genome. Progressively denser restriction fragment length polymorphism
(RFLP) maps of the barley genome have been developed?- 1. Quantitative Trait Locus
analysis procedures lie at the interface of genetics and breeding. Patersor: et al.¥and
Dudley?s provide excellent overviews of the potential applications of these techniques
to breeding. To date, QTL analyses, including those in barley, have essentially been of a
descriptive nature. While QTLs for a number of traits have been located in a number of
germplasm bases, the experiments designied to exploit this QTL information are still in
progress. Lander and Botsteinlé reviewed the evolution of thought leading to the
reconciliation of the Mendelian theory of particulate inheritance and the observation
that most traits exhibit continuous variation. The development of molecular marker
technologies has allowed for the development of sufficiently dense maps (as described
in the preceding section) to initiate the dissection of quantitative traits. Prior to the
availability of such maps, quantitative phenotypes were described in terms of estimates
of genetic components of variance and covariance. As reviewed by Allard' these
approaches can be of limited utility in terms of understanding genetic mechanisms and
evolution and in affecting selection responses. Association of quantitative trait
expression with mapped markers, in contrast, offers a number of possibilities. From the
standpoint of application, this information can serve as the basis for making decisions
regarding manipulation of breeding populations, it can be used for molecular marker
assisted selection (MMAS), or it may serve as the basis for map-based cloning.

A number of QTL detection and estimation procedures - ranging from regression
to interval mapping - have been proposed and a subset of these have been
implemented!®2. As reviewed by Tinker and Mather?, QTL detection involves testing
hypotheses regarding the presence of a QTL, while QTL estimation involves making
inferences about the values of QTL parameters. Regardless of the procedure employed,
primary consideraticns are the probability of Type [ error, the position of the QTL (and
the accompanying confidence interval), the magnitude of the effect, and the allele
phase. Recent developments in QTL analysis techniques promise to increase the quality
of QTL estimates by increasing both accuracy and precision. The availability and "user-
friendly” nature of the Mapmaker/QTL interval mapping software package!®?! have
led to its widespread application in the first generation of QTL analysis experiments.
The comprehensive genotype and phenotype datasets generated in the course of these
QTL investigations provide an invaluable resource for subsequent re-analysis and
higher resolution mapping. At this point, interval mapping has generated sufficient
information on a number of economically important traits that a number of promising
applications are available. Nonetheless, a key feature of the currently available QTL
data is a degree of uncertainty regarding QTL position. As described by Lander and
Botstein!é the presence of a QTL is declared when a specified LOD (Logo (L(a,b,c?)/L
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(1a,0,028:)) threshold is exceeded. Appropriate LOD thresholds are a function of marker
density and genome size. Most analyses fall into the "sparse map" case, wherea LOD
threshold of 2.5, for example, corresponds to an overall false positive raie of 5% and a
nominal significance level of o = .001 for each individual test performed. The
maximum LOD score is considered the most likely position, or peak, of the QTL effect.
Confidence intervals can be attached to these estimates?®.

As described by Paterson et al.14, QTL. analyses may be particularly useful in
dissecting complex phenotypes, in effecting selection response when phenotyping is
problematic or expensive, and in pyramiding desired genes. The genetic dissection of
the components of winterhardiness is an example of the application of QTL analysis to a
particularly complex phenotype. Winterhardiness in cereals is the final expression of a
number of interacting component traits, including low temperature tclerance?, growth
habit?, and crown fructan content®. Responses to selection for winterhardiness have
been limited, leading Fowler and Gusta?® to conclude that genetic variation may be
exhausted. Thomashow® summarized over 20 reports that, cumulatively, assign cold
tolerance genes to every chromosome in each of the three genomes of wheat. Progress
in developing superior winter habit barley varieties and in understanding the genetic
mechanisms determining winterhardiness may best be achieved based on an
understanding of the chromosome locations of genes controlling these characters.

Our most comprehensive data are based on the Dicktoo X Morex population and
typify the approach used to investigate other populations. The following is a summary
of the materials, methods, and results presented by Pan et al. 31 One hundred Fi-
derived doubled haploid lines were produced from the from the cross of Dicktoo x
Morex. Field and greenhouse phenotyping procedures are described in detail by Pan
et al.3! and Karsai et al. 32. QTLs for cold tolerance map to the minus arm of
chromosome 7. Multiple peak QTLs were detected in the three intervals defined by
IWG364B, mR, Dhnl/Dhn2, and BCD265B. The distance from WG364B to BCD265B is
48.3 cM. Confidence intervals for these QTLs overlap, and we hypothesize that a
common underlying genetic mechanism accounts for this QTL effect. Sutka and
Snape® and Roberts3 have reported cold tolerance effects in this region in the
homoeologous group 5 chromosomes of wheat. The association of the Dhn1 and Dhn2
loci? with this low temperature survival QTL is intriguing, given the commenality of
dehydration and cold stress responses®. However, confirmation of cause and effect
relationships will require further analyses. For example, dehydrin loci have been
mapped elsewhere in the barley genome where QTL effects for winterhardiness-related
traits have not been detected. Dhn3, Dhn4, and Dhn5 mapped to chromosome 6, Dhn4
to chromosomes 6 and 7, and Dhné to chromosome 4. As cold tolerance is an induced-
response trait, we were also interested in relating low-temperature induced cDNA
clones to cold tolerance QTLs. Of the low-temperature induced clones isolated by
Sutton and Kenefick®, only Cr3 revealed an RFLP in this population. No QTL effects
for low temperature stress tolerance were detected in the region of this locus, which
mapped to chromosome 2. Ottaviano et al.3 reported no association between high
temperature-induced genes and drought tolerance QTL effects in maize. Further work
is necessary before we can reach the same conclusion relative to low temperature
tolerance in barley.



Growth habit QTLs, as measured by heading date under various combinations of
photoperiod and vernalization, have also been located in this population. Under 16 h
and 24 h photoperiods, a heading date QTL was detected with a peak at BCD265C -
Dhnl on chromosome 7. This may correspond to the Sh2 gene described by Takahashi
and Yasuda?. Under these photoperiod conditions, a QTL effect was also detected on
chromosome 2, which may correspond to the Ea locus?. The heading date QTLs on
chromosomes 2 and 7 interact in an epistatic fashion, such that genotypes with the
chromosome 7 allele from Dicktoo and the Morex allele at the chromosome 2 locus were
significantly later maturing and vernalization responsive. Takahashi and Yasuda?
reported that there was a multiple allelic series at the Sh2 locus that accounted for
gradations in winter growth habit. Thus, the accession of Dicktoo employed in these
studies may carry an allele conferring an intermediate level of vernalization response
that is expressed only in specific allelic configurations with loci elsewhere in the
genome. QTLs unique to 8 h photoperiod conditions were detected on chrornosome 5.
However, a lack of common markers precludes relating these QTLs with the Sh3 and
the eax loci. No heading date QTLs were detected on chromosome 4, site of the sh locus.
Takahashi and Yasuda? reported 6.3% recombination between sh and mHs, a common
marker in the test populations. These authors reported that certain accessions of US
spring barley carried the winter habit allele (Sh) at this locus. Thus, it may be that
Dicktoo and Morex have the same allele at the sh locus. Hackett et al.3* mapped a QTL
for heading date, which they termed a Vi locus effect, near the Bmy-1 locus. The
distance between mHs and Bmy-1 on our map is 13.3 cM. Under field conditions, all
QTLs detected under controlled environment conditions for 8, 16, and 24 h
photoperiods were significant determinants of heading date.

In addition to the cold tolerance and heading date QTLs on the minus arm of
chromosome 7, a QTL for crown fructan content was also detected in this region,
leadirg us to hypothesize the presence of a multilocus cluster of genes conferring
adaptation to fall-sown environments®. Considered as a whole, these experiments
confirm that (i) a QTL approach can be of assistance in dissecting a complex phenotype,
(ii) QTL analysis can serve to relate quantitative effects to previously described genetic
systems, such as the Sh loci, and (iii) QTLs can interact in an epistatic fashion. We are
currently pursuing the strategy suggested by van Ooijen® of developing near-isogenic
lines for target regions. This should allow for finer structure mapping of the
components of winterhardiness and ultimately a determination of the underlying
genetic mechanisms.

An immediate application of these components of winterhardiness QTL data is
the development of winter habit malting barley varieties. Winter malting barley
varieties would provide producers with an economically attractive cereal crop
alternative and the industry with an alternative source of raw material. No adapted
and approved winter malting varieties are currently in commercial production in North
America. In Europe, considerable progress has been made in winter malting barley
improvement, although winter types in general have not achieved the level of quality
found in spring genotypes®. From a breeding perspective, an understanding of the
chromosome positions of determinants of malting quality and winterhardiness would
be useful in designing breeding strategies. The lack of progress in developing winter
habit malting barley could simply be due to the difficulty of simultaneously manipulat-
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ing a number of complex traits. In this event, marker assisted selection should expedite
the accumulation of favorable alleles. QTL analyses would reveal if there were tight
repulsion linkages between characters associated with winter habit and malting quality
that would require the development of larger populations in order to obtain desired
recombinants. Finally, if negative pleiotropic relationships among traits were detected,
strategies based on manipulating naturally occurring variation would not be
appropriate. We pursued this line of investigation in a parallel endeavor and have
shown that the negative associations of malting quality and winterhardiness in the
Dicktoo X Morex population are due to linkage rather than pleiotropy (Oziel et al.#1).

This OSU/MRI project was particularly innovative in recognizing the equal
merit and value of genotyping and phenotyping. All too often, the molecular
comporent of QTL analysis is considered to be more "high-tech" and accordingly
glamorous that the phenotyping portion. However, it is phenotyping that provides the
biological rationale for employing molecular tools. The phenotyping facilities of the
MRI were invaluable in executing the objectives of this project. .

This project is of importance to all small grains researchers and has led to
extensive international recognition and participation. At the moment, for example,
researchers at the University of California at Riverside, Montana State University,
Oregon State University, the Scottish Crop Research Institute, the Martonvasar
Research Institute, the University of Dusseldorf, and the University of Bologna are
using genetic stocks, maps, and phenotypes developed in the course of this project to
investigate issues ranging from epistatic control of vernalization to unequal
recombination vents.

Methods and Results

Germplasm was phenotyped for winterhardiness component traits in field and
controlled environment tests. The cold tolerance testing procedures were described by
Hayes et al. 9, Pan et al. 3 and Karsai et al. 2. Maturity was measured in a series of
controlled environment tests involving combinations of vernalization and photoperiod.
In all cases, the vernalization treatment consisted of six weeks of hardening seedlings at
60C with an 8 h light/16 h dark photoperiod regime. In all experiments, seedlings for
the unvernalized treatment were established one week prior to the end of vernalization
so that plant material from both treatments was transplanted at the same time and at
approximately the same growth stage. Controlled environment conditions were
described by Tischner 2.

Molecular markers are described by the marker nomenclature of Kleinhofs et al. 8
is employed in this report. Briefly, the prefixes "m", "i", and "ap" designate morpho-
logical, isozyme, and Sequence Tagged Site (STS) markers, respectively. Restriction
fragment length polymorphisms (RFLPs) were detected with an array of anonymous
cDNA and genomic clones and several known function clones. Morphological markers
were scored under a stereomicros-ope. Isozyme and storage protein markers were
analyzed as described by Nielsen and Johanson #3. RFLP markers were assayed
essentially as described by Kleinnofs et al. 8.

Linkage maps were constructed using Mapmaker/EXP 3.0 (Lander et al. 16),
QTL analyses were conducted using the interval mapping procedures of
Mapmaker/QTL 1.1 (Lincoln et al. %) and more recently with the procedures of MQTL
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(Tinker and Mather, ). The minimum LOD threshold was usually specified at 3.0.
However, in certain cases, QTL effects significant at lower LOD scores are reported.
Hypotheses regarding epistatic interactions between individually significant QTLs were
tested by classifying individual genotypes for key marker intervals. Only non-
recombinant genotypes were used. Because the number of replications of QTL marker
genotypes was unbalanced, ANOVAs were conducted using the PROC GLM option in
SAS (SAS, #) to generated Type III sums of squares. A significant QTL x phenotype
interaction mean square (p < 0.05) was taken as evidence for epistasis. As there is no
dominance variance in a population of completely homozygous doubled haploids,
significant interactions indicate the presence of additive x additive epistasis.

The following represent specific outputs generated by the described
methodology:

- Doubled haploid lines were produced from the following crosses: Dicktoo
X Morex; Dicktoo X Plaisant; and Dicktoo X Kompolti. An additional 100
lines have been produced from the Dicktoo X Morex population to allow
for finer structure mapping. A population of 114 DH lines has been used
for genetic analysis and phenotyping of the Dicktoo X Plaisant population.
A population of 100 lines has been produced from the Dicktoo X Kompolti
population.

- The Dicktoo X Morex, Dicktoo X Plaisant and Dicktoo X Kompolti popula-
tions have been characterized for photoperiod and vernalization response
under 8 hour, 16 hour, and 24 hour light with and without vernalization.
A subset of lines from the Dicktoo X Morex population has been
extensively phenotyped for vernalization and photoperiod reaction in
order to establish ceiling and critical photoperiods. The Dicktoo X Morex
population was fully characterized for freezing stress under controlled
environment and field conditions prior to the initiation of this project.
The Dicktoo X Plaisant and Dicktoo X Kompolti populations were
subjected to controlled freezing tests at the MRI. Benign climatic
conditions led to complete field survival of these populations in field tests.

- A comprehensive genome map has been developed for the Dicktoo X
Morex population. The QTL effects used as supporting data for this
proposal have been confirmed. Additional markers (Dhnl and Dhn2) have
been placed within the cold tolerance interval on chromosome 7. An
additional 249 multiplex markers were added to the base map. A
comprehensive report on the chromosome positions of genes controlling
the components of winterhardiness was reported by Pan et al.(1994) and

. an update was provided by Karsai et al. (1995). A re-analysis, based on
the complete genome map, is underway and the results will be reported at
the 1996 Plant Genome [V meeting. Informative markers for chromosome
regions likely to contain photoperiod, vernalization, and cold tolerance
QTL in Dicktoo X Plaisant and Dicktoo X Kompolti have been identified.
DNA extractions of all populations have been completed. The parents of
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these populations have been screened with 68 probes and 5 restriction
enzymes. 24 markers were polymorphic in the Dicktoo X Plaisant
population. 23 have been mapped, generating a total of 28 loci. These
markers resolve six linkage groups, with superior coverage provided for
chromosomes 1, 3, 5, and 7. There are 32 polymorphic markers in the
Dicktoo X Kompolti population, and mapping is underway.

A set of lines near-isogenic for the chromosome 7 region has been devel-
oped from the Dicktoo X Morex population and analyzed for
photoperiod, vernalization, and freezing response at the MRIL.

Based on the intriguing coincident map position of the Dhn1 and Dhn2

loci with QTLs for winter hardiness, we have explored in greater detail
the expression of components of the Dehydrin gene families in Dicktoo
and Morex barley. The results were published by Van Zee et al. in Plant
Physiology (1995) and reviewed by Chen et al. (1995).

A manuscript describing the relationship of QTL effects for
winterhardiness and the components of malting quality in the Dicktoo X
Morex population is in press at Plant Breeding (Oziel et al., 1995).

This work has been the subject of a number of presentations
at international congresses (Van Zee et al., 1994; Chen et al., 1995; Karsai

et al. 1995).

Two manuscripts are in the final stages of preparation. In one, a survey of
various winter and facultative genotypes was undertaken to assess the
level of molecular polymorphism for markers located in target regions on
chromosomes 2, 4, 5, and 7. These data have been integrated with other
DNA polymorphism data sets to characterize genetic diversity in a full
spectrum of winter and facultative barley genotypes. Publication of these
findings was delayed in order to incorporate new findings relative to the
calculation of genetic diversity indices. In the second, we have prepared
an in-depth analysis of daylength response of selected germplasm.

Our research in mapping the components of winterhardiness served as a
model system for describing the application of QTL analysis to complex

phenotypes in an invited chapter in Methods of Genore Analysis in Plants:
Merits and Pitfalls, in press at CRC.



Impact, Relevance, and Technology Transfer
This project has had profound impacts on both the OSU and MRI efforts.

- Dr. lldiko Karsai spent six months in Dr. Patrick Hayes' lab, developing
skills in molecular marker analysis. Dr. Karsai has established a molecular
marker lab at the MRIL

- Dr. Patrick Hayes spent six months at the MRI, completing phenotyping
experiments and assisting in establishing the technical and intellectual
infrastructure for molecular marker techniques.

- This project has led to spin-offs in a number of areas. The MRI is now
equipped for molecular marker analysis for both basic research and
applied purposes. Dr. Hayes was invited to give an address on QTL
analysis and metabolic pathways at the Plant Genome II Congress. Dr.
Hayes chaired the same session at the Plant Genome III Congress.
Collaboration has been expanded with Dr. Tim Close, UC Riverside, in
terms of finer structure mapping of Dehydrin loci in the Dicktoo X Morex
population. Collaborative projects were initiated with Institutes in
Germany, Italy, and Scotland.

- The MRI is now fully equipped to conduct molecular marker analyses
using either Southern Blot or Polymerase Chain Reaction (PCR)
procedures. The techniques pioneered in these barley experiments can be
applied to durum and common wheats.

Project Activities and Outputs

Journal articles
Pan. A. et al. 1994. Genetic analysis of the components of winterhardiness in barley

(Hordeum vulgare L.). Theor. Appl. Genet. 89:900-910.

Karsai, I. et al. 1995. Genetic analysis of the components of winterhardiness in barley
(Hordeum vulgare L.). Acta Biologica Hungarica. (in press)

Oziel et al. 1995. Application of quantitative trail locus mapping to the development of
winter malting barley. Plant Breeding. (in press)

Van Zee. K. et al. 1995. Cold specific induction of a subset of dehydrin gene family
members in barley. Plant Physiol. (in press).

Book Chapters

Hayes, P.M. et al. 1995. Barley genome mapping and its applications. In P Jauhar (ed.).
Methods of Genome Analysis in Plants: their Merits and Pitfalls. CRC Press, Boca
Raton, USA
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Symposia proceedings
Van Zee et al. 1994. Low temperature induction of dehydrins in barley. In Crop
adaptation to Cool climates. Proc. Symp. 13 - 14, Oct., 1994. Hamburg, Germany.

Karsai, I. et al. 1995. Genetic analysis of the components of heading date in barley
(Hordeum vuigare L.) under different light regimes. In. Proc. of the International
Triticeae Mapping Initiative Workshop. 1 - 3 September, 1995. JIC, Norwich, UK.

Chen et al. 1995. Marker-assisted genetic analysis of winterhardiness in barley. In
Genes and their products for tolerance to physical stress in plants. Proc. Symp. 24 -27,
Sep. Maratea, Italy.

Invited Presentations
Karsai, I. et al. Study of winterhardiness in barley. Third Conference of the Association

of Hungarian Geneticists. 8 - 9 December, 1994. Debrecen, Hungary

Hayes, P.M. et al. Application of genome analysis to complex phenotypes. University
of Minnesota. Dept. of Agronomy and Plant Genetics Seminar. January 23, 1995.

Hayes, P.}" et al. Application of genome analysis to the dissection of winterhardiness.
Dept. of Botany and Plant Science Seminar. University of California, Riverside. April 10,
1995.

Project Productivity
In the final analysis, we set ambitious goals. We have yet to release a winter barley
variety with all characters demanded by farmers and processors! However, our
understanding of the genetic underpinnings of key traits brings us closer to realizing
this objective. We have made real and lasting contributions to the study of cold
tolerance, and we have developed personal and professional relationships that will lead
to unexpected, but productive, outcomes.

Future Work
We have generated reams of data that will occupy us for years to come! By the
beginning of 1996, we will have submitted at least two additional manuscripts
reporting data generated in the course of this collaboration: one dealing with genetic
diversity in winter barley and the other with photoperiod reactions in barley. Beyond
that, the will is there, so it is only a matter of securing continued funding. Applications
have been made to various agencies. We thank the USAID/PSTC program for its
support. We have endeavored to make good use of the resources so generously
provided to us. It is lamentable that this program has been discontinued. Scientific
collaboration can, in a small but concrete way, contribute to global food security and a
better life for all.
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Abstract Winterhardiness in cereals is the consequence
of a number of complex and interacting component char-
acters: cold tolerance, vernalization requirement, and pho-
toperiod sensitivity. An understanding of the genetic basis
of these component traits should allow for more-effective
selection. Genome map-based analyses hold considerable
promise for dissecting complex phenotypes. A 74-point
linkage map was devzloped from 100 doubled haploid lines
derived from a winter X spring barley cross and used as the
basis for quantitative trait locus (QTL) analyses to deter-
mine the chrornosome location of genes controlling com-
ponents of winterhardiness. Despite the greater genome
coverage provided by the current map, a previously-re-
ported interval on chromosome 7 remains the only region
where significant QTL effects for winter survival were de-
tected in this population. QTLs for growth habit and head-
ing date, under 16 h and 24 h light, map to the same re-
gion. A QTL for heading date under these photoperiod re-
gimes also maps to chromosome 2. Contrasting alleles at
these loci interact in an epistatic fashion. A distinct set of
QTLs mapping to chromosomes 1, 2, 3, and 5 determined
heading date under 8 h of light. Under ficld conditions, all
QTLs identified under controlled environment conditions
were determinants of heading date. Patterns of differential
QTL expression, coupled with additive and additivexad—
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ditive QTL effects, underscore the complexity of winte-
rhardiness. The presence of unique phenotype combina-
tions in the mapping population suggests that coincident
QTLs for heading date and winter survival represent the
effects of linkage rather than pleiotropy.

Key words Barley - Vernalization - Photoperiod
Winterhardiness - QTLs

Introduction

Winterhardiness in cereals is the final expression of anum-
ber of interacting characters that can include vernalizatiun
requirement, photoperiod response, and low-temperaturc
tolerance. Progress in developing superior winter-habit
barley varieties may best be achieved based on an under-
standing of the chromosome locations of genes controlling
these characters. Thomashow (1990), reviewed the wealth
of physiology data regarding mechanisms of cold injury,
and the paucity of information regarding the genetic basis
of resistance to such stress. Hayes et al. (1993 a) recently
reported the presence of a putative multilocus cluster on
barley chromosome 7 defined by quantitative trait locus
(QTL) effects for a number of winterhardiness component
traits. Takahashi and Yasuda (1970) proposed that three
major genes-sh, Sh2, and Sh3-located on chromosomes 4,
7,and 5, respectively, were responsible for winter vs spring
growth habit in barley (Hordeum vulgare). A multiple al-
lelic series at the $h2 locus and complex epistatic interac-
tions among loci were postulated to explain the range of
growth habit seen in barley germplasm (Nilan 1964; Tak-
ahashi and Yasuda 1970). In hexaploid wheat (Triticum
aestivum), five major genes-Vrnl, Vrn2, Vrn3, 'm4, and
Vrn5-are reported to control vernalization response (Law
1966; Pugsley 1971, 1972). Vrnl, Vrn4, and Vrn3 are lo-
cated on chromosomes 5A, 5B, and 5D, respectively (Xin
et al. 1988). Vrn2 is located on chromosome 2B, and Vrn5
is located on chromosome 7B (Law 1966). The homoeol-



ogous relationship of wheat and barley chromosomes is as
follows: wheat chromosome 2:barlev chromosome 2;
wheat chromosome S: barley chromosome 7; and wheat
chromosome 7: barley chromosome 1 (Islam et al. 1981).
The homoeologous relationships of the Sh and the Vrn loci
have not been rigorously established.

The most frequently-employed measure of winter vs
spring growth habit in cereals is heading date. Takahashi
and Yasuda (1970) concluded that at least three internal
physiological factors-vernalization response, photoperiod
response and earliness-were responsible for heading date
in barley. Vernalization responses are strongly influenced
by photoperiod (Roberts et al. 1989). Likewise, photope-
riod responses can be masked or cancelled by vemaliza-
tion (Takahashi and Yasuda 1970). Earliness per se has
been the sukject of much research, particularly in spring-
habit barley. Four loci-Easp, Eac, Eak, and Ea7, located
on chromosomes 3, 4, 5, and 6, respectively-were reported
to control both maturity and photoperiod. sensitivity in
spring barley (Ramage and Suneson 1958; Dormling and
Gustafsson 1969; Yasuda and Hayashi 1980; Gallagher et
al. 1991). The Ea locus on chromosome 2 was described
by Nilan (1964 and Hayes etal. (1993b) reported the pres-
ence of a large-effect QTL for heading date in the same
chroniosome region. A lack of common markers precludes
drawing a definitive assignment of this QTL effect to the
Ea locus. The effects of these Ea loci in photoperiod- and
vernalization-sensitive genetic backgrounds are unknown.

Low-temperature tolerance is an induced response
(Thomashow 1990) and thus hardening and maximum ex-
pression of cold tolerance are often confounded because
the two characteristics often occur in association. This has
led to considerable discussion of underlying genetic mech-
anisms (Cahalan and Law 1979; Brule-Babel and Fowler
1988). Recent evidence points to linkage rather than pleio-
tropy. Roberts (1989) reported that at least two loci on chro-
mosome SA were involved with cold hardening in wheat.
One locus is, or is tightly linked to, the vernalization gene
Vral, but the other locus appears to be unrelated to this
gene. In barley, Doll et al. (1989) reported that doubled
haploid lines with good winterhardiness but without a ver-
nalization requirement were recovered from winterxspring
crosses. Hayes etal. (1993 a) reported segregation for low-
temperature tolerance in the progeny of a winterxspring
cross, where the winter parent was photoperiod-sensitive
but had no vernalization requirement. Progress in elucidat-
ing the genetic mechanisms of winterhardiness, vernaliza-
tion, and photoperiod responses is hindered by the often
quantitative nature of trait expression and complex inter-
actions among traits. The development of molecular-
rxarker technology and quantitative trait locus (QTL) map-
ping offers a new approach to resolving this complexity
(Paterson et al. 1991); Lander and Botstein 1989. By lo-
cating individual QTLs with molecular markers, individ-
ual QTL genotypes can be determined with relative cer-
tainty. This allows for a dissection of complex traits, the
measurement of individual gene effects, and the measure-
ment of gene interactions. Ultimately, higher-resolution
mapping will allow for the separation of pleiotropic and
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linkage effects (Paterson et al. 1990) and map-based clon-
ing (Martin et al. 1993).

Several molecular marker maps of barley have been de-
veloped (Graner et al. 1991; Heun et al. 1991; Kleinhofs
etal. 1993). and these maps have been used to locate QTLs
affecting yield, quality, and disease-resistance traits (Heun
1992; Hayes et al. 1993 b; Chen et al. 1994 b). Based on
analyses of a winterxspring cross, Hayes et al. (1993 a) re-
ported the presence of a QTL on the long arm of chromo-
some 7 that was associated with low-temperature tolerance
in both field and controlled-environment tests. QTL effects
for heading date under 24 h light and other winterhardi-
ness-related traits mapped to the same region. However,
the presence of individual recombinant lines with unique
character attributes led these authors to hypothesize that
the association of trait expression was due to linkage rather
than pleiotropy. Additional markers have since been
mapped in this same population, providing a greater de-
gree of map resolution and genome coverage. Therefore,
the objectives of this work were to (1) rzassess cold toler-
ance QTL expression in view of greater map density and
coverage, (2) locate QTLs for vernalization and photope-
riod response, and (3) determine the importance of epis-
tatic interactions among QTLs.

Materials and methods

Two barley cultivars, *Morex™ and “Dicktoo”, and 100 F,-derived
doubled haploid (DH) progeny were used in these experiments. Mor-
ex, released in 1978 by the Minnesota Agricultural Experimental Sta-
tion, is the US. six-row spring-barley malting standard. Dicktoo is a
six-row winter-feed barley released by the Nebraska Agricultural Ex-
perimental Station in 1952. The pedigree of Dicktoo is unknown, and
the variety description is mixed. Under ficld conditions, the partic-
ular accession of Dicktoo used in these studies displays prostrate
winter growth habit and average maturity compared to other winter-
barley genotypes. The DH lines were developed by the Hordeum bul-
bosum method, as described by Chen and Hayes (1989).

The 100 DH lines and the parents were phenotyped for winte-
rhardiness-component traits in field and controlled-environment
tests. The cold-tolerance testing procedures were described by Hayes
et al. (1993 a) and involved field plots at Bozeman, Montana and
Corvallis, Oregon, USA. The heading dates of the 100 DH lines and
the two parents were also measured in a series of controlled-envi-
ronment tests involving six combinations of vernalization and pho-
toperiod. In all cases, the vernalization treatment consisted of 6 weeks
of hardening seedlings at 6°C with an 8 h-light/16-h dark photope-
riod regime. In all experiments, seedlings for the unvemnalized treat-
ment were established 1 week prior to the end of vernalization so
that plant matenial from both treatments was transplanted at the same
time and at approximately the same growth stage. Heading date, with
and without vernalization with an 8-h light/16-h dark photoperiod
regime, was assessed in the phytotron facilities of the Martonvasar
Research Institute (Martonvasar, Hungary) with the light intensity
and temperature program described by Tischner (1993). Heading
date, with and without vernalization under 16-h light8-h dark and
under a continuous light regime, was determined under greenhouse
conditions at Corvallis, Oregon. Ambienttemperatures were 2022°C,
and supplemental illumination was provided by high-pressure sodi-
um lights suspended 1.5 m above the bench surface. Each genotype
was replicated twice. These six data sets will subsequently be re-
ferred to by the hours of light duration (8 b 16 h, or 24 h) and a suf-
fix indicating the vernalization treatment, where v=vernalized and
uv=unvernalized.
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Fig. 1 Frequency distributions for heading date and field survival
in a population of 100 doubled haploid barley lines derived from the
cross of Dicktoo x Morex

related, but there was little relationship with heading date
under 8-h light. Of the controlled-environments measures
of heading date,that under 8-h light was the most highly
correlated with field heading date, confirming the impor-
tant role of daylength in determining the heading date of
winter bar!zy under field conditions at 45°N latitude.

Map construction

The 78 markers were used to construct the 74-point link-
age map presented in Fig. 2. The assignment of linkage
groups to chromosomes was bhased on the large number of
markers in common with previously-published maps
(Graneretal. 1991; Heun etal. 1991; Kleinhofs et al. 1993).
Marker orders and distance are generaily comparable with
the published maps. The map provides only partial genome
coverage. Distances between linkage groups on chromo-
somes 1, 2, 3, and 5 were greater than the 30 cM thresh-

Montana Field Surviva! (%)

Oregon Field Survival (%)

old. These segments are shown in their assumed orienta-
tion. The highest resolution was achieved on chromosomes
2,4,5, and 7. The map of the long arm of chromosome 7
hasbeen extended and greater resolution has been achieved
in the key interval between mR and BCD265b since the re-
port of Hayes et al. (1993 a). Two Dehydrin loci-Dhnl and
Dhn2-co-segregated and were mapped within the critical
interval reported by Hayes et al. (1993 a). Two additional
markers -Dhnda and ABG39] -were mapped distal to this
region. The low-temperature-induced clone-Cr3-mapped
to the short arm of chromosome 2.

Quantitative trait loci

The large QTL effect {or cold tolerance on chromosome 7
reported by Hayes et al. (1993 a) was substantiated with
the greater density and resolution of the current map. De-
spite the presence of phenotypic transgressive segregants
in both test environments (Fig. 1 h and i), this remains the
only region of the genome in which a QTL effect for win-
ter survival was detected. As shown in Table 2, in Mon-
tana the winter-survival LOD score for the QTL peak de-
fined by Dhnl-BCD265b was 27.1 and this interval ac-



Table 2 QTL peak effects f ,
h:adieng d?uc af\’:l Wi:((t;crc:zrt‘cl)ir. Trait* Chromosome  Marker interval % Recombination  LOD r Weight
1 of 100 doubled haploid
B e e haploid  SuRM 7 Dhnl-BCD265b  13.0 271 079 4730
cross of Dicktoo X Morex) SURO 7 WG364b-mR 23.0 8.1 031 34.2D
HD8 hv 1 ABC158-Brz 25.0 3.0 0.16 10.9D
3 ABG4-ABCl174 20.0 24 0.13 9.7D
S iPgd-BCD265c 7.1 10.1 0.40 17.2D
S Hord-ABG452 19.0 38 0.19 11.8D
Muitilocus 16.6 0.59
HD8 huv 1 ABC158-Brz 25.0 28 0.17 8.8D
3 ABG4-ABC174 204 3.6 0.22 9.7D
5 iPgd-BCD265¢c 7.7 6.8 0.30 11.5D
5 Hord-ABG452 19.0 38 0.18 8.8D
7 ms-WG364b 23.0 22 0.10 6.6D
Multilocus 17.8 0.64
HD16 hv 2 ABC170-CDOs4 120 6.4 0.29 1.8M
7 Dhnl-BCD265b  13.0 5.1 0.22 7.0D
Multilocus 13.0 0.48
HDI6 huv 2 ABC170-CD0O64 120 6.6 0.30 12.0M
7 Dhnl-BCD265b  13.0 12.7 0.49 15.6D
Multilocus 28.3 0.79
HD24 hv 2 ABC170-CDO64 12.0 714 0.34 16.1M
7 Dhnl-BCD265b  13.0 74 0.34 16.3D
Multilocus 18.3 0.65
HD24 huv 2 ABC!70-CD0OG64 120 8.5 0.36 16.4
7 Dhnl-BCD265b  13.0 10.9 0.44 18.5D
Multilocus 322 0.83
HD Field 1 ABC158-Br; 25.0 33 0.18 7.3D
2 ABC170-CDO64 120 3.0 0.15 6.7D
3 ABG4-ABCl174 20.4 2.1 0.11 59D
5 iPgd-BCD265¢ 1.7 4.7 0.20 7.8D
5 Hord-ABG452 19.0 2.1 0.1 5.7D
7 mS-WG364b 23.0 4.1 0.17 7.2D
Multilocus 18.2 0.66

* HD=heading date

® Letter suffix indicates parent contributing higher value allele, where D=Dicktoo and M=Morex
SURM=winter survival in Montana

SURO =winter survival in Oregon

v =vernalized
uv=unvernalized

(Martinez and Curnow 1992), a “*shadow" effect due to the
linkage of adjacent intervals witl: the true location of the
QTL, or may simply be a consequence of random errors in
phenotyping. Based on the available data, we can conclude
that QTL effects underlying the same phenotype measured
in very different envircnments map to the long arm of chro-
mosome 7. Determination of the exact position of the gene
or genes detected by these QTL effects will require anal-
ysis in allernative genetic stocks, such as near-isogenic
lines, that will allow for higher-resolution mapping.
QTLs for heading date under 16- and 24-h light, both
with and without vernaiization, were detected on chromo-
somes 2 and 7 (Table 2). Morex contributed the late-ma-
turity QTL on chromosome 2, while Dicktoo contributed
the later-maturity allele on chromosome 7. The LOD peaks
for the chromosome-2 and chromosome-7 intervals were
defined in all treatments by the ABCI70-CDO64 and

Dhnl-BCD265b intervals, respectively. The interval on
chromosome 7 is the same as that defining winter survival
in Montana. There was variation in the magnitude of the
QTL effects at these two intervals in the four data sets.
With vernalization, the effects of the QTLs at the two inter-
vals were similar in the two photoperiod regimes, although
the effects were more pronounced under continuous light.
For example, the chromosome-2 and -7 interval LOD
scores for the 16 hv were 6.4 and 5.1 while the LOD scores
for the 24 hv were 7.4 and 7.4. Wichout vernalization, ef-
fects were again larger under continuous light, but under
both photoperiod regimes the chromosome-7 effect was
larger than the chromosome-2 effect. Under 16-h light, the
chromosome-2 and -7 interval allele weights were 12.0 and
15.6 days, respectively. The multi-locus r? values for these
effects supported the differential achieved in trait expres-
sion without vernalization and with continuous light: the



and the parent subscript, where M=Morex and D=Dicktoo.
For example, the four QTL genotypes for 16-h heading date
on chromosomes 2 and 7 are identified as 2M7 M, 2M7D,
2D7 M. and 2D7D.

As described above, QTLs for heading date under 16-h
light were mapped to chromosomes 2 and 7 (Table 2). The
order of mean heading date for the four QTL genoty-
pes was DTM2 (46 days)>M7M2 (43 days)>D7D2 (42
days)>M7D2 (35 days) with vernalization, and DTM2 (67
days)>D7D2 (53 days)>M7M2 (50 days)>M7D2 (40 days)
without vernalization. The results are consistent with the
finding that Dicktoo contributed the late allele on chromo-
some 7 while Morex contributed the late allele on chromo-
some 2. As indicated in Fig. 3 a, no interaction between
these two QTLs was detected; thus their effects are essen-
tially additive. Vernalization shortened the mean heading
date of D7M2 and D7D2 genotypes by 21 days (P>0.01)
and 11 days (P> 0.05), respectively, but had no significant
effect on the M7M?2 and M7D2 genotypes. This supports
the conclusion based on the single-locus data that the head-
ing-date QTL on chromosome 7 was responsive to vernal-
1zation.

Under 24-h light, the order of mean heading date was
D7M2 (65 days)>D7D2 (42 days)>M7M2 (41 days)>
M7D2 (31 days) with vernalization, and D7TM2 (66 days)>
D7D2 (41 days)=MTM2 (41 days)>M7D2 (30 days) with-
out vernalization (Fig. 3 b). No significant differences
were found between the vernalized and the unvemalized
treatments. Contrary to the additive QTL effects under a
16-h photoperiod, a significant interaction (P> 0.01) was
detected between the two QTLs. The difference between
the D7M2 and D7D2 QTL genotypes was significantly
greater (P> 0.01) than that of the difference between the
M7M2 and M7D2 genotypes (23 versus 10 days, respec-
tively). The mean difference between the D7M2 and the
M7M2 genotypes was significantly greater (P> 0.01) than
the difference between the D7D2 and the M7D2 genotypes
(24 vs 11 days, respectively). Thus, the particular allelic
combination M2D7 gave anon-additive effectand accounts
for the presence of phenotypic transgressive segregants.

Four QTL peaks were detected for heading date under
8-h light with vernalization and five QTL peaks for head-
ing date under 8-h light without vernalization (Table 2).
These individual loci were likewise tested for two-locus
interact;ons. The only significant interaction detected was
that for the two chromosome-5 intervals defined by iPgd-
BCD265¢ and HorD-ABG452, and the interaction was sig-
nificant (P> 0.01) only with vernalization. As can be seen
in Fig. 3 c, the heading dates of the D5(iPgd)M5(HorD)
and M5(iPgd)D5(HorD) lines were 115 and 110 days, re-
spectively, while those of the M5SM5 and D5SDS5 homozy-
gotes were 118 and 91 days, respectively.

Discussion

Using a 39-point linkage map, Hayes et al. (1993 a) found
a QTL for winter survival in the BCD265b-mR interval on
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chromosome 7 in this population. With the current 74-point
map, this chromosome region is still the only site of sig-
nificant QTL effects for this trait. The multiple peaks de-
tected in the three intervals defined by WG364b, mR,
Dhnl/Dhn2, and BCD265b, and the shift in peaks across
environments, hampers resolution and only places these
effects within a 48.3-cM interval. The presence of large
numbers of positive phenotypic transgressive segregants
in the two field tests may simply be a consequence of the
variability associated with measurement of low-tempera-
ture tolerance (Fowler and Gusta 1979). If, however, these
represent genotypic transgressive segregants, then there
must be other QTLs in regions of the genome that have not
been completely mapped, or there may be epistatic inter-
actions between the chromosome-7 QTLs and other ge-
nome regions that did not have a significant single-locus
effect. More definitive mapping of this low-temperature-
tolerance effect will require alternative genetic stocks,
such as lines that are isogenic for critical chromosome
intervals. The association of the Dhnl and Dkn2 loci with
this low-temperature-survival QTL is intriguing, given the
commonality of dehydration and cold-stress responses
(Steponkus 1980). However, confirmation of cause and ef-
fect relationships will require further analyses. Dehydrin
loci have been mapped elsewhere in the barley genome
where QTL effects for winterhardiness-related traits have
not been detected. Dhn3, Dhn4, and Dhn5 mapped to chro-
mosome 6, Dhn4 to chromosomes 6 and 7, and Dhn6 to
chromosome 4. Of the low-temperature-induced clones
isolated by Sutton and Kenefick (1994), only Cr3 revealed
an RFLP in this population. No QTL effects for low-tem-
perature-stress tolerance were detected in the region of this
locus, which mapped to chromosome 2. A heading-date ef-
fect was detected in the interval defined by the adjacent
downstream marker, ABC170. Ottaviano et al. (1991) re-
ported no association between high-temperature-induced
genes and drought-tolerance QTL effects in maize. Further
work is necessary before we can reach the same conclu-
sion relative to low-temperature tolerance in barley.
These data confirm the earlier findings of Hayes et al.
(1993 a) regarding the coincident map location of QTL ef-
fects for low-temperature tolerance and heading date under
24-h light and provide additional information on the loca-
tion of genes governing growth habit and response to pho-
toperiod and vernalization. QTLs affecting the time from
planting to heading under field condition were detected on
chromosomes 1, 2, 3, 5, and 7. The heading-date QTL
which mapped to the BCD265¢-Dhnl interval on chromo-
some 7 was moderately responsive to vernalization under
16 hlight. This QTL effect may correspond to the Sh2 gene
described by Takahashi and Yasuda (1970). The accessica
of Dicktoo used in these studies does not have a vernaliza-
tion requirement, yet it carries an allele on chromosome 7
that is vernalization responsive. An epistatic response was
seen in genotypes with this chromosome-7 allele and the
Morex allele on chromosome 2. Takahashi and Yasuda
(1970) reported that there was a multiple allelic series at
the Sh2 locus that accounted for gradations in winter-
growth habit. Thus, this accession of Dicktoo may carry



therefore. developing near-isogenic genctic stocks in the
Dicktoo x Morex background and conducting map-based
analyses in other winter barley populations.
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