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Abstract:

The poor efficiency of selection for improved cold tolerance in winter barley has been attributed to a
combination of complex inheritance and difficulties in trait assessment. Several physiological
parameters have been used as selection criteria for cold tolerance. However, definitive analysis of the
Mendelian factors controlling these parameters has not yet been performed. The objectives of this
research were to genetically investigate the relationships among characters associated with winter
survival and to identify the chromosomal locations of genes controlling those traits.

One hundred doubled haploid lines derived from F1 plants from a cross between Dicktoo (winter) x
Morex (spring) were used to study the genetics of field survival, LT50, fructan content, flowering date
and prostrate growth habit. A medium density linkage map was constructed from these doubled haploid
lines using DNA, protein isoenzyme, and morphological markers. This map was then utilized to
identify the location of quantitative trait loci (QTL) associated with these traits. Sequence-tagged-sites
(STS) were developed for polymerase chain reaction as DNA (PCR) markers.

Significant correlations between crown fructan content and winter hardiness parameters were detected.
These results suggested that fructan content may be one factor contributing to cold tolerance. However,
selection based on high fructan content did not positively improve other winterhardiness associated
traits.

The STS-PCR system facilitated map construction in this cross. A set of 77 DNA markers were
resolved into eight linkage groups and distributed to seven chromosomes. Large QTL effects for
fructan content and all winter hardiness parameters except prostrate growth habit were detected in a
region of approximately 20 centiMorgans on the long arm of chromosome 7. Careful analysis of lines
carrying recombination breakpoint within this 20cM interval suggested that at least 2 genes affecting
measured parameters were located within this interval. This interval analysis suggested that the
association among at least some of these traits is due to linkage rather than pleiotropy. Smaller QTL
effects modifying characters measured in this study were detected on chromosome 2 and chromosome
5.
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ABSTRACT

The poor efficiency of selection for improved cold tolerance in
winter barley has been attributed to a combination of complex
inheritance and difficulties in trait assessment. Several physiological
parameters have been used as selection criteria for cold tolerance.
However, definitive analysis of the Mendelian factors controlling these
parameters has not yet been performed. The objectives of this research
were to genetically investigate the relationships among characters
associated with winter survival and to identify the chromosomal
locations of genes controlling those traits.

One hundred doubled haploid Tines derived from F; plants from a
cross between Dicktoo (winter) x Morex (spring) were used to study the
genetics of field survival, LTs, fructan content, flowering date and
prostrate growth habit. A medium density linkage map was constructed
from these doubled haploid Tines using DNA, protein isoenzyme, and
morphological markers. This map was then utilized to identify the"
location of quantitative ‘trait loci (QTL) associated with these traits.
Sequence-tagged-sites (STS) were developed for polymerase chain reaction
as DNA (PCR) markers. '

Significant correlations between crown fructan content and winter
hardiness parameters were detected. These results suggested that
fructan content may be one factor contributing to cold tolerance.
However, selection based on high fructan content did not positively
improve other winterhardiness associated traits.

The STS-PCR system facilitated map construction in this cross. A
set of 77 DNA markers were resolved into eight 1linkage groups and
distributed to seven chromosomes. Large QTL effects for fructan content
and all winter hardiness parameters except prostrate growth habit were
detected in a region of approximately 20 centiMorgans on the long arm of
chromosome 7. Careful analysis of lines carrying recombination
breakpoint within this 20cM interval suggested that at least 2 genes
affecting measured parameters were located within this interval. This
interval analysis suggested that the association among at least some of
these traits is due to linkage rather than pleiotropy. Smaller QTL
effects modifying characters measured in this study were detected on
chromosome 2 and chromosome 5. '
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CHAPTER 1
INTRODUCTION

Its Timited ability to survae cold stress limits the production of
winter barley, a crop with tremendous potential for diversifying the
prevailing winter wheat monoculture of North America. Several attempts
have been made to understand the genetic and physiological control of
winter hardiness in cereals. The association of fructan accumulation with
csld tolerance is one of the ph&sio]ogica] parameters that has been
identified. However, accurate estimates of the genetic.dependence of
winter Hardiness on fructan contént have not been reported.

" The complex genetic basis of cold tolerance has traditionally been
studied through techﬁiques of quantitative analysis. The_deverpment of
molecular marker technologies bermitted the rapid constrUétion of genetic
maps ana evaluation of the genetic control of quantitdtive traits. In
barley, isozymes, seed storage proteins, and DNA markers have béen used in
linkage analysis experiments. The resulting 1linkage maps have permitted
the description of the genetic control of quantitative characters.

Traditionally, DNA markers were identified using-Southgrn blotting
to detect restriction ffagment Tength polymorphisms (RFLPs). A rapid,
non-radioactive; and’practica] technique, polymerase chain reéction (PCR,
has been used to detect RFLPs in many‘genome mapping_pfojects. The
technique require§ short sequence primers which promote the selective
amplification of target DNA fragments. The Sequence-Tagged-site (STS)
approach helped span the gap between RFLP-based mapping projects and PCR

technology.
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Doubled haploid techniques can provide immortal genetic reference
populations free of non-additive types of gene action.th§t,comp1ibate
segregating generation analyses in autogamous species. They are also
ideally suited for linkage map construction and.QTL mapping. A doubled »
'habloid population from a spring x winter barley was used in this study.
Our objectives were i) to genetically study the relétionship between
fructan accumulation and winter hardfness} ii) to develop the STS-PCR map
techno]bgy; iii) to generate the genetic map of the cross and locate the

QTL controlling winter hardiness and its asgociated characters.
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CHAPTER 2

GENETICS OF FRUCTAN CONTENTS AND WINTERHARDINESS IN
A WINTER X SPRING BARLEY

Introduction

Several studies on the relationship between fructan accumulation aﬁd
winter hardiness have been reported in many p]ant'species including barley
(Pontis and del Cambi]]o, 1985; Chatterton et al, 1988; Chatterton et al,
1989; Pontis, 1989; Suzuki and. Nass, 1987§ Livingston et al, 1989).
Chatterton et al (1989) demonstrated that temperature had a profound

effect upon the accumulation of total nonstructural carbohydrates in many
grass species. Exposure of many cerealis and grasses to low temperatures
induced Targe . accumﬁ]ation of fructan and sucroée (Pontis' and Del
Campillo, 1985). In barley, Livingston et al (1989) demonstrated that
fructan content was increased in cold accjimated plants and that stored
fructans'were‘hydrolyzed when the plants reinit{ated growth at normal
temperatures. Long chdin fructans (high DP fructans) were found to be
more closely associated with cold hardiness than Tlow DP_ fructans
(Livingston 1991, Suzuki and Nass, 1987). Although the presence of
fructans in plant appeared to be advantageous for winter hardiness
(Pointis and Del Campillo, 1985), no direct evidence of cryoprotection by'
fructans has been presented (Pollock, 1986).

The genetic and physiological bases of winterhardiness are poorly
understood. Physiological measurements which have been commonly used to
estimate cold hardiness in cereals include long-term field survival
(Olien, 1978) and cohtro]led.freeze tests. to determine LTso(temperatqre

at which 50% of the p]ant'bopulation is killed) (Pomeroy and Fowler,




1973).

While the genetic control of winterhardiness has not yet been
elucidated, winter and spring growth habit in barley were found to be
controlled by the action of alternative alleles at three unlinked loci.
These genes strongly affected vernalization requirement, photoperiod
response, and maturity (Takashashi and Yasuda, 1969). Epistasis at these
three loci made it difficult to study gene action directly. Takahashi-and
Yasuda (1969) found that the genetic control of growth habit could more
easily be studied if plants were grown in controlled environments under 24
hour Tighting. Dol1 et al. (1989) reported that vernalization requirement -
is associated with cold to]eranée.

In this expériment we studied the genetic control of crown_fructan
accumulation in a set of doubled haploid T1ines which derived from a simple
cross between a cold-susceptible spring bar]ey and a hardy winter bariey.
Our objéctives in this study were i) to provide the first genetic
investigation of.fructan aﬁcumu]ation, winter hardiness and related traits
in a population of lines derived from a winter x spring barley cross ii)
to evaluate the relationships between physiological characters assogiated'
with winter survival in this population of 1ines and iii) to determiﬁe how
much of the apparent association bétween characters was due to pleiotropy.

Materials and Methods

Plant Material

One hundred doubled haploid (DH) 1lines were developed using the
Hordeum bulbosum technique, as described by Chen and Hayes (1989), from F,

plants of the cross of Dicktoo x Morex. Dicktoo (CI 5529) is a six-rowed
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winter feed barley of poorly characterized ancestry which was released by
the Nebraska Agricultural Experimeht Statfon in 1952 . Morex (CI15773) is
a six-rowed spring ma]tjﬁg barley released by the Minnesota Agricultural

Experiment Station in 1978 (Rasmussen, 1978).

Trait Assessment
| We used three measures of cold tolerance: field survival at

Corvallis, Oregon, field survival at Bozeman, Montana, and LTs,. Field
survival at Corvallis was measured by visually assessing percent survival
following the winter of 1990-1991.. Each DH line was represented by an
unreplicated plot consisting of two 1.5 m ron. Field survival at Bozeman
was measured as the différence between initial (October, 1991) and post-
cold stress (March, 1992) plant stands in a randomized complete block
experfment containing three replications. Mean survival (MeanSUR) was the
mean of 'the field Sﬁrviva] estimates at both locations. The LTs, of each
DH Tine was determined using plant material hardened at 2°C for 5 weeks
with a 10 h 1ight/14 h dark photoberiod regime. Four temperatures'(o, -4,
-8, -12°C) with ten plants at each temperature were used to determine the
LTs, of each DH line. A tbtaT of three replicates was run from October
1990 to February 1991. Plant material was prepared for freezing, and LTs,
values were computed, as described by Kolar et al. (1991).

Heading date was estimated using the heading daterf unvernalized
plant material under greenhouse:conditions of 18°C day/night and 24 h'
light.

The content of fructans with a degree of polymerization (DP) > 5 was
determined uéing crowns from field hardened plants. Five‘p1an§§'of each

- genotype were dug from field plots at Corva]lis,'OR in January, 1992. In
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1991, only the fifteen least and most hafdy based on field surina]
measurement at Corvallis, OR in 1991 were sampled for crown fructan
analysis. Plants were washéd; trimmed, and the crowns were immediately
frozen in Tiquid nitrogen. Tissue was Tyophilized for 15 days; Crown
tissue was ground in liquid nitrogen and 50 mg per sample were used for
fructan extraction. Five ml of distilled water were ;dded to each 50 mg
sample; samples were shaken and then incubated for 15 min in a 90°C water
bath. The supernatanf was poured through an Amberlite MB-3A ion exchange
resin column and the eluate volume adjusted to 5 ml with water.- This step
was repeated twice. The column was then washed with 5 ml1 of 90°C water,
and the water extracts were dried at 60°C for 6 to 8‘h. Dried samples were
dissolved in 1 ml of 60°C water and centrifuged at 12,000 rpm for 10 min.
The supernatant was filtered through a 0.45 micron filter prior to
injection into the HPLC, which was equipped with a Bioﬁad carbo-C guard
column and a BioRad HPX-42 C carbohydrate column. Frucfan content (= DP

5) was expressed as mg g* on a dry weight basis (mg/gdw).

" RFLP and Correlation Analysis-

Seventy-seven markers were used in this experiment. Genomic and
cDNA clones were supplied by Cornell University, the North American Barley
Geﬁome Pfoject or were among those described in Shin et al.(1991). lPCR
markers were developed as described. by Tragoonrung -et al (in press,
Chapter 3 %n fhis thesis).\ Briefly, for RFLP ané]ysis, plant DNA was
prepared from fresh tissue using the tecﬁnique of De11aporta et al.(1984).
DNA samp]es‘(lo rg) were digested with appropriate restriction endopuc]ea-
ses, separated on 0.8% agarose gels in Tris-Borate buffer and tfansférred

to charged nylon membranes using the alkaline transfer protocol of Reed
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and Mann (1985); Cloned DNA inserts were cut from low melting point
agarose and labeled by random priming (Feinberg and Vogelstein- 1984).
Filters were prehybridized, hybridized overnight, washed with a final
stringency of 0.1 XSSC,HO.I% SDS, 65 C, and expoéed’fo film as needed.
Isozymes were assayed as described by Nielsen and Johansen (1986) and
storage proteins were assayed‘as described by Blake et al (1982). The
morpho]ogica1 markers were scored using a stefeomicroscope or with a hand
lens.
" Results and Discussion

~ Fructan chfomatogramsiof Dicktoo and Morex cultivars harvested under
both hardening and non-hardening conditions are shown in Figure 1. When
non-hardened crown tissue was used, fructan was not detected in either
Dicktoo or Morex. After hardening in the field in 1992, Dicktoo crowns
contained 137 mg fructan/gdw, while Morex crowns contained 66.2 mg
fructan/gdw. In 1991, barley plants grown in. the greenhouse were
_transferred to a growth chgmber and hardened at 2°C for five weeks.
Fructan contents of Dicktoo and Morex were 90.9 and 15.7 mg fructan/gdw,
respectively. When compared to fructan standards, -the major fructan
species which differed in éoncentration-between Dicktoo.and Morex were DP5
or greafer. Lower DP (DP3-DP5) fructans were detected in plants which
were acclimated in the growth chamber (1991). Field hardened plants
(1992) contained Tess DP3-DP5 fructan than growth chamber acclimated
plants. Similar resulted were reported by Chatterton et al. (1989) and
Pollock (1986).

The range and ‘mean of crown fructan content, LTs,, field survival,

and heading date are shown in Table 1. Specifics on the distribution of
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these traits were repdrted in .our companion paper (Hayes et al,
submitfed). Fructan content of tésted doubled haploid 1ines in 1991 was
less than that of 1992 (Table 1). This may be due to differences in growth
stages of the plants at harvest,‘or to environmental variation. Plant
tissues collected from the field were Targer and had been dormant longer
than the plants grown in the'greenhouse and aéc]imated in growth chambers.
Levitt (1980) reportéd that the degree of winter hardiness of plants
depended upon developmental stage and environmental conditidns. Avérage
field survival at Corvallis, OR (ORSUR) was higher than that at Bozeman,
MT (MTSUR). Half of the doubled haploid lines screened at Bozeman, MT
suffered complete winterkill. Field survival of Morex were 10%, and 0% at
- Corvallis, OR and Bozeman, MT, réspectivé]y. Dicktoo showed 82% survival
at Corvallis and 62% survival at Bozeman. LTs, and heading date for
Dicktoo and Morex were —5.5°C' and 62 days, and -3.9°C and 45 days,
respectively.

Table 1. Mean, minimum, and max1mum values of phys1o]og1ca1 tra1ts for
winter hardiness.

Traits Min . Mean Max

Fructan9l j 0.00 36.00 103.00

Fructan92 58.60 97.80 237.40

LTso -11.00 , -6.07 : -2.70

Heading date 27.00 47.18 97.00

ORSUR 1.00 53.73 100.00

MTSUR 0.00 - 25.08 85.00

Fructan9l = fructan .contents measured in 1991; Fructan92 = fructan

contents measured in 19923 ORSUR = field surv1va1 at Corvallis, OR 1n
1991; MTSUR = field surV1va1 at Bozeman, MT in 1992.
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Figure 1. HPLC chromatograms of fructan contents for Dicktoo and Morex
B)

cultivars. A) Fructan chromatogram of non-hardened Dicktoo tissue.
Fructan chromatogram of non-hardened Morex tissue. C) Fructan chromatogram
of hardened Dicktoo. D) Fructan chromatogram of hardened Morex tissue.
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Correlations among crown fructan content and physiological
parameters associated with winter hardiness are shown in Table 2.

Significant corre]ation§ were observed between crown fructan: content and-

each of the,bther measured parameters in the 1992 experiment. In 1991,

only the fifteen most and least hardy lines were sampled for crown fructan
content. As would be expected, the reduced sample size fe]ative to the

1992 experiment resulted in reduced experimental sensitivity.

Table 2. Cbrre]ation coefficients between fructan content in 1991 and
1992 and physiological parameters. )

Traits Fructan9l Fructan92
LTso 0.29" 0.27"
Heading date 0.24™ 0.47™
ORSUR 0.637 0.477
MTSUR 0.577 0.417
MeanSUR 0.60" ' 0.50™

** Significant level at 1%

* Significant level at 5%

ns Non-significant.

ORSUR = field survival at Corvallis, OR in 1991; MTSUR = field survival at

Bozeman, MT in 1992; MeanSUR = mean field survival from both locations.
Field survival is among the most error-prone measurements commonly

made by plant scientists. We compared the similarity of tails of

distributions had selection of tails been performed at either Bozeman,

Corvallis, or using their'overalllméan-va]ue (Table 3). The simple

correlation value between crown fructan content and field survival was.

higher using data from Cdrval]is-than that at Bozeman. The correlation

between fructan content in 1991 and 1992 was 0.46. Obviously, if one is

going to perform a tailed-distribution analysis (Lander and Botstein,

1989) one must be careful in obtaining the distribution upon which the




tails are se]ected.'
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The correlation between fructan content and LTs, was much lower than

that reported by Livingston at al. (1989). This may result from the

difference in sample size or reduced dependence of LTs, on crown fructan

content in progeny from this cross.

Significant positive correlations

‘were found between LTs, and heading date, LTs, and MEANSUR, and heading date

and MEANSUR (0.43, 0.45, 0.5, respectively).

Table 3. Percentage of lines in common .among phyéio]ogica] traits at 15

and 25% selection intensities.

LTso

Traits Heading Fructan92
date

15% Dicktoo type
Oregon survival 40 33 47
Bozeman survival 33 33 40
Heading date 56 100 60
LTso : 100 56 36

15% Morex Type
Oregon survival 20 33 13
Bozeman survival ND ND ND
Heading date 20 100 '33
LTso . . 100 20 26

25% Dicktoo type -
Oregon survival 44 ‘60 40
Bozeman survival 52 52 48
Heading date 56 100 48
LTso 100 56 36

25% Morex type '
Oregon survival 40 32 20
Bozeman survival ND ND ND
Heading date 48 100 36
LTso 48 28

ND= Data not determined.

Fructan92 = fructan contents measured in 1992. -




12

To determine how effective]y selection for any of these characters
would result in correlated selection for another of these characters, we
calculated the percentage of common Tines among distribution tails
(Tragoonrung et al., 1990). The percentage of line in common for pairs of
characters using tails comprising either 15% and 25% of each distribution
are shown in Table 3. If selection were performed solely on the basis of
high fructan content, approximately 50% of the lines selected would show
good survival and delayed heading date. Thirty-six percent of lines with
high fructan content shbwed low LTs,. '

It has been suggested that fructans may act as tissue cryoprotectant
.by modifying ice-crystal formation (Olien and Lester, 1985). It has also
been suggested thét delayed spring heading and Tow LTs, values have
indepéndent functions in attaining the ultimate phenotype needed for
successful overwintering. To determine the association of winterhafdiness
traits-and genetic markers, a set of markers was used for correlation
analysis with the four physiological characters. Four markers showed
significant correlations for all the traits (Table 4). These four markers
map- to the Tong arm of barley chromosome 7 and comprise a fairly tightly
linked set of loci. Six other markers showed significant correlations
with fructan content and a combination of significant correlations with
the other measured characters. This suggests that one gene or gene
c1u§ter on the Tong arﬁ of barley chromosome 7 coordinately modifies crown
fructan content, LTso, winter survival, and flowering date. This could
result from either Tinkage or pleiotropy. On chromosome 5 there is
another locus in the vicinity of the gene encoding D hordein which has

significant impact on both crown fructan content and survival at Corvallis
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Oregon, but which showed 1ittle interaction with other characters. On the
satellite of chromosome 7 (KSU32) there appears to be a géne which has an
effect on crown frucfan content and heading date.

These resu1t§ suggest that a gene (or perhaps'a tightly linked
cluster of genes) with major impact on development resides oﬁ the long arm
of barley chromosome 7. This gene or gene cluster, when derived. from
Dicktoo, results in a barley 1line with many of the characteristics
agsociated with good winter survival. The Dicktoo allele results in
delayed headﬁng, high cfown fructén content, low LTs, and relatively good
field survival at either Bozeman or Corvallis. Two other loci, one on
‘chromosome 5 and the other on the satellite of the short arm of chromosome
7, have an impact on crown fructan content. The chrpmosome 5 locus is
also implicated in winter survival while the locus on the satellite of
chromosome 7 is implicated in delayed f]qwering. |

Some of the difficuity experiencéd in developing ‘barley germplasm
with improved cold tolerance can be expﬁained by these results. The
largest factor resulting in the excellent field survival potential of
Dicktoo appears to be inherited as though it were a single Mendelian gene
on the long arh of chromosome 7. Unfortunately, this one Mendelian gene
‘appears to result in delayed flowering in addition to imprpved survival,
lTowered LTs, and inﬁreased crown fructan content. Plant breeders have for
decades soﬁght earlier flowering, hardy barley genotypes. Since it is
both easier and more effective to select for flowering date than for
winter-sufviva], in wide crosses using Dicktoo as a parent the selected
progeny would 1ikely not carry the Dicktoo allele for winter survival at

this 1ocus‘dUe to its association with delayed heading.
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g Two of the three loci found to modify crown fructah content were
also shown to affect flowering date. It would seem reasonable fo
hypothesize a physiological relationship between fructan deposition (or
reduced turnover) and delayed inflorescence. Using the simple chromosome
7 marker, rough awns, and the flanking marker BCD265b, it should be
straightforward to develop isogenic lines whfch vary for this region.
Once available, physiological analysis of differeﬁces among_Tlines would
appear reasonable. Line‘deve1bpment is in progresé, and isogenic pairs

can.be accessed from Dr. Patrick M Hayes when they are available.




Table 4. Correlation coefficeints of RFLP markers that showed significant interactions with
fructan content (Fructan92). '

Markers Loc' Fructan92 LT50 "~ Heading date - MTSUR ORSUR - MeanSUR
AWN 7L 0.45 0.45. 0.54" 0.72, 0.57,, 0.72"
pKSU24 1L 0.36. 0.34 0.42. 0.62. 0.60 0.65
BCD265b 7L~ 0.38 0.44" 0.61 0.75.. 0.44" 0.66"
C3a - 7L  0.50 0.43 0.65 0.77 0.78" 0.80"
RACH L 0.23” 0.03" 0.23" 0.28" 0.297 0.32"
HorD - 5L 0.25, 0.05" 0.02" 0.07" 0.20 0.16"
ap340a 5L 0.26., - 0.01" 0.017 0.04" 0.19 0.14"
pKSU32 7S 0.44 0.32" 0.59 0.32" 0.37" 0.36"
c8 2 0.39 0.23" 0.07" 0.02" 0.03® 0.01™
F4 ?  0.48 0.05" 0.05" 0.21" 0.23" 0.22"

.. ' Chromosomal location of locus

** = Statistically significant level at 99%

* = Statistically significant level at 95%

ns = Statistically non significant .

MTSUR = field survival at Bozeman, MT in 1992; ORSUR = field survival at Corvallis, OR in 1991;
MeanSUR = mean field survival of both locations.

ST
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" CHAPTER 3
STS FACILITATED PCR FOR BARLEY GENOME MAPPING.

Introduction

Current genomic linkage maps are generally based on restriction
fragment Tength polymorphisms (RFLPs) (Botstein et al., 1980).
Conventional detection of RFLPs by Southern‘b]ot analysis (Southern, 1975)
is laborious and'costTy (Beckmann and So11er,‘1983; Beckmann, 1988). The
polymerase chain reaction (PCR) (Saiki et al., 1985; Mu]]is and Faloona,
1987) provides a rapid, safe and efficient method for screening large
populations. Unlike Southern.blot analysis, PCR can directly distinguish
between insertion/deletion. or point mutation events. Point mutation
po1ymorphisms,éan be detected by hybridizing PCR products with allele-
specific oligonucleotides (Higuchi/gt al., 1988; Li et al., 1988; Kurth et
al., 1991), DNA sequenéing of PCR ﬁ;oducts (Wong et a].,h1987), cleavage
of PCR products with a restriction éndonuc]ease (Saiki et al., 1985), and
| denaturing gradient gel electrophoresis (Myers et al., 1987; Riedel, et.
al., 1990): Insertion/de]etion polymorphisms can be analyzed by sizing of
PCR products via gel electrophoresis (Hfguchi et al., 1988; Shin et al.,
1990). A major Tlimitation for PCR anﬁ]ysis is the need for extensive
sequence information in order to synthesize the appropriate primers
(Wi]liéms et a].? 1991). Williams et al.(1990) proposed using arbitrary
nucleotide sequenées as single primers for amp]ification of random DNA
fragments (RAPD).

In the human genome mapping project, an attempt to convert the

genetic map to a physical map has been greatly simplified by using
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sequence-tagged sites (STS). An STS 1is a short, unique sequence,
amplified by PCR, which identifies a known location'on a chromosome (01son
et al., 1989). To date, all STSs that have been used in mapping projects
have been derived from we]]-charécterized DNA probes or sequences (Cole et
al., 1991). D’Ovidio et al.(1990) and Weining and Langridge (1991) showed
that PCR can be used to detect genetic polymorphisms in cereals with
primer sequences derived from the sequence of a v-gliadin gene and a a-
amylase gene, respectively. |

Here, we propose two approaches to obtain STSs for barley genome
mapping. One approach is to utilize sequence data from Genebank to
construct primers. Another is to sequence anonymous DNA clones dsed in
genomé mapping projects. Point mutation polymorphisms within amplified
fragments were detected on polyacrylamide gels of digested PCR products
with four-base cutters. Insertion/deletion events were observed directly
by gel electrophoresis. |

Material and Methods

Genetic_Stocks

Two doubled haploid popu]ation; were generated from barley cv.
Dicktoo x Morex (DxM), a winter x spring cross, and from Steptoe x cv.
Morex (SxM), a spring x spring cross by the North American Barley Genome
Mapping Project (NABGMP). Fdr the DxM cross, 30 doubled haploid lines
were used for segregation analysis. . One hundred and fifty doubled haploid
progenies were used for segregation analysis in the SxM cross. A set of
wheat-barley (cv. Chinese Spring-cv. Betzes cultivars) chromosomal.
addftion 1ine§ described by Islam et al. (1981) was utilized for

chromosomal assignment of polymorphisms.
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DNA Isolation

Genomic DNA was prepared using.the proceduré'of Ausubel et al.
(1987), modified as fo]lows: 10 g fresh weight of young leaf tissue was
ground to a fine powder under 1iquid nitrogen and incubated at 55 C”in 20
ml of extraction buffer (100 mM Tris-HC1 pH 8.5, 100 mM EDTA, 250 mM NaC1,
0.5% SDS, and 100 ug/ml proteiﬁase K) for 2 hrs. fhe;]ysate was extracted
with 20 m1'pheno1:ch1oroform solution (50% phenol, 49% chloroform, i%
isoamyf alcohol), followed by chloroform extraction, and ethanol
precipitation. DNA was centrifuged at 5000 rpm‘for 15 hin., suspended in
2 ml of sterile water, and treated with 20 ug DNase free RNase fdr 2 hr.
DNA was extracted with ph@no]:ch]profbrm, and chloroform, adjusted to a
concentration of 0.3-M sodium acetate, and ethanol precipitated. The

purified DNA was dissolved in sterile water and stored at -20 C until use.

DNA Seguencing. ‘
- Four DNA clones, Pst1-319, Pst1-327, Pstl1-337, and Pst1-340, were

randomly selected for sequencing from a PstI barley genomic -library,
provided by Dr. Ndra Lapitan (Colorado State Univ.). Sing]e-strandéd DNA
(ssDNA) templates were generated using PCR as described by Higuchi and
Ochman (1989). PCR primers, 5’ TACGACTCACTATAGGGC 3’ and 5’/
: CGCCAAGCTATTTAGGTG 3’, were used to amplify the inserted DNA fragments in
the pGEM vector. One of the primers was phosphory]ated prior to PCR with
T4 DNA kinase. After PCR amplification, the double-stranded DNA (dsDNA)
was treated with 1lambda exonuc]easé, a 5 to 3’ nuclease which
specifically digests only the DNA “strand synthesized from the
phosphorylated primer leaving the complementary strahd (ssDNA). The ssDNA
was.purified using Prep-A-Gene (BIO-RAD), and sequenced by the technique
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of Sanger et al., 1977 using Sequenase following the manufacturer’s

protocol (USB).

Primer Synthesis

OTigonucleotide primers were synthesized by standard phosphoramidite
’chemistry on a Applied Biosystems 391 DNA synthesizer. After hydrolysis
from the solid support and removal of protecting groups in 30% ammonium
hydroxide at 55 C for 15 hr., the DNAs were dried under vacuum, and
'dissolved in 200 ul of sterile water. DNA yield waé approximately 800 ug

per synthesis.

PCR Amplification

PCR amplifications were performed in a 100 ul reaction containing

2.5 dnits Taq polymerase (Perkin Elmer Cetus); 1x PCR buffer (50 mM KC1,
10 mM Tris-HC1 pH 8.3, and 1.5 mM MQC]Z), 200 uM of each dNTP, 0.3 uM
'primers, and 25 ng of genomic DNA templates. The reaction was err]aid‘
with mineral oil and subjeéted to one cycle of 95 C for 5 min., followed

by 32 cycles of 94 C for 1 min., 55 C for 1 min., and 72 C for 90 sec.

Detection of Polymorphisms

.PCR products were run on 1% agafose gels to detect insertion/
deletion polymorphisms. To detect base substitution polymorphisms, 20 ul
of ampiified fragménts were digested with four base cutters: Alul, HagIII,
Hhal, HinfI, MspI, Rsal, and Taql. Two unifs of the restriction
endonucleases, except Rsal, were directly added to 20 ul of the PCR
reaction after amp]ificatidn._ For Rsal, 20 ul of the PCR product were
precipitated with three volumes of 95% ethanol and the pellet was washed

with 70% ethanol brior to digest. Digested fragments were e]ectrophoreseq
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on 7% polyacrylamide gels at 250 Volt for 100 min.

Results -

STS Production

| Eight PCR primer sets and their sources are shown in Table 5. Four
primer sets were designed from published sequences of «-hordothionin,
alcohol dehydrogenase 2 (ADH-2), Bl-hordein, and the BamHI-SstI fragment .
of pMSU21. The other four, Pst1-319, Pst1-327, Pstl-337, and Pst1-340,
were obtained from sequencing short portions of DNA clones from a Pstl
genomic library. Figure 2 shows <the DNA sequence of short portions at
both ends of the genomic clones obtained by the meﬁhbd described. From
these sequences, PCR pr{mers were designed to Be,abouf 20 bases 1long,
contain 50% GC and harbor no inverted repeat sequences.
PCR amplification and polymorphism detection

Each primer §et was used to amp]ify'sequences from total DNA of

Dicktoo and Morex barley (Figure 3). Two primer sets differentiated
between the two cultivars based on agarose gel electrophoresis. Amplified
DNA fragments from pM§U21 primers identified an insertion/deletion
polymorphism. A 670 bp fragment is amplified from Dicktoo DNA, and a 450
bp fragment is amplified from Morex DNA when these primers are used.
Parental and progeny banding patterns are shown in Figure 5A. This
polymorphism was previously determined to be allelic to that iden;ified by
Southern b]of analysis with -the probe pMSU21 (Shin et al.,, 1990). Bl-.
hordein primers amplified two fragmgnts in Dicktoo (ﬁpprox. 960 and 860
bp) and one fragmenf in Morex (approx. 860 bp). The PCR and protein
polymorphisms (determined by SDS-PAGE) demonstrated perfect cosegregation
(Table 6). | '
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PCR products amplified with the other six primer sets did not show
size poTymorphisms. These products were digested with seven four-base
cutters and electrophoresed on 7% polyacrylamide gels. Restriction site
polymorphisms were detected in PCR products amplified from a-
hordothionin, alcohol dehydrogenase 2, Pst1-327, Pst1-337, and Pstl-340
primer sets (Figure 4). No polymorphism was detected with the Pst1-319
primers. Segregation based on PCR amplification from Pst1-327 and Pst1-337
primers agreed perfectly with that determined by Southern blot analysis of
doubled haploid Tines from the DxM cross (Table 6). Parental and progeny
-banding‘patterns for the analysis based on the Pst-337 primers are shown
in Figure 5B. The product of ADH-2 primer amplification, however, did not
show allelism with any of five RFLP polymorphisms identified through the

use of the ADH-2 clone in Southern blot analysis of a series of doubled

haploid lines (pers. comm, A. Kleinhofs, NABGMP, 1991).

Chromosomal Locafion _ |
Chromosomal Tocations of STSs were identified by linkage analysis
" with previously mapped markers in dogb]ed haploid progenies and by PCR
amplification of whéat-bar1ey addition 1ines (Table 5 and Figure 6). The
recombination analyses were performed using-MAPMAKEﬁ'(Laﬁder and Botstein,
1989). The Pst1-327 and «- hordothionin amplification pfoducts were
| evaluated in both the SxM (population size = 150) and DxM (population size‘
= 30) crosses. They were located on chromosome 2 and 5 respectively in
both crosses. Identical chromosomes were located using recombination
aﬁa]ysis and PCR amplification of DNA from the wheat-barley addition
lines.

The polymorphism identified by the ADH-2 based primers mapped to
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barley chromosome 7 by both recombination analysis and PCR amplification
of wheat-barley chromosome addition Tines. Curious]y,.although the probe

ADH-2 hybridizes to several polymorphic bands from genomic digests, none

of the RFLP polymorphisms cosegregated with the PCR polymorphism.

Efficiency of PCR Analysis

Fouf previously unmapped clones were selected from a Pst-1 library
preselected to exclude repeat sequences and organellar sequences.
Sequence data was obtained from the terminal 200 bp from eﬁch end of each
clone and priﬁers were synthesized. Seven restriction endonucleases with
four base pair restriction sites were utilized with the four PCR products
from the barley cultivars Morex and Digktoo, A total of 79 restriction
sites were sﬁrveyed, and a total of 16 were absent in one of the two
genot}pes. This provides a conservative estimator of sequence divergence
between these two genotypes of 16/316 bases, about 5%. Since the clones
were not preselected on the basis of polymorphisms, we have no reason to
expect bias in this estimate of base pair differentiation between

homologous single copy sequences of Dicktoo and Morex barley.
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*M1A » *—B"«
ACGTACGT

Figure 2. DNA sequence of Pstl-340 clone. Short portions of both ends (A
and B) of the clones were used to design PCR primers. The arrows indicate
the portions of sequence from which primers were designed.



Table 5 - Primer sequences, sources, chromosomal locations and allelism analyses.

5/CCCTTTATATACACTGCCGA 3’

Primer Primer Primer Chromosomal

set sequences source Tocation(Allelism)

aMsu21 57GGTCTTTCATGTACCTACC 37 Shin et al., 1991 2'(100/100)

. 5’CGAGCTCCTGTCGAGG 3’ ‘

Bl-Hordein 5’CCACCATGAAGACCTTCCTC 3’ Forde et al., 1985 5 (70/70)

5'TCGCAGGATCCTGTACAACG 3’ :
- a-Hordothionin.  5/CTGGGGTTGGTTCTGG 3’ Rodriguez-Palenzuela 5 (ND)‘

5’GGCAGCAACATGGCATTC 3’ et al., 1988

Alcohol 5'GGGGAGATATCGACCAAAGT 3’ Trick et al., 1988 7 Unlinked?®

dehydrogenase2 5’CACGCCCTCGCCAACGCTCTCCA 3

PstI-319 ° 5’ AGCTGAGCAAGCTTCTTTGG 3’ Genomic library -
5’AACATGCTGGGCAACTCCCA 3’ : .

PstI-327 5’GGTACGAACATGGAGGTACT 3’ Genomic 1ibrary 2 (30/30)
5’ATCCAGTTCTTGTGCACCTG 3’ :

PstI-337 5’ATCCAGTTCTTGTGCACCTG 3’ Genomic Tibrary 7 (30/30)
5’AGCTACGTGGATCACACCAC 3’ o

PstI-340 5’TAGCATCGGTAATCTCTCGC 3’ Genomic library -5 (ND)

'Data previousTy reported (Shin et al.

» 1990)

2Southern blot data communicated by Dr A. Kleinhofs

-No polymorphisms were identified either by Southern blot ana]ys1s or PCR

ND = data not determined

ve




Table 6. Restriction Site Variation in PCR Products.

Primer DNA PCR amplified Restriction sites

sets source fragment sizes  Alul Haelll Hhal Hinfl Mspl  Rsal 'Tan
PstI1-319 Dicktoo 1100 bp 4 .3 1 1 1 3
o Morex 1100 bp 4 3 1 1 1 -1 3
PstI-327 Dicktoo. 1000 bp 1 2 3 1 D 1
Morex 1000 bp 2 3 1 .2 0 ND 1
PstI-337 Dicktoo 1200 bp 2 3 1 2 3 N 4
Morex 1200 bp 4 3 3 4 4 ND 5
Pst1-340 Dicktoo 1100 bp 5 0 0 5 1 0 1
. Morex 1100 bp 5 1 0 5 1 0 1
-a-hordothionin  Dicktoo 1050 bp 12 1 1 0 ND '3
. Morex 1050 bp 1 2 1 0 ND- 2
Alcohol Dicktoo- . 630 bp . ND 3 2 "0 -2 0 1
3 3 0 2 1 1

dehydrogenase2 Morex ~ 630 bp “ND

ND = data not determined.

¥4
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MI 2 34 56 78 9 101 12 1314 1516 M

Figure 3. Amplification of barley DNA from Dicktoo and Morex with eight
primer sets on a 1% agarose gel. DNA templates in the odd lanes are
Dicktoo, in the even lanes are Morex. Amplified products with Pstl-319
primers are in lanes | and 2, those with Pstl-327 primers are in lane 3
and 4, those with Pstl-337 primers are in lane 5 and 6, those with Pstl-
340 primers are in lane 7 and 8, those with pMSU21 primers are in lane 9
and 10, those with Bl-hordein primers are in lane 11 and 12, those with a-
hordothionin primers are in lane 13 and 14, those with alcohol
dehydrogenase 2 primers are in lane 15 and 16. DNA size markers are shown
in lane M. The sizes of the marker bands are given in base pairs.
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Figure 4. Digestion of PCR products with restriction endonucleases with
four-base recognition sequences were electrophoresed on a 7™
polyacrylamide gel. Hinfl digestion of amplified products with Pstl-327
primers are in lane | (Dicktoo) and lane 2 (Morex). Hinfl digestion of
amplified products with Pstl-337 primers are in lane 3 (Dicktoo) and lane
4 (Morex). Haelll digestion of amplified products with Pstl-340 primers
are in lane 5 (Dicktoo) and lane 6 (Morex). Taql digestion of amplified
products with a-hordothionin primers are in lane 7 (Dicktoo) and lane 8
(Morex). Rsal digestion of amplified products with alcohol dehydrogenase
2 primers are in lane 9 (Dicktoo) and lane 10 (Morex). DNA size markers
are shown in lane Mwith the size of the marker bands given in base pairs.
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Figure 5A, B. Segregation of DxM doubled haploid lines. DNA size markers
are shown in lane Mwith the size of marker bands given in base pairs. The
template DNA was from Dicktoo in lane |, Morex in lane 2 and doubled
haploids in lane 3 to lane 12. A Amplified products with pMSU21 primers
showed insertion/deletion polymorphisms on a 1% agarose gel. B Hinfl
digestion of amplified products with Pstl-337 primers were electrophoresed

on a 7% polyacrylamide gel.
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Figure 6A, B. Amplification of wheat-barley chromosome addition lines was
from barley cv Betzes in lane |, Chinese spring wheat in lane 2, barley
chromosome I, 2, 3, 4, 6, 7 addition lines are in lanes 3 to 8,
respectively. DNA size markers are shown in lane M with a given size of
marker bands in base pairs. A Amplification of wheat-barley chromosome
addition lines with Pstl-327 primers electrophoresed on a 1% agarose gel.
B Amplification of wheat-barley chromosome addition lines with Pstl-337
primers electrophoresed on a 1% agarose gel.
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Discussion -

Three of the four randomly selected single copy ciones from which we
obtained primer sequence§ identified allelic variatién between Morex and
Dicktoo barley. Further, it appears as though about one base %n tweﬁty
varies between More* and Dicktoo. Approximately 37% of the randomly
isolated single copy genomic clones tested against Morex and Dicktoo
identified polymorphisms when six six-base restriction endonuc]eaées were
utilized. When individual restriction sites were evaluated, we actually
observed a frequency of 1 site in 5 lost by mutation (39 mutations/1188
bases evaluated), or 3.3% (data not shown). Thesé frequencies (5% vs.
3.3%) seem fairly similar and suggest that polymorphisms between winter
and spring barley cultivars are frequenf enough to pErmif effective
maﬁpinﬁ using either RFLP or PCR based approaches.

Five of the six PCR-based evaluation systems in which allelism was
determined for Southern blot based polymorphisms brov{ded expécfed
linkages to previously mapped markers. The sixth, ADH-2, provided a clear
polymorphism but no linkage to po1ymorﬁhisms identified by Southern blot
ana]ysiﬁ. On one hand, it is clear that the ADH-2 primers used in this
study provide a useful genetic marker. On the other hand, ‘it is likely
that the locus amplified by these primers has no relationship to alcohol
dehydrogénase. Further study could help explain this.anomaly.

This study demonstrates an a]ternatiQe method to Southern blot
analysis for genome mapping. However, the need of primer sequences can be
a limiting factor in PCR-based genome mapbing. To overcome this problem,
the RAPD approach was introduced (Hil]iams et al., 1990’. D’dvidio et al.
'(1990) and Heining and Langridge (1991) derived PCR primers from published
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DNA sequences. Comparable to STS proposed in the human genome project
(O1son et al.,1989), I eXtended the STS idea by evaluating four réndom]y
selected DNA clones from a genomic library. PCR products of three of
these four clones identified variation between Morex and Dicktoo. PCR-
based sequencing methods (Gy]]gnsten and Erlich, 1988; Innis et al., 1988;
Higuchi and Ochman, 1989; Kusukawa et al., 1990) make production of STS
_ froh selected DNA clones practical.

The production of medium density genomié maps using RFLPs has proven
to be feasible in many crop species. Using these maps for efficient QTL
manipulation demands the use of technology simpler than Southern blot
analysis. In tﬁis experiment we found that seven of the eight marker
sequences tested could be easily manipulated to permit evaluation of
segregation by PCR. As significant QTL loci are identified in crops,
converting mapped RFLP markers which flank agronomically important loci to
PCR based detection systems will provide a user-friendly techno]oéy to the
ultimate users of genome maps, the p1aht breeders.

A]tﬁough the variation outside the STS region cannot be detected as
in Southern blof analysis, it has been demonstrated that tﬁeﬁe is
sufficient exists variation within amplified fragments in mammalian
systems (Li et al., 1988; Litt and Luty, 1989; Tautz, 1989; Weber and May,
1989). " In plant systems, our study supports a similar conclusion. In
contrast to Skolnick and Wallace (1988), this study demonstrates that PCR
polymorphisms are mainly due to the absence or presence of restriction
endonuclease sites rather than the ffégment length differences.

Chromosomal Tlocations were identified using both recombination

analysis and use of the wheat-barley addition 1lines. Chromosomal
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lTocations identified in progeny from two crosses (Dicktoo x Morex and
Steptoe‘x'Morex) corresponded well and were confirmed by PCR analysis of
DNA from fhe wheat-barley chrbmosomé addition Tines.

Although relative costs might be debated, the ease of PCR analysis,
the clarity of restriction pattern of PCR products and the ease of
distribution of‘priﬁer sequence data (as opposed to maintenance of clones)
all argue in favor of PCR as a tool in genome analysis. Clearly, thg

chromosomal location of a polymorphism must be well-characterized and

. sTable over crosses if it is to be generally useful.. All seven

polymorphisms evaluated in this study appear sTable and appear to map to
single loci. One of the primer sets (ADH-2) amplified a product from an

unexpected locus. The clone from which our sequence data derived clearly

hybridized to sequences at several dispersed loci. He would suggest that

loci of this sort, dispersed, multigene families, may be unsﬁitab]e

candidates for PCR based genetic analysis.
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CHAPTER 4

MAPPING OF fRAITS ASSOCIATED WITH WINTERHARDINESS
IN A WINTER x SPRING BARLEY CROSS -

Introduction

The proportion of winter barley plants surviving to produce grain -
"winterhardiness - is determined‘by.many interacting factors. These are
thought to range from 1ou temperature tolerance to biotic stress resis-
tance. Included among these contributing factors are low temperature
tolerance, vernalization requirement, photoperiod response, protein
metabolism, carbohydrate status and membrane 1ipid comp051tion (Thomashow |
1990). The genetic and phy51oiogica1 bases of most of these factors are
poorly understood. In this report we addressed .the genetic basis of
winterhardiness by systematically measuring its components-in a doub]ed
haploid population of barley and regressing these phenotypic data sets on
molecular marker genotypes to identify quantitative trait loci iQTL).

Long-term field survival is the best measure of winterhardiness -
(OTien 1978), but obtaining long term performance data are expensive and
difficult. High levels of genotype x environment interaction and enormous
measurement error increase the difficulty of correct data interpretation.
Furthermore, the infrequent occurrence of a test winter that permits
. effective discrimination among genotypes makes field-based selection’
genera]]y ineffective (McIntyre et al. 1988). |

Crown fructan content and controlled freeze tests to determine LTso
(the temperature at which 50% of the population is killed) are reasonab]y

simple measures which show significant correlations with field surv1va1
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(Stushnoff et al. 1984). Thomashow (1990), in reviewing the molecular
basis of cold tolerance in higher plants, cited over 20 reports .that,
cumulatively, assign cold tolerance genes to every chromosome in each of
the three genomes of wheat. Chfomosomes 5A and 5D are most often
implicated; Sutka and Snape (1989) and Roberts (1990) provided compelling
evidence for the importance of chromosome 5A.

Vernalization and cold tolerance are considered to be associated,
but trait association in barley (Doll et al. 1989) and wheat (Roberts
1990) has been attributed to 1inkage rather than pleiotropy. Separation
of growth habit into 1its components of vernalization requirement,
photoperiod sensitivity, and maturity is challenging. Three unlinked Toci
have been identified which behave epistatically to determine winter vs.
spring hébit in barley (Takahashi and Yasﬁda 1971). The winter habit
phenotype can be modified by both vernalization and photoperiod, and
separation of these effécts can be further complicated by the action of
maturity genes (Roberts et al. 1988). Barnham and Rasmusson (1981)
reported that photoperiod response, as distinct from maturity, is
quantitatively inherited.

Prostrate or rosette growth habit has been shown to be correlated
with cold hardiness in wheat (Salmon 1971; Taylor 1983; Chaudhry 1986).
Low temperatures induced reduction in rosetté‘growth habit (Roberts and
MacDonald 1984). 1In our barley parents, the winter cultivar (Dicktoo)
showed prostrate growth while the spring cultivar (Morex) showed a much
more erect growth pattern.

Carbohydrates, and particularly fructans, are reported to play a

cryoprotective role in cereals. Several mechanisms have been proposed
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(Olien and Lester 1985) to explain this association. Livingston et al.
(1989) found "a marked effect of carbohydrate level on the freezing
toferance and sugar compositfon of barley crown tissue in a set of barley
genotypes which included our winter parent (D}cktoo). However, there'was.
no direct relationship between specific compositional makeup of total
carbohydrate and freezing tolerance. |

Substantial interest has déve]oped in the <cloning and
characterization of genes regulated or inducéd by specific strésses. To
date, three genes regulated by cold in barley have beén reported
(Cattivelli and Bartels, 1990; Duﬁn et al., 1991). Two clones were kihd]y
provided by Dr. Cattivelli. One of the two clones (A686) was found to
- identify a polymorphism between Morex and Dicktoo. Although one clone
evaluated in these experiments was not readily obtained, published
sequence data permitted us to recover homologous sequences from several of
these using PCR. No polymorphism was detected from PCR uéing this marker
in the cross. The clone A086 was examined to determine whether it mapped
to loci associated with cold tolerance or its components.

Doubled haploids provide genetic feferénce populations free of the
non-additive types of gene action that:complitate segregating generation
analyses in autogamous species. Théy are also ideé]]y suited for linkage
map construction and QTL mapping. The components of barley
winterhardiness, which have posed challenges for conventional genetic
analyses and thwarted selection efforts, are excellent targets for QTL

mapping in doubled haploid populations.
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Materials and Methods

Germplasm
One hundred doubled haploid (DH) 1ines were developed by the Hordeum

bulbosum technique, "as described by Chen and Hayes (1989), from F, plants
of the cross of Dicktoo x,Mofex. Dicktoo is a six-rowed winter feed
barley of unknown ancestry and mixed description released by the Nebraska
Agricu]tura] Experiment Station in 1952. Morex is a six-rowed spring
malting barley rejeased by the Minnesota Agricu]turé] Experiment Station

in 1978.

Trait AssesSment

| We measured three traits which are direct measures of cold
tolerance: field sufviva] at Corvallis, Oregon, field survival at
Bozeman, Montana, and LTg. Field survival at CorVa]]is was measured by'
visually assessing percent survival following the winter of 1990-1991.
_Each DH Tine was represented by an unfep]fcated plot consisting of two 1.5
m rows; Field survival at Bozeman was measured as the difference between
initial (October, 1991) and post-cold stress (March, 1992) plant stands {n
a thrice replicated eiperiment. The LTs, of each DH line was determined
using plant material hardened at 2°C for 5.weeks with a 10 h light/14 h , 
dark photoperiod regimg. Four temperatures (0; -4, -8, -12°C) with ten
plants at each temperature were used to determine the LTsoofleach DH Tine.
A total of three replicates were run from October 1990 to February 1991.
Plant material was prepared for freezing, aﬁd‘LTm values were computed,
as described by Kolar et 51. (1991).‘

Two estimates of heading date were made. Heading date was measured
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using unvernalized plant material in the greenhouse at a constant
temperature of 18°C and 24 h light. The heading date under normal green
house conditions was also measured at the same time as the heading date‘
under.continuous light. Normal green,housé‘cdnditions at Corvallis were
16 h light, with temperatures of 20°C during the day, and 18°C during the
night.

Growth habit data were taken in the field at Corvallis, OR 1992. A
scale from one to eight was used. One indicated extreme prostrate habit
and eight indicated erect growth. ‘These data were taken before digging
plants for fructan analysis.

The crown content.of fructans with a degree'qf polymerization (DP)
> 5 was determined using field hardened p]ani material. Five plants of
each'genotype were dug from field plots at Corvallis, OR in January, 1992.
Plants were washed, trimmed, and the crowns were immediately frozen in
liquid nitrogen. Tissue was lyophilized for 15 days. Crown tissue was
ground in 1iquid nitrogen and 50 mg per sample were used for fructan
extraction. Five ml of distilled water were added to each 50 mg sample;
samples were shaken and then incubated for 15 min in a §0°C water bath. The
supernatant was poured through an Amberiite MB-3A ion exchange resin
column and remixed in 5 ml water; this step was répeated twice. . The
column was then washed with 5 ml of 90°C water, and the water extracts were
dried at 60°C for 6 to 8 h. Dried samples were dissolved in 1 ml of 60°C
water and centrifuged at 12,000 rpm for 10 min. The supernatant was
filtered using a 0.45 micron filter prior to injection into the HPLC,
which was equipped with BioRad carbo-C guard and BioRad HPX-42 C

carbohydrate columns. Fructan content (z‘DP 5) is expressed as mg g™ on
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a dry weight basis (mg/gdw).

Map Construction and QTL Analysis

Markers, déscriptions, and chromosome assignments are Tlisted in
Tab]g 7. The following conventions were used. The prefixes "m" aﬁd it
designate morpho]ogica] and isozyme markers, - respectiVe]y. Clones
supplied by Corne]]‘University wére named fol]dwing the nomenclature of
Heun et 51. (1990), where the prefixes WG, BCD, and CDO designate wheat
genomic, barley cDNA, and oat cDNA clones, respectively. Requests for
these c]ongs should be directed to: Dr. Mark Sorrells, 252 Emerson Hall,
Cornell University, Ithaca, NY :14853-1902. The ABC prefix designates a
cDNA clone developed by the North American Barley Genome Project.
Requests fér these clones should be directed to: Dr. Andy Kleinhofs, 271.
Johnson Ha]],'washington'State University, Puliman, NA-99164-6420. The
"ap". prefix designates known DNA sequence polymorphism visualized by
polymerase chain ?eactioni Requésts' for ‘primer sequences should be
directed to£ Dr. Tom. Blake, 320 Leon Johnson Hall, Montana State
University, Bozeman, MT 59715.

Briefly, for RFLP analysis, plant DNA was‘prebared from fresh tissue
using the proteinase k procedure. DNA samples (10 nug) were digested with
appropri;te restriction endonucleases, separated on agarose gels and
transferred'to charged nylon membranes'using the"alkaline protocol of Reed -
and Mann (1985). 'Cloned DNA inserts were cut from iow melting -point
agarbse and Tabeled by random priming (Feinberg and Vogelstein 1984).
Filters were prehybridize&, hybridized overnight, washed with a final
stringehcy of 0.1 XSSC, 0.1% SDS, 65 C, and expoéed to film as neéded.'

PCR markers were based on published sequences or on partial sequencing of
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the termini of informative RFLP clones. Sequencing and oligonucleotide
synthesis procedures were described by Tragoonrung et.a1. (in press).
Isozymes wore assayed as described by Nielsen and Johansen (1986) and
storage proteins were assayed as described by'Blake et al. (1982). The
morphological markers were scored under a stereomicroscope or with a hand
lens. Map construction and QTL analysis were performed using MAéMAKER and
MAPMAKER/QTL programs (Lander and Botstein, 1989). |

The Sequence-Tagged-Site approach (Olsen et al., 1991) was used to
generate primers homologous to the sequences published for the cold
regulated genes A086, T59 and BLT4 (Cattivelli ano Bartels, 1990; Dunn et
al., 1991). From the published sequence data primer sequences were
se]ected.' Ahp]ification.regimes were selected to promote amplification of
appropriately sized products which ‘were then evaluated for restriction
fragment length polymorphisms or size polymorphisms using template DNA
from the cultivars Dicktoo and Morex. These were then utilized as
molecular markers.

Results and Discussion

Map Construction

The 77 markers were. resolved into eight linkage groups (Table 7 and
Figure 7). Two unlinked groups were mapped to barley chromosome 1. One
of these was anohored to chromosome 1. by the presence of His3 and the'
other by a Ubiquitfn locus, both of which were pfevioUs]y mapped to
chromosome 1 by the North American Barley Génome Mapping Project
(K]eihhofs_and Killian, in press). The chromosome 2 map was anchored by
aWG110S and aPST240B and aMSU21, spaning a region of 213.1 cM. Six

markers were found. on chromosome 3 linked with the known marker iEST4.
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These markers‘spanned a.disfance of 110.6 cM. Chromosome 4 was anchored
by marker aGlu2 and aHrth; both of which had previoue1y been mapped to
barley chromosome 4. These markers spah a regionﬂof 152.3 cM long. Known
location seed storage protein markers on chromosome 5 were detected in a
linkage group of 13 markers. The map of chromosome 5 covered‘a distance
of 180.3 cM. Chromosome 7 spamned‘a regiom 189.8 cM Tong. Six of the 13
markers mapped to chromosome 7 are known-Tocation markers:- either from
previous mappinolprojects (Sﬁin et al., 1990'.K1einhofs amd Killian, in
press) or by PCR of wheat- bar]ey chromosome add1t1on lines. One linkage
group cons1st1ng of 7 markers is ambiguous for chromosome locatjon. No
unambiguously prev1ous]y mapped markers mapped within this group. One of
the markers mapped within this group is a product of amplification
directed by primers with homology to the barley nitrate reductase (Narl)
locus, known to reside on barley chromosome 6. Unfortunately, three
amplification products wmich upon digest%on provided restriction fragment
1en§th polymorphisms were*prodUCed under the direction of these primers.
Two of them were 1linked with merkers on chromoeome 2. The third is
assumed to reside on chromosome 6, but we suggest that this may be a weak
assertion. '

Table 7. Descriptions, chromosome location, and numbers of -mapped
progen1es assignments for markers used to locate quantitative trait loci

in the doubled haploid progeny of Dicktoo X Morex. Definitions of marker
pref1xes are provided in the text.

Marker Descr1pt1on ' Chromosome _ Numbers - of

Tines mapped
- aNarla STS-PCR 1 100
aHIS3 . STS-PCR 1 100
WG118S Wheat genomic RFLP 1 30
D2A " Barley cDNA RFLP - 1 30
c8 Barley cDNA RFLP 1 30




Table 7. (continued)
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Chromosome

Barley cDNA RFLP

Marker Description Numbers  of
lines mapped
albiq STS-PCR 1 100
apT59b STS-PCR 1 30
C3b Barley cDNA RFLP 1 30
aWG110S STS-PCR 2 100
WG645 Wheat genomic RFLP 2 100 .
aPST327 STS-PCR ’ 2 100
aMsu21 STS-PCR 2 100
PSTS59 Barley genomic RFLP 2 30
A086 Barley cDNA RFLP 2 30
CD0588 Oat cDNA RFLP 2 100
aNar7HinF  STS-PCR 2 100
aWG178 STS-PCR 2 100
aNAR7S - STS-PCR 2 100
aPST340b STS-PCR 2 30
Al10A Barley cDNA RFLP 3 30
Al2 Bariey cDNA RFLP 3 30
D7A - Barley cDNA RFLP 3 30
iEST4 Esterase 4 3. 100
F8 Barley cDNA RFLP 3 30
F4 Barley cDNA RFLP 3 30
aGlu2 STS-PCR o 4 100
WSEP H,0-soluble endosperm protein 4 100
TB19-20 STS-PCR 4 100
WG1026b Wheat genomic RFLP 4 100
BCD265a Barley cDNA RFLP 4 100
PST316 Barley genomic RFLP 4 100
D78 Barley cDNA RFLP 4 30
HorB B-hordein 5 100
HorC C-hordein 5 100
aGlul STS-PCR 5 100
iGPT1 Glucosephosphate isomerase 1 5 100
WG789 Wheat genomic RFLP 5 30
WG118L Wheat genomic RFLP 5 30
Al0B Barley cDNA RFLP 5 30
alGlloL STS-PCR 5 100
HorD D-hordein 5 100
- aPST340a . STS-PCR 5 100
iPGD Phosphogluconate dehydrogenase 2 5 100
BCD265C Barley cDNA RFLP ‘ 5 100
aHRTH STS-PCR 5. 100
D2B Barley cDNA RFLP 6 30
alG669 STS-PCR 6 100
pKSU44 Barley cDNA RFLP 6 30
aNar7L STS-PCR - 6 100
LMWP Low molecular weight protein 6 100
pKSU24S Barley cDNA RFLP 6 100
OPAll 6_ 30
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. Table 7. (continued)

Marker Description Chromosome Numbers of
_ Tines mapped
pKSU32 Barley cDNA RFLP 7 30
pTA71 Barley genomic RFLP 7 100
apT59a STS-PCR 7 30
aADH STS-PCR 7 100
BCD298 Barley cDNA RFLP 7 100
mS Rachilla hair length 7 100
WG364b Wheat genomic RFLP 7 100
PST321 Barley genomic RFLP 7 30
pKSU24 Barley cDNA RFLP 7 100
C3a ‘Barley cDNA RFLP 7 30
mR : Awn roughness 7 100
BCD265b Barley cDNA RFLP 7 100
aPST337 STS-PCR 7 100

Cold Tolerance and QTL Analysis

Each measure of cold tolerance gave a distinct distribution of

. phenotypes (Figures 8, 9, and 10). Field survival is thought to be the

consequence of a unique set of hardening, growth, and stress conditions
and the distinct‘population frequency distributions for Oregon and Montana
field survival reflect these differences. At Corvallis, eight lines had
100% survival and only two showed complete mortality. At Bozeman, 50
lines suffered comp]éte mortality and the highest survival was 85%. The
hardening and freezing stresses used to determine LTs, Ted to a more norﬁa]
distribution of trait performance: LTs; values ranged from -.2.7 to - 11.0
°C. The transgressive segregants for cold tolerance indicate that the
spring parént, Morex, may have contributed favorable alleles or ‘that
epistasis may be an important determinant of trait expression.

Large QTL effects for all measures of cold tolerance were found on
chromosome 7. For field survival in Oregon, the QTL effect was detected

in the interval of mR-BCD265b with the log-1ikelihood of 8.56 and account
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for 37.8% of the variation. For field survival in Montana, QTL effects
exceeding the ]ogj1ike1ihood of 2.0 threshold were. detected in two'
intervals: WG364b-PST321, and pKSU24-C3a. ‘The later interval was covered
up to mR-BQDZGSb interval. Analysis of the QTL for mean of the field
survival in the two locations detected the QTL effects at two intervals:
WG364b-PST321, mR-BCD265b. Log-]ike]ihood of the two intervals were 6.07
for wG364b-PST321, and 19.23 for mR-BCD265b. For LTs0, LODs = 3.0 were
detected in the following intervals: apT59a-aADH, and mR-BCD265b.

Because this represents a first attempt to map QTL associated with
cold to]érance in barley, it is difficult to put our findings in the
perépective of previous reports. We reported significant'segregation
distortion, in favor of the~winter pareht, in the vicinity of Rrn2 in the
F, progeny of Dicktoo X Morex Fy plants self-pollinated under Tow temperé-
ture (Schén et al. 1991). No segregation distortfon was detected in the
vicinity of mR. In the case of Oregon field survival and LTs,, modest QTL
effects were detected in the vicinity of Rrn2. |

In the face of population frequéncy distributions such as those
shown in Figures 2a, 2b, and 2c, previous fnvestigators have resorted to
classical quantitative procedures to estimate geneti¢ variances and
heritabi]ify. The results have not been particularly satisfying. For
example, Rhode and Pulham (1960) reported heritabilities for field
survival ranging from -8% to 85%. The availability .of appropkiate_
cytogenetic stocks in wheat has allowed for the,measurément df chromosome
effects, and both Roberts (1990) and Sutka and Snape (1989) report that
loci on wheat chromosome 5 are associated with cold tolerance. Barley

chromosome 7 is homoeologous with wheat chromosome 5 (Islam et al, 1981).
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Figure 8. The distribution of field survival measured at Corvallis, R in
1991 for Dicktoo x Morex cross.
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Figure 9. The distribution of field survival measured at Bozeman, M in
1992 for Dicktoo x Morex lines.
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Figure 10. The distribution of LT®for Dicktoo x Morex lines



25 30 40 50 60 70 80
Heading Date under 24 h light (days)

Figure 11. The distribution of heading date under 24 h light for
Dicktoo x Morex lines.
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Heading date under 16 h light (days)

Figure 12. The distribution of heading date under greenhouse condition
(16 h light) for Dicktoo x Morex lines.
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Figure 13. The distribution of fructan content in 1992 for Dicktoo x Morex lines.
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Figure 14. The distribution of prostrate growth habit for
Dicktoo x Morex lines.
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" Heading Date

Vernalization response, maturity, and photoperiod response genes
interact to determine winter vs. spring growth habit. Following the
example of Takahashi and Yasuda (1971) we chose héading date under 24 h
light as a character associated with growth habit. . The significant
transgressive segregation and\discontinuous expression of heading date
under 24 light can be attributed to multigenic control. As with the
measures of cold tolerance, both parents may have contributed winter
growth habit alleles, or trait expression is the reéult of epistasis
(Figure 11 and 12). The accession of Dicktoo that we uséd as a parent
displays typical winter growth habit under’fie]d conditions - prostrate
throughout the fall and winter and mid-Seasén‘maturity - but under the
described test conditions it is only 16 days later to head than Morex. It
is already clear from a séries of ongoing experiments involving various
permutations of vernalization, photoperiod, and ambient temperature, that
the winter phenotype observed under field conditions is attributable to
photoperiod sensitivity rather than to a vernaiization requirement. ‘An
examination of several accessions of Dicktoo revealed a range of
| vernalization responses frbm none to complete (data not Shown). This
variation may be attributable to the heterogeneity of the initi;]
germplasm, as documented in the variety release description. "M

The skewﬁess of fhe growth habit frequency histogram toward the
spring phenotybe would lend some support to the epistatic model proposed
by Takahashi and Yasuda (1971). According to this mode1; winter vs.
spring growth habit is determined by the epistatic interaction of 3 loci:

Sh on chromosome 4; sh2 on chromosome 7; and sh3 on chromosome 5. The
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allelic constitution ShShsh2sh2sh3sh3 is required for expression of winter
habit and all other allelic combinations give spring growth habit. While
there is reasonable fit to a two-locus, 3:1 model (Chi square = 2.61; p >
.100) based on the grouping -of all phenotypes earlier maturing than
Dicktoo vs. those later than the winter parent, such a gfouping.ignores
the presence of transgressive segfegants on both sides of the distribu-
tion. Based on the level of genome saturation that we have achieVed,to
date, it would appear that Dicktoo and Morex may carry contrasting alleles
at only one of the Sh loci. ‘Sigﬁificant QTL effects for growth habit were
not detected on chromosome 4 and 5 (site of the Sh aﬁd Sh3 Tloci,
respectively). Large QTL effects (LOD = 19) were detected on chromosome
7, again in the mR-BCD265b interval. Takahashi and Yasuda (1971) reported
13.1% recombination between mR and the Sh2 locus. The region between mR
and BCDZGSb‘is the region showing the largest QTL effect. Small QTL
effects were detected in chromosome 2 in the aNARTHF-alG178 interval with
the LOD value 2.48. In the greenhouse, QTL for heading date trait also
fell in the same interval as heading date at 24 hr 1igﬁt. The log-
likelihood for the heading date QTL in mR-BCD265b was 11.37. |

Fructan Content of Crown Tissue

The parental polymorphism for fructan content, together with the
wide range of crown fructan content in their progeny (Figure 13) provides
a unique opportunity to simultaneously assess the role of fructan content -
and cp]d tolerance. The population distribution is approximately normal
and skewed toward the Morex phenotype. Morex had a fructan content of
63.8 mg/gdw. The transgressive segregants with fructan substantially

higher than Dicktoo (137 mg/gdw), indicates that both bafents may have
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contributed alleles for fructan accumu]ation.
The QTL analysis revealed substantial effects on chromosome 7 The
LOD plots follow approximately the same pattern as those for field
survivaT, LT@, and growth habit. Log-likelihood of the QTL io the mR-
BCD265b was 5.05 and accounted for 20.8% of the variation.

Prostrate Growto Habijt

The distribution of prostrate growth habit in this population is
shown in Figure 14. Morex is erect while Dicktoo is prostrate. There was
transgressive segregation toward Dicktoo, the winter barley. QTL effects
of this trait fell into three intervals; ap327-aMSU21,'ap340a-iPGD, ano
pKSU24-C3a. Log-likelihood va]ues‘of the first two intervals were 2.31
and 2.36, respectﬁve]y. Log-Tikelihood of the pKSU24-C3a (Chromosome 7)
was 3.37. ' | '

From our data, the mR-BCD265b interval on the 1ong.arm of chromosomo
7 contributed to QTL -effects for all the traits except prostrate growth
habit. Multiple regression analysis was performed inlthis interval and
the R? values are shown in~Taole 8. As expected, the R of prostrate -
growth habit is the smallest among the traits. Field surviva} at Bozeman;
MT gave highost'Rz. The difference of szalues for field survival between
the two 1ocations‘ may. result from the .differences in cold severity
conditions and' the precision of the experiment. Three replications .
conducted at Bozeman may have increased the precision of field survival
measurements. Obviously, the accuracy of QTL analysis is dependent upon
the accuracy with which the traits can be measured. Considering the R?
values of the two flanking markers of the interval, the mR Tocus has

higher association with fructan content, and field survival than has
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‘BCD265b locus ‘does. The reverse is true for heading date at .24 h light.
Since different R® values between the two markers were detected for heading
date under 24 h Tight and field survival at Oregon were detected (Table
8), means of the ration of the two traits were analyzed from the -two
groups of the recombinant individuals 1in the interval. Two fold
differences between the two means were observed. This suggested that the
relationship between field survival at Oregon and heading date under 24 h
light was due to linkage, not pleiotropy. More markers and individual
cafrying recombinant type in this interval are needed to resolve the

question of pleiotropic effect.

Table 8. Regression coefficients of mR and BCD265b 1loci with
winterhardiness parameters

Traits mR BCD265b mR and BCD265b
Fructan 0.21 0.15 , 0.23
Oregon survival 0.31 0.18 ' 0.33
Bozeman survival ' 0.51 0.56 0.68
LTso - 0.20 . 0.20 - 0.25
Heading date 16 h 'light 0.32 0.33 _ 0.41
Heading date 24 h light 0.29 0.38 0.42
Prostrate growth habit 0.13 0.04 0.13

As was suggested by Lebowitz et al (1986) and Lander and Botstein
(1989), the power with which we detected QT[ variance effects with
selective genotyping was smaller than with random sampling. Weller and
Wyler (1992) found that if 2%‘of the individuals were selected at the
middle and 8% from the tail of the distribution, then power was
approximately equal to that obtained with random sampling. Since many
marker loci used in this map were based on selection of phenotypes from

the tails of the field survival distribution at Corvallis, OR, we
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constructed a correlation matrix to estimate the mean effeéts of mapped
markers on phenotypes. Historically, this was the most commonly-utilized
technique to map genes contro]]ing quantitatively measured phenotypes
(Lincoln and Lander, 1990).

Of the 77 markers mapped in this experimenf, 30 marker§ were mapped
- using 30 individuals while the ;emainder were mapped using the entire
popﬁ]ation; Sample size can have a dramatic impact on the accuracy of a
linkage map, and the precision of our recombination estimates between
markers therefore is variable within the lfnkage map. Further, interval
analysis approaches to QTL identjfication utilize data only Qhen genotypic
data- is available on both sides of the interval. If‘a marker in which a
comp]ete dataset was available was adjacent to a marker containing only 30
genotype datapoints, then the QTL analysis would utilize only the 30
phenotypic values corresponding to thé-intersection of the two genotype
datasets.  As an example, ﬁhis occurred in the intervdl on chromosome
§even from KSU24-c3a. The accuracy of the QTL analysis as imp]éhentéd by
Mapmaker-QTL is questionable in instances of this type.

Simple bbrre]étion and regression analysis provides a simple
approach to QfL analysis which utilizes all of the data available for each
mapped marker. When Table 9 is contrasted with the LoD score estimates of
M#pmaker—QTL, all of the significant interactions identif{ed by Mapmaker-
QTL are similarly identified by simple correlation analysis. However,
Mapmaker-QTL failed to identify interactions detected through the use of
correlation anaiysis. When datasets are less than perfect, corre]afion
anaiysis may‘provide more information than interval analysis.

A separate question concerns the use of selective genotyping as a
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cost-effective approach for the identification of QTL. The best way to
address this question with this dataset is to ask whether the QTL
identified using complete datasets would likewise have been identified
with selective genotyping.

When correlation analysis of marker mR, KSU24, and BCD265b weré
conducted on the 30 lines identified by selective genotyping, significant
corre]ations were found for all traits, "and the correlations were of the
same magnitude as were those identified us{ng 100 progeny. The levels of
statistical significance for LTs, and mR, and LTs, and BCD?65b were reduced
to 5% instead of 1%. More complete datasets are always to be preferred to
Tess complete, but it appears in this case that a more complete dataset

would result in the conclusions we obtained.f




Table 9. Significant levels of associationa among markers and winterhardiness parameters.

Markers Fructan Oregon Bozeman Prostrate Heading Heading LTso
survival survival growth date(16) date(24)
8 * NS NS NS . NS ' NS , NS
aMsu21 NS NS NS bl . NS NS NS
aPST327 NS NS NS ' NS * NS NS
PST59 - NS * NS NS NS NS NS
CD0588 NS - NS : NS . NS NS . * NS
alWG110s NS NS NS * NS . NS NS
aNAR7HnF NS NS ' NS NS x ek NS
alGl178 NS NS NS ‘NS ok *k NS
aPST340b NS * NS NS NS " NS NS
F8 NS NS NS ol NS ~ NS NS
F4 * NS NS * NS NS NS
aGlu2 NS NS NS ok NS NS NS
BCD265a NA NS NS NS NS * NS
HG1026b NS ‘NS NS * NS * NS
D7B NS NS NS NS ol ek *
HSP NS NS NS * NS NS NS
HorD * NS NS * NS NS NS
BCD265c¢ NS ' * NS * NS --NS NS
aPST340a * NS NS ok NS . NS NS
iPGD NS NS - NS -o* NS NS NS
LMWP NS - NS NS ' ok NS NS NS
" aNAR7L NS NS NS NS NS NS *

OPAl1l NS NS NS NS * . * NS
pTA71 NS * NS NS. NS NS ok
HG364b NS ok *k NS NS NS NS
BCD298 NS ok . NS NS NS NS NS
BCDZGSb ek . k% ] %k * . ek *%k ) k%
pKSU24 *k *% . ¥k *% ff *%k *¥
pKSU32 * NS NS NS Rk **x NS

c3a *k k.2 fek ’ NS ke’ ‘ - %k *

8¢




Table 9 (continued).

LTso

*k

Statistically significant at 95% level.
Statistically significant at 99% level.

Markers Fructan Oregon Bozeman Prostrate  Heading Heading
: - survival survival growth date(16) date(24)
mS * *% *k NS~ * T NS
. mR *k *k ] *k *k **k % *%
’ WG1026a *%k %k %%k *% k% T *k
PST321 NS NS NS NS . *k *k NS
c7 NS ® NS " NS NS * *
BCD175 NS " NS - NS * ok *k NS
NS Statistica11y non significant;
*

65
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CHAPTER 5

SUMMARY

This study provides the first reasonably complete dataset designed
to permit evaluation of the genetic control of physiological aspects of
winter hardiness in barley. The dependence of cold tolerance on crown
fructan content, heading date, growth habit aﬁd‘LTsowas investigatea. The
location of genes modifying expression of each of these characters was
identified, and the magnifude of the effects of allelic variation
estimated.

Crown fructan content appeared to be associated with winter survival
and cold tolerance. Growth habit and heading date appeared to be less
directly associated with winter éurviva], although 1inkagé among genes
controlling each of these characters méy have made selection for useful
recombinants difficult.

Analysis of the percent of lines in tails of trait distribﬁtions
demonstrated the potential difficulties which can be generated from the
use of tailed distribution analysis. Long term winter survival is still
the best estimator of winterhardiness; and one or two experimenté’ data
can lead to a poor assignment of lines to distribufion tails. Further,
while the Bozeman wiﬁter of 1992 provided good separation among lines
which showed relatively good winter survival, half of the lines in the
experiment showed no survival. Multiple year and location experiments
would aid in the development of accurate phenotypic\description of these -
lines.

This project did provide support for the contention that recombinant
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inbred 1ines;' especially doubled haploids, are uniquely suited to '
quantitative trait analysis when tﬁe frait under analysis is difficu]t tol
measure. Only recombinant inbredé proQide mapping resources which permit
the deve]opment of replicated experiments at multiple locations and over
multiple years. |

Many RFLP maps have been constructed solely using Southern blot
analysis. In this prbject, we used polymerase chain reaction (PCR) to
facilitate map constructjon in this cross. The’primer sequences for PCR
were génerated from sequence-tagged-sftes of the clones from the barley
literature and from the barley genome mapping project. We found that the
frequency with which we detected polymorphisms using PCﬁ was similar to
Southern blot analysis.

Seventy-seven markers used in this study were resolved to eight .
linkage groups. Seven linkage groups were known from prior mapping of the
chromésoma] location of markers. Oﬁe linkage group (ihat é;signed to
barley chfomosome 6) may be inaccurately located. 'Further‘use of markers
will clarify this probiem. ‘

QTL effects of all winter-hardiness-associated parameters (excepting
prostrate growth habit) measured in this sfudy were found to map to a
single 20cM interval on the long arm of chfomosome 7. The mR-BCD265b
interval on chrqmosome 7 wa§ the location of genes modifying these traits.
When recombinants within this interval were carefully evaluated, we found
that a gene modifying survival at Oregon and a gene modifying flowering
date uﬁdér 24 hours’ illumination occupied locations at different ends of
the jnterva]. This provides to our knowledge the first test of linkage

versus pleiotropy for QTL residing in a common interval. It also suggests
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that recombinants can be selected which break the association between
survival and late flowering.

Three loci mere“found to modify crown fructan content. The Targest
effect mapped to the interval on the long arm of chromosome 7, wh11e two
loci with Tless dramat1c effects were mapped to the short arm of chromosome
7 and ‘the long arm of chromosome “5.  The fructan QTL on chromosome 5
appeared to cosegregate with winter survival measured at Oregon in 1991.
The chromosome 7 fructan QTL showed no detectable interaction with winter
survival at either location. More accurate measurement of winter survival
" among these lines may help determine whether crown fructan content is
truly a critical factor in determining winterhardiness.

A total of three mapped intervals were found to contain QTL which
modified growth habit. Intervals on chromosome 2 and chromosome 5

accounted for 15.2 and 15.7 percent of the variation for this trait.
Major effects on heading date were located to the chromosome 7 interval
and to an intervol on chromosome 2 which accounted for approximately 13%
.of the variation for the character.

These data suggest that improvemont in winter survival may be .
accompanied by earlier heaoing and more erect growth if appropriate
se]ectioo is performed. -They also accentuate fhe importance of
appropriate selection of parents and accurate analysis of the phenotypic

value of Tines when performing a QTL experiment.
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