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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 e f f ic ie n c y  o f  s e le c tio n  fo r  improved co ld  to le ra n c e  in  
w in te r  b a r le y  has been a t t r ib u te d  to  a com bination o f  complex 
in h e r ita n c e  and d i f f i c u l t i e s  in  t r a i t  assessment. Several p h y s io lo g ic a l 
param eters have been used as s e le c tio n  c r i t e r i a  fo r  co ld  to le ra n c e . 
However, d e f in i t iv e  a n a ly s is  o f  the  Mendelian fa c to rs  c o n t r o l l in g  these 
param eters has no t y e t been perform ed. The o b je c t iv e s  o f  th is  research 
were to  g e n e t ic a l ly  in v e s t ig a te  the  re la t io n s h ip s  among ch a rac te rs  
assoc ia ted  w ith  w in te r  s u rv iv a l and to  id e n t i f y  the  chromosomal 
lo c a tio n s  o f  genes c o n t r o l l in g  those t r a i t s .

One hundred doubled h a p lo id  l in e s  d e rive d  from Fi  p la n ts  from a 
cross between D ick too  (w in te r )  x Morex (s p r in g )  were used to  study the  
g e n e tics  o f  f i e l d  s u r v iv a l,  LT50, f ru c ta n  c o n te n t, f lo w e r in g  date and 
p ro s tra te  growth h a b it .  A medium d e n s ity  lin k a g e  map was cons truc te d  
from  these doubled h a p lo id  l in e s  using DMA, p ro te in  isoenzyme, and 
m orpho log ica l m arkers. T h is  map was then u t i l iz e d  to  id e n t i f y  the 
lo c a t io n  o f  q u a n t i ta t iv e  t r a i t  lo c i  (QTL) associa ted  w ith  these t r a i t s .  
S equence-tagged-s ites (STS) were developed f o r  polymerase cha in  re a c tio n  
as DNA (PCR) m arkers.

S ig n i f ic a n t  c o r re la t io n s  between crown fru c ta n  co n te n t and w in te r  
hard iness param eters were d e tec ted . These re s u lts  suggested th a t  
f ru c ta n  con te n t may be one fa c to r  c o n tr ib u t in g  to  co ld  to le ra n c e . 
However, s e le c t io n  based on h igh fru c ta n  con ten t d id  no t p o s i t iv e ly  
improve o th e r w in te rh a rd in e ss  assoc ia ted  t r a i t s .

The STS-PCR system f a c i l i t a t e d  map c o n s tru c tio n  in  t h is  c ross . A 
se t o f  77 DNA markers were reso lved  in to  e ig h t lin k a g e  groups and 
d is t r ib u te d  to  seven chromosomes. Large QTL e f fe c ts  f o r  f ru c ta n  con ten t 
and a l l  w in te r  hard iness parameters except p ro s tra te  grow th h a b it  were 
de tec ted  in  a re g io n  o f  app rox im a te ly  20 centiM organs on th e  long arm o f  
chromosome 7. C a re fu l a n a ly s is  o f  l in e s  c a rry in g  recom bina tion  
b re a kp o in t w ith in  t h is  20cM in te rv a l suggested th a t  a t le a s t  2 genes 
a f fe c t in g  measured param eters were lo ca te d  w ith in  t h is  in te r v a l .  Th is 
in te r v a l a n a ly s is  suggested th a t  the  a s s o c ia tio n  among a t le a s t  some o f  
these t r a i t s  is  due to  lin k a g e  ra th e r  than p le io tro p y .  S m a lle r QTL 
e f fe c ts  m od ify in g  ch a ra c te rs  measured in  th is  study were de tec ted  on 
chromosome 2 and chromosome 5.
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CHAPTER I 

INTRODUCTION

I t s  l im ite d  a b i l i t y  to  s u rv ive  co ld  s tre s s  l im i t s  the  p rodu c tion  o f  

w in te r  b a r le y , a crop w ith  tremendous p o te n t ia l f o r  d iv e r s i fy in g  the  

p re v a il in g  w in te r  wheat m onoculture o f  North America. Several a ttem pts 

have been made to  understand the  g e n e tic  and p h y s io lo g ic a l c o n tro l o f  

w in te r  hard iness in  c e re a ls . The a s s o c ia tio n  o f  f ru c ta n  accum ulation w ith  

co ld  to le ra n c e  is  one o f  the p h y s io lo g ic a l parameters th a t  has been 

id e n t i f ie d .  However, accura te  es tim a tes o f  the  g e n e tic  dependence o f  

w in te r  hard iness on fru c ta n  con ten t have no t been re p o rte d .

The complex g e n e tic  bas is  o f  co ld  to le ra n c e  has t r a d i t io n a l l y  been 

s tu d ie d  th rough techn iques o f  q u a n t i ta t iv e  a n a ly s is . The development o f  

m o lecu la r marker te ch n o lo g ie s  p e rm itte d  the  ra p id  c o n s tru c tio n  o f g e n e tic  

maps and e v a lu a tio n  o f  the  g e n e tic  c o n tro l o f  q u a n t i ta t iv e  t r a i t s .  In 

b a r le y , isozymes, seed sto rage  p ro te in s , and DNA markers have been used in  

lin k a g e  a n a ly s is  experim ents. The r e s u lt in g  lin k a g e  maps have pe rm itted  

the  d e s c r ip t io n  o f  the  g e n e tic  c o n tro l o f  q u a n t ita t iv e  c h a ra c te rs .

T r a d i t io n a l ly ,  DNA markers were id e n t i f ie d  using Southern b lo t t in g  

to  d e te c t r e s t r ic t io n  fragm ent le n g th  polymorphisms (RFLPs). A ra p id , 

n o n -ra d io a c t iv e , and p ra c t ic a l techn ique , polymerase cha in  re a c tio n  (PCR) 

has been Used to  d e te c t RFLPs in  many genome mapping p ro je c ts .  The 

techn ique  re q u ire s  s h o rt sequence p rim ers  which promote the  s e le c tiv e  

a m p lif ic a t io n  o f  ta rg e t  DNA fragm en ts . The Sequence-Tagged-site (STS) 

approach helped span the  gap between RFLP-based mapping p ro je c ts  and PCR 

techno logy .
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Doubled h a p lo id  techn iques can p rov id e  im m ortal g e n e tic  re fe rence  

p o p u la tio n s  fre e  o f  n o n -a d d it iv e  types o f  gene a c tio n  th a t  com plica te  

seg rega ting  g e n e ra tion  analyses in  autogamous spec ies . They are a lso  

id e a l ly  s u ite d  fo r  lin k a g e  map c o n s tru c tio n  and QTL mapping. A doubled 

h a p lo id  p o p u la tio n  from  a sp rin g  x w in te r  b a r le y  was used in  t h is  s tudy . 

Our o b je c t iv e s  were i )  to  g e n e t ic a l ly  s tudy the  re la t io n s h ip  between 

fru c ta n  accum ulation and w in te r  h a rd iness ; i i )  to  develop the  STS-PCR map 

te chno logy ; i i i )  to  generate  the  g e n e tic  map o f  the  cross and lo c a te  the  

QTL c o n t r o l l in g  w in te r  hard iness and i t s  assoc ia ted  c h a ra c te rs .
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GENETICS OF FRUCTAN CONTENTS AND WINTERHARDINESS IN 
A WINTER X SPRING BARLEY

In tro d u c tio n

Several s tu d ie s  on the  re la t io n s h ip  between fru c ta n  accum ulation and 

w in te r  hard iness have been repo rte d  in  many p la n t species in c lu d in g  b a rle y  

( P on tis  and del CampiH o ,  1985; C h a tte rto n  e t a l ,  1988; C h a tte rto n  e t a l , 

1989; P o n tis , 1989; Suzuki and Nass, 1987; L iv in g s to n  e t a l , 1989). 

C h a tte rto n  e t a l (1989) demonstrated th a t  tem pera ture  had a profound 

e f fe c t  upon the  accum ulation o f  to ta l  n o n s tru c tu ra l carbohydra tes in  many 

grass spec ies . Exposure o f  many ce re a ls  and grasses to  low tem peratures 

induced la rg e  accum ulation o f  f ru c ta n  and sucrose ( P o n tis  and Del 

C am p illo , 1985). In b a r le y , L iv in g s to n  e t al (1989) dem onstrated th a t  

f ru c ta n  con te n t was increased in  co ld  acc lim a ted  p la n ts  and th a t  s to red  

fru c ta n s  were hydro lyzed  when the  p la n ts  r e in i t ia t e d  growth a t normal 

tem pera tu res. Long cha in  fru c ta n s  (h ig h  DP fru c ta n s )  were found to  be 

more c lo s e ly  assoc ia ted  w ith  co ld  hard iness than low DP fru c ta n s  

(L iv in g s to n  1991, Suzuki and Nass, 1987). A lthough th e  presence o f  

fru c ta n s  in  p la n t appeared to  be advantageous fo r  w in te r  hard iness 

( P o in t is  and Del C am p illo , 1985), no d i r e c t  evidence o f  c ry o p ro te c tio n  by 

fru c ta n s  has been presented (P o llo c k , 1986).

The g e n e tic  and p h y s io lo g ic a l bases o f  w in te rh a rd in e s s  are p o o rly  

understood. P h y s io lo g ic a l measurements which have been commonly used to  

e s tim a te  co ld  hard iness in  ce re a ls  in c lu d e  lo n g -te rm  f i e l d  s u rv iv a l 

(O lie n , 1978) and c o n tro lle d  freeze  te s ts  to  determ ine LT50 (tem perature  

a t which 50% o f  the  p la n t p o p u la tio n  is  k i l le d )  (Pomeroy and Fow ler,

CHAPTER 2
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1973).

W hile the  g e n e tic  c o n tro l o f  w in te rh a rd in e ss  has not y e t been 

e lu c id a te d , w in te r  and s p r in g  growth h a b it  in  b a r le y  were found to  be 

c o n tro lle d  by the  a c tio n  o f  a l te rn a t iv e  a l le le s  a t th re e  un lin ked  lo c i .  

These genes s tro n g ly  a ffe c te d  v e rn a liz a t io n  requ irem en t, pho toperiod  

response, and m a tu r ity  (Takashashi and Yasuda, 1969). E p is ta s is  a t these 

th re e  lo c i made i t  d i f f i c u l t  to  study gene a c tio n  d i r e c t ly .  Takahashi and 

Yasuda (1969) found th a t  the  g e n e tic  c o n tro l o f  growth h a b it  cou ld  more 

e a s i ly  be s tu d ie d  i f  p la n ts  were grown in  c o n tro lle d  environm ents under 24 

hour l ig h t in g .  D o ll e t a l . (1989) re p o rte d  th a t  v e rn a liz a t io n  requ irem ent 

is  assoc ia ted  w ith  co ld  to le ra n c e .

In  t h is  experim ent we s tu d ie d  the  g e n e tic  c o n tro l o f  crown fru c ta n  

accum ulation in  a se t o f  doubled h a p lo id  l in e s  which d e rive d  from a sim ple 

cross between a c o ld -s u s c e p tib le  sp rin g  b a r le y  and a hardy w in te r  b a r le y . 

Our o b je c t iv e s  in  t h is  study were i )  to  p rov ide  the  f i r s t  g e n e tic  

in v e s t ig a t io n  o f  f ru c ta n  accum ula tion , w in te r  hard iness and re la te d  t r a i t s  

in  a p o p u la tio n  o f  l in e s  de rive d  from a w in te r  x sp rin g  b a r le y  cross i i )  

to  e va lua te  the  re la t io n s h ip s  between p h y s io lo g ic a l ch a ra c te rs  associa ted  

w ith  w in te r  s u rv iv a l in  t h is  p o p u la tio n  o f  T ines and i i i )  to  determ ine how 

much o f  th e  apparent a s s o c ia tio n  between ch a rac te rs  was due to  p le io tro p y .

M a te r ia ls  and Methods

P lan t M a te ria l

One hundred doubled h a p lo id  (DH) l in e s  were developed using the  

Hordeum bulbosum techn ique , as described  by Chen and Hayes (1989), from  F1 

p la n ts  o f  the  cross o f  D ick too  x Morex. D ick too  (C l 5529) is  a s ix-row ed
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w in te r  feed b a r le y  o f  p o o rly  c h a ra c te r iz e d  ances try  which was re leased by 

the  Nebraska A g r ic u ltu ra l Experiment S ta tio n  in  1952 . Morex (CI15773) is  

a s ix -row ed  s p r in g  m a ltin g  b a r le y  re leased by the M innesota A g r ic u ltu ra l 

Experiment S ta t io n  in  1978 (Rasmussen, 1978).

T r a i t  Assessment

We used th re e  measures o f  co ld  to le ra n c e : f i e l d  s u rv iv a l a t 

C o rv a l l is ,  Oregon, f i e l d  s u rv iv a l a t Bozeman1 Montana, and LT50. F ie ld  

s u rv iv a l a t C o rv a ll is  was measured by v is u a l ly  assessing percen t s u rv iv a l 

fo llo w in g  the  w in te r  o f  1990-1991. Each DH l in e  was represented by an 

u n re p lic a te d  p lo t  c o n s is t in g  o f  two 1.5 m rows. F ie ld  s u rv iv a l a t Bozeman 

was measured as the  d if fe re n c e  between i n i t i a l  (O ctober, 1991) and p o s t­

co ld  s tre s s  (March, 1992) p la n t stands in  a randomized complete b lock  

experim ent c o n ta in in g  th re e  r e p lic a t io n s .  Mean s u rv iv a l (MeanSUR) was the 

mean o f  the  f i e l d  s u rv iv a l es tim ates a t both lo c a tio n s .  The LT50 o f  each 

DH l in e  was determ ined using p la n t m a te r ia l hardened a t 2°C fo r  5 weeks 

w ith  a 10 h l ig h t /1 4  h da rk  pho toperiod  regim e. Four tem pera tures (0 , -4 , 

-8 , -12°C) w ith  ten  p la n ts  a t each tem pera ture  were used to  determ ine the 

LT50 o f  each DH l in e .  A to ta l  o f  th re e  re p lic a te s  was run from October 

1990 to  February 1991. P la n t m a te ria l was prepared fo r  f re e z in g ,  and LT50 

va lues were computed, as described  by K o la r e t a l . (1991).

Heading date  was estim ated using the  heading date  o f  unve rna lized  

p la n t m a te r ia l under greenhouse c o n d it io n s  o f  18°C d a y /n ig h t and 24 h 

l i g h t .

The co n te n t o f  fru c ta n s  w ith  a degree o f  p o ly m e riz a tio n  (DP) > 5 was 

determ ined using crowns from  f ie l d  hardened p la n ts .  F ive p la n ts  o f  each 

genotype were dug from f i e l d  p lo ts  a t C o rv a l l is ,  OR in  January, 1992. In



6

1991, o n ly  the  f i f t e e n  le a s t  and most hardy based on f i e l d  s u rv iv a l 

measurement a t C o rv a l l is ,  OR in  1991 were sampled f o r  crown fru c ta n  

a n a ly s is . P lan ts  were washed, trim m ed, and the crowns were im m ediate ly 

frozen  in  l iq u id  n itro g e n . T issue was ly o p h iI i zed f o r  15 days. Crown 

t is s u e  was ground in  l iq u id  n itro g e n  and 50 mg per sample were used fo r  

f ru c ta n  e x tra c t io n .  F ive ml o f  d i s t i l l e d  w ater Were added to  each 50 mg 

sample; samples were shaken and then incubated fo r  15 min in  a 90°C w ater 

ba th . The superna tan t was poured through an A m b e rlite  MB-3A ion exchange 

re s in  column and the  e lu a te  volume ad jus ted  to  5 ml w ith  w a te r .  ̂ Th is step 

was repeated tw ic e . The column was then washed w ith  5 ml o f  90°C w a te r, 

and the  w a te r e x tra c ts  were d r ie d  a t 60°C fo r  6 to  8 h. D ried  samples were 

d is s o lv e d  in  I  ml o f  GO0C w ater and c e n tr ifu g e d  a t 12,000 rpm fo r  10 m in. 

The supe rna tan t was f i l t e r e d  through a 0.45 m icron f i l t e r  p r io r  to  

in je c t io n  in to  the  HPLC, which was equipped w ith  a BioRad carbo-C guard 

column and a BioRad HPX-42 C carbohydra te  column. Fructan con ten t (> DP 

5) was expressed as mg g"1 on a d ry  w e igh t bas is  (mg/gdw).

RFLP and C o rre la tio n  A n a lys is

Seventy-seven markers were used in  th is  experim ent. Genomic and 

cDNA clones were su p p lie d  by C o rne ll U n iv e rs ity ,  the  North American B a rley  

Genome P ro je c t o r  were among those described  in  Shin e t a l . (1991). PCR 

markers were developed as described  by Tragoonrung e t  a l ( in  p ress, 

Chapter 3 in  t h is  t h e s is ) ^  B r ie f ly ,  f o r  RFLP a n a ly s is , p la n t DNA was 

prepared from  fre s h  t is s u e  using the  techn ique  o f  D e lla p o r ta  e t a l .(1 9 8 4 ). 

DNA samples (10 ^g ) were d iges ted  w ith  a p p ro p ria te  r e s t r ic t io n  endonuclea­

ses, separated on 0.8% agarose ge ls  in  T r is -B o ra te  b u f fe r  and tra n s fe r re d  

to  charged nylon  membranes using the  a lk a lin e  t ra n s fe r  p ro to c o l o f  Reed
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and Mann (1985). Cloned DNA in s e r ts  were cu t from  low m e ltin g  p o in t 

agarose and la b e le d  by random p rim ing  ( Feinberg and V o g e ls te in  1984). 

F i l t e r s  were p re h y b rid iz e d , h y b r id iz e d  o v e rn ig h t, washed w ith  a f in a l  

s tr in g e n c y  o f  0.1 XSSC, 0.1% SDS, 65 C, and exposed to  f i lm  as needed. 

Isozymes were assayed as described by N ie lsen  and Johansen (1986) and 

s to rage  p ro te in s  were assayed as described  by Blake e t a l (1982). The 

m orpho log ica l markers were scored using a stereom icroscope o r w ith  a hand 

le n s .

R esu lts  and D iscussion

Fructan chromatograms o f  D ick too  and Morex c u l t iv a r s  harvested under 

both hardening and non-hardening c o n d it io n s  are shown in  F igure  I .  When 

non-hardened crown t is s u e  was used, f ru c ta n  was no t de tec ted  in  e i th e r  

D ick too  o r Morex. A f te r  hardening in  the  f ie l d  in  1992, D ick too  crowns 

con ta ined  137 mg fru c ta n /g d w , w h ile  Morex crowns con ta ined  66.2 mg 

fru c ta n /g d w . In  1991, b a r le y  p la n ts  grown in .  the  greenhouse were 

t ra n s fe r re d  to  a growth chamber and hardened a t 2°C fo r  f iv e  weeks. 

Fructan con ten ts  o f  D ick too  and Morex were 90.9 and 15.7 mg fru c ta n /g d w , 

re s p e c t iv e ly .  When compared to  fru c ta n  s tandards, the  m ajor fru c ta n  

species which d i f fe r e d  in  c o n c e n tra tio n  between D icktoo  and Morex were DP5 

o r g re a te r .  Lower DP (DP3-DP5) fru c ta n s  were de tec ted  in  p la n ts  which 

were acc lim a ted  in  the  growth chamber (1991). F ie ld  hardened p la n ts  

(1992) con ta ined  le s s  DP3-DP5 fru c ta n  than growth chamber acclim ated 

p la n ts .  S im ila r  re s u lte d  were re po rte d  by C h a tte rto n  e t a l . (1989) and 

P o llo c k  (1986).

The range and mean o f  crown fru c ta n  c o n te n t, LT50, f i e l d  s u rv iv a l,  

and heading date  are shown in  Table I .  S p e c if ic s  on th e  d is t r ib u t io n  o f
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these t r a i t s  were re p o rte d  in  our companion paper (Hayes e t a l ,  

su b m itte d ). Fructan con ten t o f  te s te d  doubled h a p lo id  l in e s  in  1991 was 

le ss  than th a t  o f  1992 (Table I ) .  Th is  may be due to  d if fe re n c e s  in  growth 

stages o f  the  p la n ts  a t h a rve s t, o r to  environm enta l v a r ia t io n .  P lan t 

t is s u e s  c o lle c te d  from  the  f ie ld  were la rg e r  and had been dormant lo nge r 

than the  p la n ts  grown in  the  greenhouse and acc lim ated in  growth chambers. 

L e v i t t  (1980) re p o rte d  th a t  the  degree o f  w in te r  hard iness o f  p la n ts  

depended upon developmental stage and environm enta l c o n d it io n s . Average 

f i e l d  s u rv iv a l a t C o rv a l l is ,  OR (ORSUR) was h ig h e r than th a t  a t Bozeman, 

MT (MTSUR). H a lf  o f  the  doubled h a p lo id  l in e s  screened a t Bozeman, MT 

s u ffe re d  com plete w in t e r k i l l .  F ie ld  s u rv iv a l o f  Morex were 10%, and 0% a t 

C o rv a l l is ,  OR and Bozeman, MT, re s p e c t iv e ly .  D ick too  showed 82% s u rv iv a l 

a t C o rv a ll is  and 62% s u rv iv a l a t Bozeman. LT50 and heading date fo r  

D ick too  and Morex were - 5 . 5°C and 62 days, and -3.9°C and 45 days, 

re s p e c t iv e ly .

Table I .  Mean, minimum, and maximum va lues o f  p h y s io lo g ic a l t r a i t s  fo r  
w in te r  ha rd iness .

T ra its Min Mean Max

Fructan91 0.00 36.00 103.00
Fructan92 58.60 97.80 237.40
LT50 -11 .00  , -6 .07 -2 .7 0
Heading date 27.00 47.18 97.00
ORSUR 1.00 53.73 100.00
MTSUR 0.00 25.08 85.00

Fructan91 = fru c ta n  con ten ts  measured in  1991; Fructan92 = fru c ta n  
con ten ts  measured in  1992; ORSUR = f i e l d  s u rv iv a l a t C o rv a l l is ,  OR in  
1991; MTSUR = f ie l d  s u rv iv a l a t Bozeman, MT in  1992.



9

o
iJ j

0:1

'M
-d"

'M
T

>M

■d- a
'Ti

r- fv.

A B

C4J

C D

F igure  I .  HPLC chromatograms o f  f ru c ta n  con ten ts  f o r  D ick too  and Morex 
c u l t iv a r s .  A) Fructan chromatogram o f  non-hardened D ick to o  t is s u e . B) 
Fructan chromatogram o f  non-hardened Morex t is s u e . C) Fructan chromatogram 
o f  hardened D ick to o . D) Fructan chromatogram o f  hardened Morex t is s u e .
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C o rre la tio n s  among crown fru c ta n  con ten t and p h y s io lo g ic a l 

parameters assoc ia ted  w ith  w in te r  hard iness are shown in  Table 2. 

S ig n i f ic a n t  c o r re la t io n s  were observed between crown fru c ta n  con ten t and 

each o f  the  o th e r measured parameters in  the  1992 experim ent. In 1991, 

o n ly  the  f i f t e e n  most and le a s t  hardy l in e s  were sampled f o r  crown fru c ta n  

c o n te n t. As would be expected, the  reduced sample s iz e  r e la t iv e  to  the  

1992 experim ent re s u lte d  in  reduced experim enta l s e n s i t i v i t y .

Table 2. C o rre la tio n  c o e f f ic ie n ts  between fru c ta n  con te n t in  1991 and 
1992 and p h y s io lo g ic a l param eters.

T ra its Fructan91 Fructan92

LT50 0.29"= 0.27*
Heading date 0.24"= 0.47**
ORSUR 0.63** 0.47**
MTSUR 0.57** 0.41**
MeanSUR 0.60** 0.50**

* *  S ig n i f ic a n t  le v e l a t 1% 
*  S ig n i f ic a n t  le v e l a t 5% 
ns N o n -s ig n if ic a n t .
ORSUR = f i e l d  s u rv iv a l a t C o rv a l l is ,  OR in  1991; MTSUR = f i e l d  s u rv iv a l a t 
Bozeman, MT in  1992; MeanSUR = mean f i e l d  s u rv iv a l from  both lo c a tio n s .

F ie ld  s u rv iv a l is  among the  most e rro r-p ro n e  measurements commonly 

made by p la n t  s c ie n t is ts .  We compared the  s im i la r i t y  o f  t a i l s  o f  

d is t r ib u t io n s  had s e le c tio n  o f  t a i l s  been performed a t e i th e r  Bozeman, 

C o rv a l l is ,  o r  us ing t h e i r  o v e ra ll mean va lue  (Table 3 ) .  The sim ple 

c o r re la t io n  va lue  between crown fru c ta n  con ten t and f i e l d  s u rv iv a l was 

h ig h e r us ing da ta  from  C o rv a ll is  than th a t  a t Bozeman. The c o r re la t io n  

between fru c ta n  con ten t in  1991 and 1992 was 0 .46 . O bv iou s ly , i f  one is  

go ing to  perfo rm  a t a i le d - d is t r ib u t io n  a n a ly s is  (Lander and B o ts te in, 

1989) one must be c a re fu l in  o b ta in in g  the  d is t r ib u t io n  upon which the
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t a i l s  are s e le c te d .

The c o r re la t io n  between fru c ta n  con ten t and LT50Was much low er than 

th a t  re p o rte d  by L iv in g s to n  a t a l . (1989). This may r e s u lt  from the 

d if fe re n c e  in  sample s iz e  o r reduced dependence o f  LT50 on crown fru c ta n  

con ten t in  progeny from  th is  c ross . S ig n if ic a n t  p o s i t iv e  c o r re la t io n s  

were found between LT50 and heading da te , LT50 and MEANSUR, and heading date 

and MEANSUR (0 .4 3 , 0 .45 , 0 .5 , re s p e c t iv e ly ) .

Table 3. Percentage o f  l in e s  in  common among p h y s io lo g ic a l t r a i t s  a t 15 
and 25% s e le c tio n  in te n s i t ie s .

T ra its LT50 Heading
date

Fructan92

15% D ick to o  type
Oregon s u rv iv a l 40 33 47
Bozeman s u rv iv a l 33 33 40
Heading date 56 100 60
LT50 100 56 36

15% Morex Type
Oregon s u rv iv a l 20 33 13
Bozeman s u rv iv a l ND ND ND
Heading date 20 100 '33
LT50 100 20 26

25% D ick too  type  '
Oregon s u rv iv a l 44 60 40
Bozeman s u rv iv a l 52 . 52 48
Heading date 56 100 48
LT50 100 56 36

25% Morex type
Oregon s u rv iv a l 40 32 20
Bozeman s u rv iv a l ND ND ND
Heading date 48 100 36
LT50 100 48 28

ND= Data no t determ ined.
Fructan92 = fru c ta n  con ten ts  measured in  1992.
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To determ ine how e f fe c t iv e ly  s e le c t io n  f o r  any o f  these cha rac te rs  

would r e s u lt  in  c o r re la te d  s e le c tio n  fo r  another o f  these ch a ra c te rs , we 

c a lc u la te d  the  percentage o f  common l in e s  among d is t r ib u t io n  t a i l s  

(Tragoonrung e t a l 1990) .  The percentage o f  l in e  in  common fo r  p a irs  o f  

ch a ra c te rs  using t a i l s  com pris ing  e ith e r  15% and 25% o f  each d is t r ib u t io n  

are shown in  Table 3. I f  s e le c tio n  were performed s o le ly  on the  basis o f  

h igh fru c ta n  c o n te n t, app rox im a te ly  50% o f  the  lin e s  se le c te d  would show 

good s u rv iv a l and delayed heading da te . T h i r t y - s ix  pe rcen t o f  l in e s  w ith  

h igh fru c ta n  con ten t showed low LT50.

I t  has been suggested th a t  fru c ta n s  may a c t as t is s u e  c ry o p ro te c ta n t 

by m od ify in g  ic e  c ry s ta l fo rm a tio n  (O lie n  and L e s te r, 1985). I t  has a lso  

been suggested th a t  delayed sp rin g  heading and low LT50 va lues have 

independent fu n c t io n s  in  a t ta in in g  the  u lt im a te  phenotype needed fo r  

successfu l o v e rw in te r in g . To determ ine the  a s s o c ia tio n  o f  w in te rh a rd in e ss  

t r a i ts * a n d  g e n e tic  m arkers, a se t o f  markers was used fo r  c o r re la t io n  

a n a ly s is  w ith  the  fo u r  p h y s io lo g ic a l c h a ra c te rs . Four markers showed 

s ig n i f ic a n t  c o r re la t io n s  fo r  a l l  the  t r a i t s  (Table 4 ) .  These fo u r  markers 

map to  th e  long arm o f  b a r le y  chromosome 7 and comprise a f a i r l y  t ig h t l y  

l in k e d  s e t o f  lo c i .  S ix  o th e r markers showed s ig n i f ic a n t  c o r re la t io n s  

w ith  fru c ta n  co n te n t and a com bination o f  s ig n if ic a n t  c o r re la t io n s  w ith  

the  o th e r measured ch a ra c te rs . T h is  suggests th a t  one gene o r gene 

c lu s te r  on the  long arm o f  b a r le y  chromosome 7 c o o rd in a te ly  m o d ifie s  crown 

fru c ta n  c o n te n t, LT50, w in te r  s u rv iv a l,  and f lo w e r in g  d a te . Th is could 

r e s u lt  from  e i th e r  lin k a g e  o r p le io tro p y .  On chromosome 5 th e re  is  

ano ther lo cus  in  the  v ic i n i t y  o f  th e  gene encoding D ho rde in  which has 

s ig n i f ic a n t  im pact on both crown fru c ta n  con ten t and s u rv iv a l a t C o rv a ll is
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Oregon, bu t which showed l i t t l e  in te ra c t io n  w ith  o th e r c h a ra c te rs . On the 

s a t e l l i t e  o f  chromosome 7 (KSU32) th e re  appears to  be a gene which has an 

e f fe c t  on crown fru c ta n  con ten t and heading da te .

These re s u lts  suggest th a t  a gene (o r  perhaps a t ig h t l y  lin k e d  

c lu s te r  o f  genes) w ith  m ajor impact on development re s id e s  on the  long arm 

o f  b a r le y  chromosome 7. Th is gene o r gene c lu s te r ,  when de rive d , from 

D ick to o , re s u lts  in  a b a r le y  l in e  w ith  many o f  the  c h a ra c te r is t ic s  

assoc ia ted  w ith  good w in te r  s u rv iv a l.  The D icktoo  a l le le  re s u lts  in  

delayed heading, h igh crown fru c ta n  c o n te n t, low LT50 and r e la t iv e ly  good 

f ie l d  s u rv iv a l a t e i th e r  Bozeman o r C o rv a l l is .  Two o th e r lo c i ,  one on 

chromosome 5 and the  o th e r on the  s a t e l l i t e  o f  the  s h o rt arm o f  chromosome 

7, have an im pact on crown fru c ta n  c o n te n t. The chromosome 5 locus is  

a lso  im p lic a te d  in  w in te r  s u rv iv a l w h ile  the  locus on th e  s a t e l l i t e  o f  

chromosome 7 is  im p lic a te d  in  delayed f lo w e r in g .

Some o f  the  d i f f i c u l t y  experienced in  deve lop ing  b a r le y  germplasm 

w ith  improved co ld  to le ra n c e  can be exp la ined  by these re s u lts .  The 

la rg e s t  fa c to r  re s u lt in g  in  the  e x c e lle n t f i e l d  s u rv iv a l p o te n t ia l o f  

D ick too  appears to  be in h e r ite d  as though i t  were a s in g le  Mendeli an gene 

on the  long arm o f  chromosome 7. U n fo r tu n a te ly , th is  one Mendelian gene 

appears to  r e s u lt  in  delayed f lo w e rin g  in  a d d it io n  to  improved s u rv iv a l,  

lowered LT50 and increased crown fru c ta n  c o n te n t. P lan t breeders have fo r  

decades sought e a r l ie r  f lo w e r in g , hardy b a r le y  genotypes. Since i t  is  

both e a s ie r  and more e f fe c t iv e  to  s e le c t f o r  f lo w e r in g  date  than fo r  

w in te r  s u r v iv a l,  in  wide crosses using D ick too  as a pa ren t the  se lec ted  

progeny would l i k e l y  no t c a rry  the  D ick too  a l le le  f o r  w in te r  s u rv iv a l a t 

t h is  locus due to  i t s  a s s o c ia tio n  w ith  delayed heading.
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Two o f  the  th re e  lo c i found to  m od ify  crown fru c ta n  con ten t were 

a lso  shown to  a f fe c t  f lo w e r in g  da te . I t  would seem reasonable to  

hypo thes ize  a p h y s io lo g ic a l re la t io n s h ip  between fru c ta n  d e p o s itio n  (o r  

reduced tu rn o v e r)  and delayed in flo re s c e n c e . Using the  sim p le  chromosome 

7 m arker, rough awns, and the  f la n k in g  marker BCD265b, i t  should be 

s tra ig h t fo rw a rd  to  develop iso gen ic  l in e s  which va ry  f o r  t h is  re g io n . 

Once a v a ila b le ,  p h y s io lo g ic a l a n a ly s is  o f  d iffe re n c e s  among lin e s  would 

appear reasonab le . L ine development is  in  p rog ress, and iso gen ic  p a irs  

can be accessed from  Dr. P a tr ic k  M Hayes when they are a v a ila b le .



Table 4. C o rre la tio n  c o e f f ic e in ts  o f  RFLP markers th a t  showed s ig n if ic a n t  in te ra c t io n s  w ith  
fru c ta n  con ten t (F ru c ta n 9 2 ).

Markers Loc1 Fructan92 LT50 Heading date MTSUR ORSUR MeanSUR

AWN
pKSU24
BCD265b

7L
7L
7L I! •f 0.57**

0.60**
0.44**

0.72**
0.65**
0.66**

C3a 7L 0.50m 0.43 0.65* 0.77 0.78** 0.80**
RACH 7L 0.23 0 . 03ns 0.23 0.28 0.29** 0.32**
HorD ' 5L 0.25 0.05ns 0 .02": 0 .07": 0.20* 0 .16":
ap340a 5L 0.26ee - 0.01ns 0 .01": 0 .04": 0.19* 0 .14":
pKSU32 7S 0.44 0.32ns 0.59** 0 .32": 0 .37": 0 .3 6 " :.
CS ? 0.39 0 .23": 0 .07": 0 .02": 0 .03": 0 .01":
F4

T 1OL*'''----------------

? 0.48 0.05"= 0 .05": 0 .21": 0 .23": 0 .22":

* *  = S t a t is t i c a l l y  s ig n i f ic a n t  le v e l a t 99%
*  = S t a t is t i c a l l y  s ig n i f ic a n t  le v e l a t 95% 
ns = S t a t is t i c a l l y  non s ig n i f ic a n t
MTSUR = f ie l d  s u rv iv a l a t Bozeman, MT in  1992; ORSUR = f ie ld  s u rv iv a l a t C o rv a ll is ,  OR in  1991- 
MeanSUR = mean f i e l d  s u rv iv a l o f  both lo c a tio n s . '

H
Ul
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STS FACILITATED PCR FOR BARLEY GENOME MAPPING.

In tro d u c tio n

C urren t genomic lin k a g e  maps are g e n e ra lly  based on r e s t r ic t io n  

fragm ent le n g th  polymorphisms (RFLPs) ( B o ts te in  e t a l . ,  1980).

Conventional d e te c tio n  o f  RFLPs by Southern b lo t  a n a ly s is  (Southern , 1975) 

is  la b o r io u s  and c o s t ly  (Beckmann and S e lle r ,  1983; Beckmann, 1988). The 

polymerase cha in  re a c t io n  (PCR) (S a ik i e t  a l . ,  1985; M u ll is  and Faloona, 

1987) p rov ides  a ra p id , safe  and e f f i c ie n t  method f o r  screen ing  la rg e  

p o p u la tio n s . U n like  Southern b lo t  a n a ly s is , PCR can d i r e c t ly  d is t in g u is h  

between in s e r t io n /d e le t io n ,  o r  p o in t m u ta tion  even ts . P o in t m uta tion  

polymorphisms can be de tec ted  by h y b r id iz in g  PCR products  w ith  a l le le -

s p e c if ic  o lig o n u c le o tid e s  (H iguch i e t a l . ,  1988; Li e t  a l . ,  1988; Kurth e t
o

a l . ,  1991), DNA sequencing o f  PCR products  (Wong e t a l . ,  1987), cleavage 

o f  PCR p roducts  w ith  a r e s t r ic t io n  endonuclease (S a ik i e t  a l . ,  1985), and 

de n a tu rin g  g ra d ie n t gel e le c tro p h o re s is  (Myers e t a l . ,  1987; R ie d e l, e t 

a l . ,  1990). In s e r t io n /d e le t io n  polymorphisms can be analyzed by s iz in g  o f  

PCR products  v ia  gel e le c tro p h o re s is  (H iguch i e t a ! . ,  1988; Shin e t a l . ,  

1990). A m ajor l im i ta t io n  fo r  PCR a n a ly s is  is  the  need f o r  ex tens ive  

sequence in fo rm a tio n  in  o rde r to  syn thes ize  the  a p p ro p ria te  prim ers 

(W illia m s  e t a l . ,  1991). W illia m s  e t a l .(1990) proposed us ing  a r b it r a r y  

n u c le o tid e  sequences as s in g le  prim ers f o r  a m p lif ic a t io n  o f  random DNA 

fragm ents (RAPD).

In  the  human genome mapping p ro je c t ,  an a ttem pt to  conve rt the 

g e n e tic  map to  a p h ys ica l map has been g re a t ly  s im p l i f ie d  by using

CHAPTER 3
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sequence-tagged s ite s  (STS). An STS is  a s h o r t ,  unique sequence, 

a m p lif ie d  by PCR, which id e n t i f ie s  a known lo c a tio n  on a chromosome (Olson 

e t a l . ,  1989). To da te , a l l  STSs th a t  have been used in  mapping p ro je c ts  

have been d e riv e d  from  w e ll-c h a ra c te r iz e d  DNA probes o r sequences (Cole e t 

a l . ,  1991). DzO v id io  e t a l.(1 9 9 0 ) and W eining and Langridge (1991) showed 

th a t  PCR can be used to  d e te c t g e n e tic  polymorphisms in  ce re a ls  w ith  

p rim er sequences d e rive d  from the  sequence o f  a -y -g lia d in  gene and a <*- 

amylase gene, re s p e c t iv e ly .

Here, we propose two approaches to  o b ta in  STSs f o r  b a r le y  genome 

mapping. One approach is  to  u t i l i z e  sequence data from  Genebank to  

c o n s tru c t p r im e rs . Another is  to  sequence anonymous DNA clones used in  

genome mapping p ro je c ts .  P o in t m u ta tion  polymorphisms w ith in  a m p lif ie d  

fragm ents were de tec ted  on po lyacry lam ide  ge ls  o f  d ig e s te d  PCR products 

w ith  fo u r-ba se  c u t te rs .  In s e r t io n /d e le t io n  events were observed d i r e c t ly  

by gel e le c tro p h o re s is .

M a te ria l and Methods

G enetic Stocks

Two doubled h a p lo id  p o p u la tio n s  were generated from  b a rle y  cv. 

D ick too  x Morex (DxM), a w in te r  x s p r in g  c ro ss , and from  S teptoe x cv. 

Morex (SxM), a s p r in g  x s p rin g  cross by the  North American B a rley  Genome 

Mapping P ro je c t (NABGMP). For the  DxM c ro ss , 30 doubled hap lo id  l in e s  

were used fo r  seg rega tion  a n a ly s is . One hundred and f i f t y  doubled hap lo id  

progenies were used fo r  seg rega tion  a n a ly s is  in  the  SxM c ro ss . A se t o f  

w h e a t-b a rle y  (c v . Chinese S p rin g -cv . Betzes c u l t iv a r s )  chromosomal 

a d d it io n  l in e s  described  by Is lam  e t a l . (1981) was u t i l iz e d  fo r  

chromosomal assignment o f  polymorphisms.
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DNA Is o la t io n

Genomic DNA was prepared using the  procedure o f  Ausubel e t a l . 

(1987), m o d ifie d  as fo llo w s : 10 g fre s h  w e igh t o f  young le a f  t is s u e  was 

ground to  a f in e  powder under l iq u id  n itro g e n  and incubated a t 55 C in  20 

ml o f  e x tra c t io n  b u f fe r  (100 mM T ris -H C l pH 8 .5 , 100 mM EDTA, 250 mM NaCl, 

0.5% SDS, and 100 ug/ml p ro te in a se  K) f o r  2 h rs . T h e ,ly s a te  was e x tra c te d  

w ith  20 ml pheno l: ch lo ro fo rm  s o lu t io n  (50% phenol, .49% ch lo ro fo rm , 1% 

isoamyl a lc o h o l) ,  fo llo w e d  by ch lo ro fo rm  e x tra c t io n ,  and ethanol 

p r e c ip i ta t io n .  DNA was c e n tr ifu g e d  a t 5000 rpm fo r  15 m in . , suspended in  

2 ml o f  s t e r i le  w a te r, and tre a te d  w ith  20 ug DNase fre e  RNase fo r  2 h r . 

DNA was e x tra c te d  w ith  phe no l: c h lo ro fo rm , and c h lo ro fo rm , ad jus ted  to  a 

c o n c e n tra tio n  o f  0 .3  M sodium a c e ta te , and ethanol p re c ip ita te d .  The 

p u r i f ie d  DNA was d is s o lv e d  in  s t e r i le  w a te r and s to red  a t -20 C u n t i l  use.

DNA Sequencing

Four DNA c lo nes , P s tl-3 1 9 , P s tl-3 2 7 , P s tl-3 3 7 , and P s tl-3 4 0 , were 

randomly se le c te d  fo r  sequencing from a P s tI b a r le y  genomic l ib r a r y ,  

p rov ided  by Dr. Nora Lap itan  (Colorado S ta te  U n iv .) .  S in g le -s tra n d e d  DNA 

(ssDNA) tem p la tes  were generated using PCR as described  by H iguchi and 

Ochman (1989). PCR p rim e rs , 5 ' TACGACTCACTATAGGGC 3 ' and 5 ' 

CGCCAAGCTATTTAGGTG 3 ' ,  were used to  a m p lify  the  in s e rte d  DNA fragm ents in  

the  pGEM v e c to r . One o f  the  p rim ers was phosphory la ted p r io r  to  PCR w ith  

T4 DNA k inase . A f te r  PCR a m p lif ic a t io n ,  the  doub le -s tranded  DNA (dsDNA) 

was tre a te d  w ith  lambda exonuclease, a 5 ' to  3 ' nuclease which 

s p e c i f ic a l ly  d ig e s ts  o n ly  the  DNA s trand  syn thes ized  from the 

phosphoryl ated p rim e r le a v in g  the  complementary s trand  (ssDNA). The ssDNA 

was p u r i f ie d  us ing  Prep-A-Gene (BIO-RAD), and sequenced by the  techn ique
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o f  Sanger e t a l . ,  1977 using Sequenase fo llo w in g  the  m an u fa c tu re r's  

p ro to c o l (USB).

Prim er Syn thesis

O lig o n u c le o tid e  p rim ers were syn thes ized  by standard phosphoram id ite  

chem is try  on a A pp lied  Biosystems 391 DNA s y n th e s iz e r. A f te r  h y d ro ly s is  

from the  s o l id  support and removal o f  p ro te c t in g  groups in  30% ammonium 

hydrox ide  a t 55 C fo r  15 h r . , the  DMAs were d r ie d  under vacuum, and 

d is s o lv e d  in  200 u l o f  s t e r i le  w a te r. DNA y ie ld  was app rox im a te ly  800 ug 

per s y n th e s is .

PCR A m p lif ic a t io n

PCR a m p lif ic a t io n s  were performed in  a 100 u l re a c t io n  co n ta in in g  

2 .5  u n its  Taq polymerase (P e rk in  Elmer C e tus), lx  PCR b u f fe r  (50 mM KC l, 

10 mM T ris -H C l pH 8 .3 , and 1.5 mM MgCl2) ,  200 uM o f  each dNTP, 0 .3  uM 

p rim e rs , and 25 ng o f  genomic DNA te m p la tes . The re a c tio n  was o v e r la id  

w ith  m inera l o i l  and sub jec ted  to  one c y c le  o f  95 C f o r  5 m in . , fo llo w e d  

by 32 cyc le s  o f  94 C fo r  I  m in ., 55 C f o r  I  m in ., and 72 C f o r  90 sec.

D e te c tio n  o f  Polymorphisms

PCR products  were run on 1% agarose ge ls  to  d e te c t in s e r t io n /  

d e le t io n  polymorphism s. To d e te c t base s u b s t itu t io n  polymorphism s, 20 ul 

o f  a m p lif ie d  fragm ents were d iges ted  w ith  fo u r  base c u t te rs :  A lu l ,  H a e III ,  

H haI, H in f I , M spI, R sa I, and T a q I. Two u n its  o f  th e  r e s t r ic t io n  

endonucleases, except RsaI, were d i r e c t ly  added to  20 u l o f  the  PCR 

re a c tio n  a f te r  a m p li f ic a t io n .  For R sa I, 20 u l o f  the  PCR product were 

p re c ip ita te d  w ith  th re e  volumes o f  95% ethano l and the  p e l le t  was washed 

w ith  70% ethano l p r io r  to  d ig e s t .  D igested fragm ents were e lec trophoresed
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on 7% po lyac ry lam ide  ge ls  a t 250 V o lt  f o r  100 min.

R esults

STS P roduction

E igh t PCR p rim er se ts  and t h e i r  sources are shown in  Table 5. Four 

p rim er se ts  were designed from pub lished  sequences o f  a -h o rd o th io n in , 

a lcoho l dehydrogenase 2 (ADH-2), B l-h o rd e in , and the  BamHI-SstI fragm ent 

o f  pMSU21. The o th e r fo u r ,  P s tl-3 1 9 , P s tl-3 2 7 , P s tl-3 3 7 , and P s tl-3 4 0 , 

were ob ta ined  from  sequencing s h o rt p o r t io n s  o f  DNA c lones from  a P s tl 

genomic l ib r a r y .  F igure  2 shows »the DNA sequence o f  s h o rt p o rt io n s  a t 

both ends o f  the  genomic c lones ob ta ined  by the  method de sc rib e d . From 

these sequences, PCR prim ers were designed to  be about 20 bases lo n g , 

c o n ta in  50% GC and harbo r no in v e rte d  repea t sequences.

PCR a m p lif ic a t io n  and polymorphism d e te c tio n

Each p rim e r se t was used to  a m p lify  sequences from  to ta l  DNA o f  

D ick too  and Morex b a r le y  (F igu re  3 ) .  Two p rim er se ts  d i f fe r e n t ia te d  

between the  two c u l t iv a r s  based on agarose gel e le c tro p h o re s is . A m p lif ie d  

DNA fragm ents from  pMSU21 prim ers id e n t i f ie d  an in s e r t io n /d e le t io n  

polymorphism . A 670 bp fragm ent is  a m p lif ie d  from  D ick too  DNA, and a 450 

bp fragm ent is  a m p lif ie d  from Morex DNA when these p rim ers  are used. 

P aren ta l and progeny banding p a tte rn s  are shown in  F igu re  5A. Th is 

polymorphism was p re v io u s ly  determ ined to  be a l l e l i c  to  th a t  id e n t i f ie d  by 

Southern b lo t  a n a ly s is  w ith  the  probe pMSU21 (Shin e t a l . 1990). B l-  

horde in  p rim ers a m p lif ie d  two fragm ents in  D ick too  (approx. 960 and 860 

bp) and one fragm ent in  Morex (approx. 860 bp ). The PCR and p ro te in  

polymorphisms (determ ined by SDS-PAGE) dem onstrated p e r fe c t  cosegregation  

(Table  6 ) .
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PCR products  a m p lif ie d  w ith  the  o th e r s ix  p rim er se ts  d id  no t show 

s iz e  polym orphism s. These products were d iges ted  w ith  seven fou r-base  

c u t te rs  and e lec tropho resed  on 7% po lyacry lam ide  g e ls . R e s tr ic t io n  s i te  

polymorphisms were de tec ted  in  PCR products a m p lif ie d  from <*- 

h o rd o th io n in , a lcoho l dehydrogenase 2, P s tl-3 2 7 , P s tl-3 3 7 , and P s tl-340  

p rim er se ts  (F ig u re  4 ) .  No polymorphism was de tected  w ith  the  P s tl-319  

p rim e rs . Segregation based on PCR a m p lif ic a t io n  from P s tl-3 2 7  and P s tl-337  

p rim ers  agreed p e r fe c t ly  w ith  th a t  determ ined by Southern b lo t  a n a ly s is  o f  

doubled h a p lo id  l in e s  from  the  DxM cross (Table  6 ) . P a ren ta l and progeny 

banding p a tte rn s  f o r  the  a n a ly s is  based on the  Pst-337 p rim ers  are shown 

in  F igure  SB. The product o f  ADH-2 p rim e r a m p lif ic a t io n ,  however, d id  not 

show a l l  e l ism w ith  any o f  f iv e  RFLP polymorphisms id e n t i f ie d  through the  

use o f  the  ADH-2 c lone in  Southern b lo t  a n a ly s is  o f  a s e r ie s  o f  doubled 

h a p lo id  l in e s  (p e rs . comm, A. K le in h o fs , NABGMP, 1991).

Chromosomal Loca tion

Chromosomal lo c a tio n s  o f  STSs were id e n t i f ie d  by lin k a g e  a n a lys is  

w ith  p re v io u s ly  mapped markers in  doubled hap lo id  progen ies and by PCR 

a m p lif ic a t io n  o f  w h ea t-b a rley  a d d it io n  l in e s  (Table 5 and F igure  6 ) . The 

recom bina tion  analyses were performed us ing  MAPMAKER (Lander and B o ts te in, 

1989). The P s tl-3 2 7  and a- h o rd o th io n in  a m p lif ic a t io n  products were 

eva lua ted  in  both the  SxM (p o p u la tio n  s iz e  = 150) and DxM (p o p u la tio n  s ize  

= 30) c rosses. They were lo ca te d  on chromosome 2 and 5 re s p e c t iv e ly  in  

both crosses. Id e n t ic a l chromosomes were lo ca te d  us ing  recom bination 

a n a ly s is  and PCR a m p lif ic a t io n  o f  DNA from  the  w h e a t-b a rle y  a d d it io n  

l in e s .

The polymorphism id e n t i f ie d  by the  ADH-2 based p rim ers  mapped to
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b a r le y  chromosome 7 by both recom bination  a n a ly s is  and PCR a m p lif ic a t io n  

o f  w h e a t-b a rle y  chromosome a d d it io n  l in e s .  C u r io u s ly , . a lthough  the probe 

ADH-2 h y b r id iz e s  to  severa l po lym orphic bands from genomic d ig e s ts , none 

o f  the  RFLP polymorphisms cosegregated w ith  the  PCR polymorphism.

E f f ic ie n c y  o f  PCR A n a lys is

Four p re v io u s ly  unmapped clones were se lec ted  from  a P s t- I  l ib r a r y  

p re se le c te d  to  exclude repea t sequences and o rg a n e lla r  sequences. 

Sequence data  was ob ta ined  from the  te rm in a l 200 bp from  each end o f  each 

c lone  and p rim ers were syn thes ized . Seven r e s t r ic t io n  endonucleases w ith  

fo u r  base p a ir  r e s t r ic t io n  s ite s  were u t i l iz e d  w ith  the  fo u r  PCR products 

from  the  b a r le y  c u l t iv a r s  Morex and D ick to o . A to ta l  o f  79 r e s t r ic t io n  

s ite s  were surveyed, and a to ta l  o f  16 were absent in  one o f  the  two 

genotypes. T h is  p rov ides  a con se rva tive  e s tim a to r o f  sequence d ivergence 

between these two genotypes o f  16/316 bases, about 5%. S ince the  clones 

were no t p re se le c te d  on the  bas is  o f  polymorphism s, we have no reason to  

expect b ias  in  th is  es tim a te  o f  base p a ir  d i f f e r e n t ia t io n  between 

homologous s in g le  copy sequences o f  D ick too  and Morex b a r le y .
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F igure  2. DNA sequence o f  P s tI-34 0  c lo n e . S hort p o r t io n s  o f  both ends (A 
and B) o f  the  c lones were used to  design PCR p rim ers . The arrows in d ic a te  
the  p o r t io n s  o f  sequence from which p rim ers were designed.



Table 5 Primer sequences, sources, chromosomal lo catio n s  and a l l  el ism analyses.

Primer
set

Primer
sequences

Primer
source

Chromosomal
Io c a t io n (A l le l is m )

aMSUZl 5'GGTCTTTCATGTACCTACC 3 '  
5'CGAGCTCCTGTCGAGG 3 '

Shin e t  a l . ,  1991 21(100/100)

Bl-Hordein 5 ' CCACCATGAAGACCTTCCTC 3 '  
5 ' TCGCAGGATCCTGTACAACG 3'

Forde e t  a l . ,  1985 5 (7 0 /7 0 )

e-Hordothionin 5 ' CTGGGGTTGGTTCTGG 3 '
5 ' GGCAGCAACATGGCATTC 3'

Rodriguez-Palenzuela  
e t a l . ,  1988

5 (ND)

Alcohol
dehydrogenaseZ

5 ' GGGGAGATATCGACCAAAGT 3 '
5 ' CACGCCCTCGCCAACGCTCTCCA 3 '

T r ic k  e t  a l . ,  1988 7 Unlinked2 * *

P s t I-3 1 9 5 ' AGCTGAGCAAGCTTCTTTGG 3 '  
.5'AACATGCTGGGCAACTCCCA 3'

Genomic l ib r a r y

P s t I-32 7 5 ' GGTACGAACATGGAGGTACT 3' 
5'ATCCAGTTCTTGTGCACCTG I '

Genomic l ib r a r y 2 (30 /30 )

P s t I-33 7 5'ATCCAGTTCTTGTGCACCTG 3 '  
5'AGCTACGTGGATCACACCAC I '

Genomic l ib r a r y 7 (30 /30 )

P s t I-3 4 0 5 ' TAGCATCGGTAATCTCTCGC 3 '  
5 ' CCCTTTATATACACTGCCGA 3 '

Genomic l ib r a r y 5 (ND)

’Data prev ious ly  reported (Shin e t  a l . ,  1990) 7
2Southern b lo t  data communicated by Dr. A. K leinhbfs
-Nb polymorphisms were id e n t i f i e d  e i t h e r  by Southern b lo t  analys is  or PCR
ND = data  not determined



Table 6. Restriction Site Variation in PCR Products.

Primer
sets

DNA
source

PCR am p lif ied  
fragment sizes A lu I H a e l I I

R e s tr ic t io n
HhaI

s ites
H in f I MspI RsaI TaqI

P s t I-3 1 9 Dicktoo 1100 bp . 4 3 r I I I 3
Morex 1100 bp 4 3 I I I I 3

P s tI -327 Dicktoo 1000 bp I 2 I 3 { ND I
Morex 1000 bp 2 3 I 2 O ND I

P s t I-33 7 Dicktoo 1200 bp 2 3 I 2 3 ND 4
Morex 1200 bp 4 3 3 4 4 ND 5

P s t I-3 4 0 Dicktoo 1100 bp 5 O O 5 I O I
Morex 1100 bp 5 I O 5 I O I

a -hordoth ionin Dicktoo 1050 bp I 2 I I O ND 3
• Morex 1050 bp I 2 I I O ND 2

Alcohol Dicktoo 630 bp ND ' 3 2 O 2 O I
dehydrogenase? Morex 630 bp ND 3 3 O 2 I I

ND = data  not determined.
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Figure 3 . A m p li f ic a t io n  o f barley  DNA from Dicktoo and Morex with e ig h t  
primer sets on a 1% agarose g e l .  DNA templates in the odd lanes are 
Dicktoo, in the even lanes are Morex. A m plified  products w ith  P stI-319  
primers are in lanes I and 2, those w ith  P s t I-327  primers are in lane 3 
and 4, those w ith  P s t I-33 7  primers are in lane 5 and 6, those w ith P s t I -  
340 primers are in lane 7 and 8, those w ith  pMSU21 primers are in lane 9 
and 10, those w ith  B l-hordein  primers are in lane 11 and 12, those with a -  
hordothionin primers are in lane 13 and 14, those w ith  alcohol 
dehydrogenase 2 primers are in lane 15 and 16. DNA s ize  markers are shown 
in lane M. The s izes o f  the marker bands are given in base p a irs .
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Figure 4. D igestion  o f  PCR products w ith  r e s t r ic t io n  endonucleases with  
four-base recogn it ion  sequences were electrophoresed on a 7% 
polyacrylam ide g e l . H in f I  d igest ion  o f am p lif ied  products w ith  P stI-327  
primers are in lane I (D icktoo) and lane 2 (M orex). H in f I  d igest ion  o f  
am p lif ie d  products w ith P s t I-33 7  primers are in lane 3 (D icktoo) and lane 
4 (M orex). H a e I I I  d ig es t io n  o f  am p lif ied  products w ith P s t I-3 4 0  primers  
are in lane 5 (D icktoo) and lane 6 (M orex). TaqI d ig es t io n  o f  am plif ied  
products w ith a -hordo th ion in  primers are in lane 7 (D ick too) and lane 8 
(M orex). RsaI d ig es t io n  o f  am plif ied  products w ith alcohol dehydrogenase 
2 primers are in lane 9 (D icktoo) and lane 10 (M orex). DNA s ize  markers 
are shown in lane M w ith the s ize  o f the marker bands given in base p a irs .
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Figure 5A, B. Segregation o f  DxM doubled haploid l in e s .  DNA s ize  markers 
are shown in lane M w ith  the s ize  o f marker bands given in base p a irs .  The 
template DNA was from Dicktoo in lane I ,  Morex in lane 2 and doubled 
haploids in lane 3 to lane 12. A A m plified  products w ith  pMSU21 primers 
showed in s e r t io n /d e le t io n  polymorphisms on a 1% agarose g e l .  B H in f I  
d ig es t io n  o f  am p lif ie d  products w ith P s t I-3 3 7  primers were electrophoresed  
on a 7% polyacrylamide g e l .
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Figure 6A, B. A m p li f ic a t io n  o f  w heat-barley  chromosome a d d it io n  l in es  was 
from b arley  cv Betzes in lane I ,  Chinese spring wheat in lane 2, barley  
chromosome I ,  2, 3, 4, 6, 7 ad d it ion  l in e s  are in lanes 3 to 8, 
re s p e c t iv e ly .  DNA s ize  markers are shown in lane M w ith  a given s ize  o f  
marker bands in base p a irs .  A A m p li f ic a t io n  o f w heat-barley  chromosome 
a d d it io n  l in e s  w ith  P s t I-32 7  primers electrophoresed on a 1% agarose g e l .  
B A m p lif ic a t io n  o f  w heat-barley  chromosome add ition  l in e s  w ith  P stI-337  
primers e lectrophoresed on a 1% agarose g e l .
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Discussion

Three o f  the four randomly selected s in g le  copy clones from which we 

obtained primer sequences id e n t i f ie d  a l l e l i c  v a r ia t io n  between Morex and 

Dicktoo b a r le y .  Further, i t  appears as though about one base in twenty 

varies  between Morex and Dicktoo. Approximately 37% o f  the randomly 

is o la te d  s in g le  copy genomic clones tes ted  against Morex and Dicktoo  

id e n t i f i e d  polymorphisms when s ix  s ix-base r e s t r ic t io n  endonucleases were 

u t i l i z e d .  When in d iv id u a l r e s t r ic t io n  s ite s  were eva luated , we a c tu a l ly  

observed a frequency o f  I  s i t e  in 5 lo s t  by mutation (39 mutations/1188  

bases e v a lu a te d ) ,  or 3.3% (data not shown). These frequencies (5% vs. 

3.3%) seem f a i r l y  s im i la r  and suggest th a t  polymorphisms between w in te r  

and spring barley  c u l t iv a r s  are frequent enough to  perm it e f fe c t iv e  

mapping using e i t h e r  RFLP or PCR based approaches.

Five o f  the s ix  PCR-based eva lua tion  systems in which a l l  el ism was 

determined fo r  Southern b lo t  based polymorphisms provided expected 

l inkages to  p rev ious ly  mapped markers. The s ix th ,  ADH-2, provided a c le a r  

polymorphism but no linkage  to  polymorphisms id e n t i f ie d  by Southern b lo t  

a n a ly s is .  On one hand, i t  is  c le a r  th a t  the ADH-2 primers used in th is  

study provide a useful genetic  marker. On the o ther hand, i t  is  l i k e l y  

th a t  the locus am p lif ied  by these primers has no re la t io n s h ip  to  alcohol 

dehydrogenase. Further study could help exp la in  th is  anomaly.

This study demonstrates an a l t e r n a t iv e  method to  Southern b lo t  

analys is  fo r  genome mapping. However, the need o f  primer sequences can be 

a l im i t in g  fa c to r  in PCR-based genome mapping. To overcome th is  problem, 

the RAPD approach was introduced (W ill iam s e t  a l . ,  1990). D7Ovidio e t  a l . 

(1990) and Weining and Langridge (1991) derived PCR primers from published
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DNA sequences. Comparable to  STS proposed in the human genome p ro je c t  

(Olson e t  a l . , 1 9 8 9 ) ,  I  extended the STS idea by eva lu a tin g  four randomly 

selected  DNA clones from a genomic l i b r a r y .  PCR products o f  three  o f  

these four clones id e n t i f ie d  v a r ia t io n  between Morex and Dicktoo. PCR- 

based sequencing methods ( Gyllensten and E r l ic h ,  1988; Inn is  e t  a l . ,  1988; 

Higuchi and Ochman, 1989; Kusukawa e t  a l . ,  1990) make production o f  STS 

from selected  DNA clones p r a c t ic a l .

The production o f  medium density  genomic maps using RFLPs has proven 

to  be fe a s ib le  in many crop species. Using these maps fo r  e f f i c i e n t  QTL 

manipulation demands the use o f  technology simpler than Southern b lo t  

a n a ly s is .  In th is  experiment we found th a t  seven o f  the e ig h t marker 

sequences tes ted  could be e a s i ly  manipulated to  permit eva luation  o f  

segregation by PCR. As s ig n i f ic a n t  QTL lo c i  are id e n t i f i e d  in crops, 

converting mapped RFLP markers which f la n k  agronomically important lo c i  to  

PCR based d e tec t io n  systems w i l l  provide a u s e r - f r ie n d ly  technology to the  

u lt im a te  users o f  genome maps, the p la n t  breeders.

Although the v a r ia t io n  outside the STS region cannot be detected as 

in Southern b lo t  a n a ly s is ,  i t  has been demonstrated th a t  there  is  

s u f f ic ie n t  e x is ts  v a r ia t io n  w ith in  am p lif ie d  fragments in mammalian 

systems (L i e t  a l . ,  1988; L i t t  and Luty , 1989; Tautz, 1989; Weber and May, 

1989). In p la n t  systems, our study supports a s im i la r  conclusion. In 

co n tras t to  Skoln ick and Wallace (1 9 88 ),  th is  study demonstrates th a t  PCR 

polymorphisms are mainly due to  the absence or presence o f  r e s t r ic t io n  

endonuclease s ite s  ra th e r  than the fragment length d i f fe re n c e s .

Chromosomal lo ca tio n s  were id e n t i f i e d  using both recombination  

ana lys is  and use o f  the w heat-barley  ad d it io n  l in e s .  Chromosomal
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lo catio n s  id e n t i f i e d  in progeny from two crosses (D icktoo x Morex and 

Steptoe x Morex) corresponded well and were confirmed by PCR analysis  o f  

DNA from the w heat-barley  chromosome ad d it ion  l in e s .

Although r e la t i v e  costs might be debated, the ease o f  PCR analys is ,  

the c l a r i t y  o f  r e s t r ic t io n  pattern  o f  PCR products and the ease o f  

d is t r ib u t io n  o f  prim er sequence data (as opposed to maintenance o f  clones) 

a l l  argue in favor o f  PCR as a tool in genome a n a ly s is .  C le a r ly ,  the  

chromosomal lo c a t io n  o f  a polymorphism must be w e l l -c h a ra c te r iz e d  and 

sTable over crosses i f  i t  is  to  be g en era lly  u s e fu l . A ll  seven 

polymorphisms evaluated in th is  study appear sTable and appear to map to  

s in g le  l o c i .  One o f  the primer sets (ADH-2) am p lif ied  a product from an 

unexpected locus. The clone from which our sequence data derived c le a r ly  

hybrid ized  to  sequences a t  several dispersed lo c i .  We would suggest th a t  

lo c i  o f  th is  s o r t ,  d ispersed, multigene fa m i l ie s ,  may be unsuitable  

candidates fo r  RCR based genetic  an a ly s is .
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CHAPTER 4

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

In troduction

The proportion o f  w in te r  barley  p lants  surviv ing  to  produce gra in  - 

w interhard iness - is  determined by many in te ra c t in g  fa c to rs .  These are  

thought to  range from low temperature to le rance  to b io t ic  stress r e s is ­

tance. Included among these co n tr ib u t in g  fac to rs  are low temperature  

to le ra n c e ,  v e rn a l iz a t io n  requirement, photoperiod response, p ro te in  

metabolism, carbohydrate s ta tu s , and membrane l i p i d  composition (Thomashow 

1990). The genetic  and physio log ical bases o f  most o f  these fac to rs  are 

poorly  understood. In th is  rep o rt  we addressed the g en etic  basis o f  

w interhard iness by s ys te m a tica lly  measuring i t s  components in  a doubled 

haploid population o f  b a r ley  and regressing these phenotypic data sets on 

molecular marker genotypes to  id e n t i f y  q u a n t i ta t iv e  t r a i t  lo c i  (QTL).

Long-term f i e l d  surv iva l is  the best measure o f  w interhardiness  

(O lien  1978), but ob ta in ing  long term performance data are expensive and 

d i f f i c u l t .  High le v e ls  o f  genotype x environment in te ra c t io n  and enormous 

measurement e r ro r  increase the d i f f i c u l t y  o f  co rrec t data in te r p r e ta t io n .  

Furthermore, the in frequent occurrence o f  a te s t  w in te r  th a t  permits  

e f f e c t iv e  d is c r im in a t io n  among genotypes makes f ie ld -b a s e d  se lec t ion  

g e n e ra l ly  in e f fe c t iv e  (M cIntyre  e t  a l . 1988).

Crown fru c ta n  content and c o n tro l le d  freeze  te s ts  to  determine LT50 

( th e  temperature a t  which 50% o f the population is  k i l l e d )  are reasonably  

simple measures which show s ig n i f ic a n t  c o rre la t io n s  w ith  f i e l d  survival
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(S tushnoff e t  a l . 1984). Thomashow (1 9 90 ) ,  in review ing the molecular  

basis o f  cold to le ran ce  in  higher p la n ts ,  c ite d  over 20 reports  t h a t ,  

c u m u la tive ly ,  assign cold to le ran ce  genes to  every chromosome in each o f  

the th re e  genomes o f  wheat. Chromosomes 5A and 5D are most o ften  

im p lic a te d ; Sutka and Snape (1989) and Roberts (1990) provided compelling  

evidence fo r  the importance o f  chromosome BA.

V e rn a l iz a t io n  and cold to le ran ce  are considered to  be associated,  

but t r a i t  assoc iation  in b ar ley  (D o ll e t  a l . 1989) and wheat (Roberts  

1990) has been a t t r ib u te d  to  linkage  ra th e r  than p le io t ro p y .  Separation  

o f  growth h a b it  in to  i t s  components o f  v e r n a l iz a t io n  requirement, 

photoperiod s e n s i t i v i t y ,  and m a tu r ity  is  ch a llen g in g . Three unlinked lo c i  

have been id e n t i f i e d  which behave e p is t a t i c a l Iy  to  determine w in te r  vs. 

spring h a b it  in b ar ley  (Takahashi and Yasuda 1971). The w in te r  h ab it  

phenotype can be modified by both v e rn a l iz a t io n  and photoperiod, and 

separation  o f  these e f fe c ts  can be f u r t h e r  complicated by the action  o f  

m a tu r ity  genes (Roberts e t  a l . 1988). Barnham and Rasmusson (1981) 

reported  th a t  photoperiod response, as d is t in c t  from m a tu r i ty ,  is  

q u a n t i t a t iv e ly  in h e r i te d .

P ro s tra te  or ro s e t te  growth h a b it  has been shown to  be c o rre la te d  

w ith  cold hardiness in wheat (Salmon 1971; Tay lo r  1983; Chaudhry 1986).  

Low temperatures induced reduction in ro s e t te  growth h a b it  (Roberts and 

MacDonald 1984). In our b ar ley  parents , the w in te r  c u l t i v a r  (D icktoo)  

showed p ro s tra te  growth w h ile  the spring c u l t i v a r  (Morex) showed a much 

more e re c t  growth p a t te rn .

Carbohydrates, and p a r t ic u la r ly  fru c ta n s ,  are reported  to  play a 

c ry o p ro te c t iv e  ro le  in c ere a ls .  Several mechanisms have been proposed
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(O lien  and Lester 1985) to  exp la in  th is  assoc ia t ion . L iv ingston e t a l . 

(1989) found a marked e f fe c t  o f  carbohydrate lev e l on the freez in g  

to le rance  and sugar composition o f  bar ley  crown t is su e  in a set o f  barley  

genotypes which included our w in te r  parent (D ic k to o ) . However, there  was 

no d i r e c t  re la t io n s h ip  between s p e c if ic  compositional makeup o f  to ta l  

carbohydrate and fre e z in g  to le ran ce .

Substantia l in te r e s t  has developed in the cloning and 

c h a ra c te r iz a t io n  o f  genes regulated  or induced by s p e c i f ic  stresses. To 

date , th ree  genes regulated  by cold in barley  have been reported  

( C a t t i v e l l i and B a r te ls ,  1990; Dunn e t  a l . ,  1991). Two clones were k in d ly  

provided by Dr. C a t t i v e l l i .  One o f  the two clones (A086) was found to  

id e n t i f y  a polymorphism between Morex and Dicktoo. Although one clone 

evaluated in these experiments was not re a d i ly  obta ined, published  

sequence data perm itted us to  recover homologous sequences from several o f  

these using PCR. No polymorphism was detected from PCR using th is  marker 

in the cross. The clone A086 was examined to  determine whether i t  mapped 

to  lo c i  associated w ith  cold to le rance  or i t s  components.

Doubled haploids provide genetic  re ference populations f re e  o f  the  

n o n -ad d it ive  types o f  gene action  th a t  complicate segregating generation  

analyses in  autogamous species. They are also id e a l ly  su ited  fo r  l inkage  

map construction  and QTL mapping. The components o f  barley  

w interhard iness , which have posed challenges fo r  conventional genetic  

analyses and thwarted s e le c t io n  e f f o r t s ,  are e x c e l le n t  ta rg e ts  fo r  QTL 

mapping in  doubled haploid populations.
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M a te r ia ls  and Methods

Germolasm

One hundred doubled haploid (DH) l in e s  were developed by the H ordeum  

b u lb o s u m  technique, as described by Chen and Hayes (1 9 89 ),  from F1 plants  

o f  the cross o f  Dicktoo x Morex. Dicktoo is  a six-rowed w in te r  feed 

barley  o f  unknown ancestry and mixed d escr ip t io n  re leased by the Nebraska 

A g r ic u ltu ra l  Experiment S ta t io n  in 1952. Morex is  a six-rowed spring  

m alting  b arley  released by the Minnesota A g r ic u ltu ra l  Experiment S ta tion  

in 1978.

T r a i t  Assessment

We measured th ree  t r a i t s  which are d i r e c t  measures o f  cold  

to le ran c e :  f i e l d  surv iva l a t  C o r v a l l is ,  Oregon, f i e l d  survival at

Bozeman, Montana, and LT50. F ie ld  su rv iva l a t  C o rv a l l is  was measured by 

v is u a l ly  assessing percent surv iva l fo l lo w in g  the w in te r  o f  1990-1991. 

Each DH l in e  was represented by an u n rep lica ted  p lo t  cons is ting  o f  two 1.5  

m rows. F ie ld  su rv iva l a t  Bozeman was measured as the d i f fe re n c e  between 

i n i t i a l  (October, 1991) and post-co ld  s tress  (March, 1992) p la n t  stands in  

a th r ic e  re p l ic a te d  experiment. The LT50 o f  each DH l in e  was determined 

using p la n t  m ateria l hardened a t 2°C fo r  5 weeks w ith a 10 h l ig h t /1 4  h 

dark photoperiod regime. Four temperatures (0 ,  -4 ,  -8 ,  -12°C) w ith ten  

p lants  a t  each temperature were used to  determine the LT50Of each DH l in e .  

A to t a l  o f  th ree  re p l ic a te s  were run from October 1990 to  February 1991. 

Plant m a teria l was prepared fo r  f re e z in g ,  and LT50 values were computed, 

as described by Kolar e t  a l . (1991 ).

Two estimates o f  heading date were made. Heading date  was measured
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using unvernalized p lan t m ateria l in the greenhouse a t  a constant 

temperature o f  18°C and 24 h l i g h t .  The heading date under normal green 

house conditions was also measured' a t the same time as the heading date  

under continuous l i g h t .  Normal green house conditions a t  C o rv a ll is  were 

16 h l i g h t ,  w ith  temperatures o f 20°C during the day, and 18°C during the  

n ig h t.

Growth hab it  data were taken in the f i e l d  at C o r v a l l is ,  OR 1992. A 

scale from one to e ig h t was used. One ind ica ted  extreme p ro s tra te  hab it  

and e ig h t ind ica ted  e re c t  growth. These data were taken before digging  

p la n ts  fo r  fru c tan  an a lys is .

The crown content o f  fructans w ith  a degree o f  po lym erization  (DP) 

> 5 was determined using f i e l d  hardened p la n t  m a te r ia l .  Five p lants o f  

each genotype were dug from f i e l d  p lo ts  a t  C o rv a l l is ,  OR in  January, 1992. 

Plants were washed, trimmed, and the crowns were immediately frozen in 

l iq u id  n itro g e n . Tissue was Tyophilized  fo r  15 days. Crown tissue  was 

ground in  l iq u id  n itrogen and 50 mg per sample were used fo r  fructan  

e x tra c t io n .  Five ml o f  d i s t i l l e d  water were added to  each 50 mg sample; 

samples were shaken and then incubated fo r  15 min in a 90°C w ater bath. The 

supernatant was poured through an Am berlite  MB-3A ion exchange res in  

column and remixed in 5 ml water; th is  step was repeated tw ice . The 

column was then washed w ith  5 ml o f  90°C w ater, and the w ater ex trac ts  were 

d ried  a t  60°C fo r  6 to  8 h. Dried samples were d issolved in  I  ml o f  GO0C 

w ater and cen tr ifu g ed  a t  12,000 rpm fo r  10 min. The supernatant was 

f i l t e r e d  using a 0 .45  micron f i l t e r  p r io r  to  in je c t io n  in to  the HPLC, 

which was equipped w ith  BioRad carbo-C guard and BioRad HPX-42 C 

carbohydrate columns. Fructan content (> DP 5) is  expressed as mg g*1 on
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a dry weight basis (mg/gdw).

Map Construction and QTL Analysis

Markers, d e sc r ip t io n s , and chromosome assignments are l is t e d  in 

Table 7. The fo llo w in g  conventions were used. The p re f ix e s  "m" and " i"  

designate morphological and isozyme markers, re s p e c t iv e ly .  Clones 

supplied by Cornell U n iv e rs ity  were named fo llow ing  the nomenclature o f  

Heun e t a l . (1 9 90 ),  where the p re f ixe s  WG, BCD, and CDO designate wheat 

genomic, b ar ley  cDNA, and oat cDNA clones, re s p e c t iv e ly .  Requests fo r  

these clones should be d irec te d  to :  Dr. Mark S o r r e l ls ,  252 Emerson H a l l ,  

Cornell U n iv e rs i ty ,  I th a ca , NY 14853-1902. The ABC p r e f ix  designates a 

cDNA clone developed by the North American Barley Genome P ro jec t .  

Requests fo r  these clones should be d ire c te d  to :  Dr. Andy K le inhofs , 271 

Johnson H a l l , Washington S ta te  U n iv e rs i ty ,  Pullman, WA 99164-6420. The 

"ap" p r e f ix  designates known DNA sequence polymorphism v is u a l ize d  by 

polymerase chain re a c t io n .  Requests fo r  prim er' sequences should be 

d ire c te d  to :  Dr. Tom Blake, 320 Leon Johnson H a l l ,  Montana State  

U n iv e rs i ty ,  Bozeman, MT 59715.

B r ie f l y ,  fo r  RFLP a n a ly s is ,  p la n t DNA was prepared from fresh t is su e  

using the prote inase k procedure. DNA samples (10 ^g) were digested w ith  

appropria te  r e s t r ic t io n  endonucleases, separated on agarose gels and 

t ra n s fe rre d  to  charged nylon membranes using the a lk a l in e  protocol o f  Reed 

and Mann (1 9 85 ).  Cloned DNA in s er ts  were cut from low m e lt in g -p o in t  

agarose and lab eled  by random priming ( Feinberg and Vogelste in  1984). 

F i l t e r s  were p rehybrid ized , hybrid ized  overn igh t, washed w ith  a f in a l  

stringency o f  0 .1  XSSC, 0.1% SDS, 65 C, and exposed to  f i lm  as needed. 

PCR markers were based on published sequences or on p a r t ia l  sequencing o f
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the te rm in i o f  in fo rm ative  RFLP clones. Sequencing and o lig onuc leo tide  

synthesis procedures were described by Tragoonrung e t a l . ( in  press).  

Isozymes were assayed as described by Nielsen and Johansen (1986) and 

storage pro te ins  were assayed as described by Blake e t  a l . (1982).  The 

morphological markers were scored under a stereomicroscope or w ith a hand 

len s . Map construction  and QTL analys is  were performed using MAPMAKER and 

MAPMAKER/QTL programs (Lander and B o ts te in, 1989).

The Sequence-Tagged-Site approach (Olsen e t  a l . ,  1991) was used to  

generate primers homologous to the sequences published fo r  the cold 

regu lated  genes A086, T59 and BLT4 ( C a t t i v e l l i  and B a r te ls ,  1990; Dunn e t  

a l . ,  1991). From the published sequence data primer sequences were 

se lec ted . A m p li f ic a t io n  regimes were se lected  to  promote a m p li f ic a t io n  o f  

a p p ro p r ia te ly  s ized products which were then evaluated fo r  r e s t r ic t io n  

fragment length polymorphisms or s ize  polymorphisms using template DNA 

from the c u l t iv a r s  Dicktoo and Morex. These were then u t i l i z e d  as 

molecular markers.

Results and Discussion

Map Construction

The 77 markers were resolved in to  e ig h t  l inkage  groups (Table 7 and 

Figure 7 ) .  Two unlinked groups were mapped to  barley  chromosome I .  One 

o f  these was anchored to  chromosome I  by the presence o f  His3 and the  

other by a U b iq u it in  locus, both o f  which were p rev io u s ly  mapped to  

chromosome I  by the North American Barley Genome Mapping P ro jec t  

(K le inhofs  and K i l l i a n ,  in  press! . The chromosome 2 map was anchored by 

aWGllOS and aPST240B and aMSU21, spaning a region o f  213.1 cM. Six  

markers were found, on chromosome 3 l in ke d  w ith  the known marker iEST4.
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These markers spanned a d istance o f  110.6 cM. Chromosome 4 was anchored 

by marker aG1u2 and aHrth, both o f  which had prev ious ly  been mapped to  

barley  chromosome 4. These markers span a region o f  152.3 cM long. Known 

lo c a t io n  seed storage p ro te in  markers on chromosome 5 were detected in a 

l inkage  group o f  13 markers. The map o f  chromosome 5 covered a distance  

o f  180.3 cM. Chromosome 7 spanned a region 189.8 cM long. Six o f the 13 

markers mapped to chromosome 7 are known-location markers e i th e r  from 

previous mapping p ro jec ts  (Shin e t  a l . ,  1990; K le inhofs and K i l l i a n ,  in 

press) or by PCR o f  w heat-barley  chromosome add ition  l in e s .  One linkage  

group consis ting  o f  7 markers is  ambiguous fo r  chromosome lo c a t io n .  No 

unambiguously p rev ious ly  mapped markers mapped w ith in  th is  group. One o f  

the markers mapped w ith in  th is  group is  a product o f  a m p li f ic a t io n  

d ire c te d  by primers w ith  homology to  the b arley  n i t r a t e  reductase (N a r l )  

locus, known to  res ide  on barley  chromosome 6. U n fo rtu n a te ly ,  th ree  

a m p li f ic a t io n  products which upon d ig es t io n  provided r e s t r i c t io n  fragment 

length polymorphisms were produced under the d ire c t io n  o f  these primers. 

Two o f  them were l in ke d  w ith  markers on chromosome 2. The th i r d  is  

assumed to  res ide  on chromosome 6, but we suggest th a t  th is  may be a weak 

ass e rt io n .

Table 7. D escrip t io n s , chromosome lo c a t io n ,  and numbers o f  mapped 
progenies assignments fo r  markers used to  lo cate  q u a n t i ta t iv e  t r a i t  lo c i  
in  the doubled haploid progeny o f  Dicktoo X Morex. D e f in i t io n s  o f  marker 
p re f ix e s  are provided in  the te x t .

Marker Descrip tion Chromosome Numbers o f  
l in e s  mapped

aNarla STS-PCR I 100
aHIS3 STS-PCR I 100
WG118S Wheat genomic RFLP I 30
D2A Barley cDNA RFLP I 30
CS Barley cDNA RFLP I 30
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Table 7. (continued)

Marker Descrip tion  Chromosome Numbers of  
l in e s  mapped

aUbiq STS-PCR I 100
apT59b STS-PCR I 30
C3b Barley cDNA RFLP I 30
aWGHOS STS-PCR 2 100
WG645 Wheat genomic RFLP 2 100
aPST327 STS-PCR 2 100
aMSU21 STS-PCR 2 100
PST59 Barley genomic RFLP 2 30
A086 Barley cDNA RFLP 2 30
CD0588 Oat cDNA RFLP 2 100
aNar7HinF STS-PCR 2 100
aWGi78 STS-PCR 2 100
aNAR7S STS-PCR 2 100
aPST340b STS-PCR 2 30
AlOA Barley cDNA RFLP 3 30
A12 Barley cDNA RFLP 3 30
D7A Barley cDNA RFLP 3 30
1EST4 Esterase 4 3 100
F8 Barley cDNA RFLP 3 30
F4 Barley cDNA RFLP 3 30
aGlu2 STS-PCR 4 100
WSEP H2O-Soluble endosperm p ro te in 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
D7B Barley cDNA RPLP 4 30
HorB B-hordein 5 100
HorC C-hordein 5 . 100
aGlul STS-PCR 5 100
iG P Il Glucosephosphate isomerase I 5 100
WG789 Wheat genomic RFLP 5 30
WG118L Wheat genomic RFLP 5 30
AlOB Barley cDNA RFLP 5 30
aWGHOL 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
aWG669 STS-PCR 6 100
pKSU44 Barley cDNA RFLP 6 30
aNar7L STS-PCR 6 100
LMWP Low molecular weight p ro te in 6 100
pKSU24S Barley cDNA RFLP 6 100
OPAll Barley cDNA RFLP 6_ 30
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Table 7. (continued)

Marker Descrip tion Chromosome Numbers o f  
l in es  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 R a c h il la  h a ir  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 I 30
mR Awn roughness I 100
BCD265b Barley cDNA RFLP I 100
aPST337 STS-PCR 7 100

Cold Tolerance and QTL Analysis

Each measure o f  cold to lerance  gave a d is t in c t  d is t r ib u t io n  o f  

phenotypes (Figures 8 , 9, and 10 ) .  F ie ld  surv iva l is  thought to  be the  

consequence o f  a unique set o f  hardening, growth, and s tress  conditions  

and the d is t in c t  population frequency d is t r ib u t io n s  fo r  Oregon and Montana 

f i e l d  su rv iva l r e f l e c t  these d if fe re n c e s .  At C o rv a l l is ,  e ig h t  l in e s  had 

100% surv iva l and only two showed complete m o r ta l i t y .  At Bozeman, 50 

l in e s  su ffe red  complete m o r ta l i ty  and the highest surv iva l was 85%. The 

hardening and fre e z in g  stresses used to  determine LT50Ied  to  a more normal 

d is t r ib u t io n  o f  t r a i t  performance: LT50 values ranged from - 2 .7  to - 11.0  

0C. The transgress ive  segregants fo r  cold to le rance  in d ic a te  th a t  the  

spring paren t, Morex, may have contr ibuted  favorab le  a l l e le s  or th a t  

e p is ta s is  may be an important determinant o f  t r a i t  expression.

Large QTL e f fe c ts  fo r  a l l  measures o f  cold to le ran ce  were found on 

chromosome 7. For f i e l d  surv iva l in Oregon, the QTL e f f e c t  was detected  

in  the in te rv a l  o f  mR-BCD265b w ith the lo g - l ik e l ih o o d  o f  8 .5 6  and account
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fo r  37.8% o f  the v a r ia t io n .  For f i e l d  surv iva l in Montana, QTL e f fe c ts  

exceeding the lo g - l ik e l ih o o d  o f  2 .0  threshold were detected in two 

in te r v a ls :  WG364b-PST321, and pKSU24-C3a. The l a t e r  in te rv a l  was covered 

up to  mR-BCD265b in t e r v a l .  Analysis o f  the QTL fo r  mean o f  the f i e l d  

surv iva l in the two locations  detected the QTL e f fe c ts  a t two in te rv a ls :  

WG364b-PST321, mR-BCD265b. L o g -l ike l ih o o d  o f  the two in te rv a ls  were 6 .07  

fo r  WG364b-PST321, and 19.23 fo r  mR-BCD265b. For LT50, LODs > 3 .0  were 

detected in the fo llo w in g  in te rv a ls :  apT59a-a'ADH, and mR-BCD265b.

Because th is  represents a f i r s t  attempt to  map QTL associated w ith  

cold to le ran ce  in b a r le y , i t  is  d i f f i c u l t  t o ,p u t  our f in d in g s  in the  

perspective  o f  previous re p o rts .  We reported s ig n i f ic a n t  segregation  

d is t o r t io n ,  in favor o f  the w in te r  parent, in the v i c i n i t y  o f  Rrn2 in the  

F2 progeny o f  Dicktoo X Morex Fi p lants  s e l f - p o l l in a te d  under low tempera­

tu re  ( Schon e t  a l .  1991). No segregation d is to r t io n  was detected in the  

v i c i n i t y  o f  mR. In the case o f  Oregon f i e l d  surv iva l and L-T50, modest QTL 

e f fe c ts  were detected in the v ic i n i t y  o f  Rrn2.

In the face o f  population frequency d is t r ib u t io n s  such as those 

shown in  Figures 2a, 2b, and 2c, previous in v es t ig a to rs  have resorted to  

c la s s ic a l  q u a n t i ta t iv e  procedures to  estim ate genetic  variances and 

h e r i t a b i l i t y .  The re s u lts  have not been p a r t ic u la r ly  s a t is fy in g .  For 

example, Rhode and Pulham (1960) reported h e r i t a b i l i t i e s  fo r  f i e l d  

surv iva l ranging from -8% to  85%. The a v a i l a b i l i t y  o f  appropriate  

cytogenetic  stocks in wheat has allowed fo r  the measurement o f  chromosome 

e f fe c ts ,  and both Roberts (1990) and Sutka and Snape (1989) report th a t  

lo c i  on wheat chromosome 5 are associated w ith  cold to le ra n c e .  Barley  

chromosome 7 is  homoeologous w ith wheat chromosome 5 ( Is lam  e t  a l ,  1981).
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Figure 7. Map construction  o f Dicktoo x Morex cross
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Field survival at Corvallis, OR (%)

Figure 8. The d is tribu tion  of f ie ld  survival measured at Corvallis, OR in
1991 fo r Dicktoo x Morex cross.
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Figure 9. The d is tribu tion  of f ie ld  survival measured at Bozeman, MT in
1992 for Dicktoo x Morex lines.
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Figure 10. The d is tribu tion  of LT50 fo r Dicktoo x Morex lines
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Figure 11. The d is tribu tion  of heading date under 24 h lig h t for
Dicktoo x Morex lines.
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Heading date under 16 h light (days)

Figure 12. The d is tribu tion  of heading date under greenhouse condition
(16 h lig h t)  fo r 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 d is tribu tion  of prostrate growth habit fo r
Dicktoo x Morex lines.
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Heading Date

V e rn a l iz a t io n  response, m a tu r i ty ,  and photoperiod response genes 

in te r a c t  to  determine w in te r  vs. spring growth h a b it .  Following the  

example o f  Takahashi and Yasuda (1971) we chose heading date under 24 h 

l i g h t  as a character associated w ith growth h a b it .  The s ig n if ic a n t  

transgress ive  segregation and discontinuous expression o f  heading date  

under 24 l i g h t  can be a t t r ib u te d  to m ultigen ic  c o n tro l .  As with the  

measures o f  cold to le ran c e , both parents may have contr ibuted  w in te r  

growth h a b it  a l l e l e s ,  or t r a i t  expression is  the r e s u l t  o f  e p is ta s is  

(F igure  11 and 12 ) .  The accession o f  Dicktoo th a t  we used as a parent 

disp lays  ty p ic a l  w in te r  growth h ab it  under f i e l d  conditions - p ro s tra te  

throughout the f a l l  and w in te r  and mid-season m atu r ity  - but under the  

described te s t  conditions i t  is  only 16 days l a t e r  to  head than Morex. I t  

is  a lready c le a r  from a series  o f  ongoing experiments in vo lv in g  various  

permutations o f  v e r n a l iz a t io n ,  photoperiod, and ambient temperature, th a t  

the w in te r  phenotype observed under f i e l d  conditions is  a t t r ib u ta b le  to  

photoperiod s e n s i t i v i t y  ra th e r  than to  a v e rn a l iz a t io n  requirement. An 

examination o f  several accessions o f  Dicktoo revealed a range o f  

v e r n a l iz a t io n  responses from none to  complete (data not shown). This  

v a r ia t io n  may be a t t r ib u ta b le  to  the heterogeneity  o f  the i n i t i a l  

germplasm, as documented in the v a r ie ty  re lease  d e s c r ip t io n .

The skewness o f  the growth h a b it  frequency histogram toward the  

spring phenotype would lend some support to  the e p is t a t i c  model proposed 

by Takahashi and Yasuda (1 9 71 ).  According to  th is  model, w in te r  vs. 

spring growth h a b it  is  determined by the e p is t a t ic  in te ra c t io n  o f  3 l o c i : 

Sh on chromosome 4; sh2 on chromosome 7; and sh3 on chromosome 5. The
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a l l e l i c  c o n s t i tu t io n  ShShsh2sh2sh3sh3 is  required  fo r  expression o f  w in te r  

hab it  and a l l  o ther a l l e l i c  combinations g ive spring growth h a b it .  While 

there  is  reasonable f i t  to  a two-locus, 3:1 model (Chi square = 2 .61 ; p > 

.100) based on the grouping o f  a l l  phenotypes e a r l i e r  maturing than 

Dicktoo vs. those l a t e r  than the w in te r  parent, such a grouping ignores 

the presence o f  tran sg ress ive  segregants on both sides o f  the d is t r ib u ­

t io n .  Based on the lev e l o f  genome sa tu ra t io n  th a t  we have achieved to  

d a te ,  i t  would appear th a t  Dicktoo and Morex may carry  co n tras t in g  a l le le s  

at only one o f  the Sh l o c i .  S ig n if ic a n t  QTL e f fe c ts  fo r  growth hab it  were 

not detected on chromosome 4 and 5 ( s i t e  o f  the Sh and Sh3 lo c i ,  

r e s p e c t iv e ly ) .  Large QTL e f fe c ts  (LOD > 19) were detected on chromosome 

7, again in the mR-BCD265b in t e r v a l .  Takahashi and Yasuda (1971) reported  

13.1% recombination between mR and the Sh2 locus. The region between mR 

and BCD265b is  the region showing the la rg e s t  QTL e f f e c t .  Small QTL 

e f fe c ts  were detected in chromosome 2 in the aNAR7HF-aWG178 in te rv a l  w ith  

the LOD value 2 .4 8 .  In the greenhouse, QTL fo r  heading date t r a i t  also  

f e l l  in the same in te rv a l  as heading date a t  24 hr l i g h t .  The log -  

l ik e l ih o o d  fo r  the heading date QTL in mR-BCD265b was 11 .37 .

Fructan Content o f  Crown Tissue

The parental polymorphism fo r  fru c ta n  content, tog e th er with the  

wide range o f  crown fru c tan  content in  t h e i r  progeny (F igure  13) provides  

a unique opportun ity  to  simultaneously assess the ro le  o f  fru c ta n  content 

and cold to le ra n c e .  The population d is t r ib u t io n  is  approximately normal 

and skewed toward the Morex phenotype. Morex had a fru c ta n  content o f  

6 3 .8  mg/gdw. The transgress ive  segregants w ith  fru c tan  s u b s ta n t ia l ly  

higher than Dicktoo (137 mg/gdw), in d ica tes  th a t  both parents may have
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contr ibu ted  a l le le s  fo r  fruc tan  accumulation.

The QTL analys is  revealed substan t ia l e f fe c ts  on chromosome 7 The 

LOD p lo ts  fo l lo w  approximately the same p a tte rn  as those fo r  f i e l d  

s u rv iv a l ,  LT50, and growth h a b it .  L o g -l ike l ih o o d  o f  the QTL in the mR- 

BCD265b was 5 .05  and accounted fo r  20.8% o f  the v a r ia t io n .

P ro s tra te  Growth Habit

The d is t r ib u t io n  o f  p ro s tra te  growth hab it  in th is  population is  

shown in Figure 14. Morex is  e rec t w h ile  Dicktoo is  p ro s tra te .  There was 

transgress ive  segregation toward D icktoo, the w in te r  b a r le y .  QTL e f fe c ts  

o f  th is  t r a i t  f e l l  in to  th ree  in te r v a ls ;  ap327-aMSU21, ap340a-iPGD, and 

pKSU24-C3a. L o g -l ik e l ih o o d  values o f  the f i r s t  two in te r v a ls  were 2.31  

and 2 .3 6 ,  re s p e c t iv e ly .  L o g -l ike l ih o o d  o f  the pKSU24-C3a (Chromosome 7) 

was 3 .3 7 .

From our da ta , the mR-BCD265b in te rv a l  on the long arm o f  chromosome 

7 contr ibu ted  to  QTL e f fe c ts  fo r  a l l  the t r a i t s  except p ro s tra te  growth 

h a b it .  M u l t ip le  regression analys is  was performed in th is  in te rv a l  and 

the R2 values are shown in Table 8 . As expected, the R2 o f  p ro s tra te  

growth h a b it  is  the sm allest among the t r a i t s .  F ie ld  su rv iva l a t  Bozeman, 

MT gave highest R2. The d i f fe re n c e  o f  R2 values fo r  f i e l d  surv iva l between 

the two lo ca tio n s  may r e s u l t  from the d if fe re n ce s  in  cold s e v e r ity  

conditions and the p rec is ion  o f  the experiment. Three re p l ic a t io n s  

conducted a t  Bozeman may have increased the prec is ion  o f  f i e l d  survival  

measurements. Obviously, the accuracy o f  QTL analys is  is  dependent upon 

the accuracy w ith  which the t r a i t s  can be measured. Considering the R2 

values o f  the two f la n k in g  markers o f  the in t e r v a l ,  the mR locus has 

higher assoc iation  w ith  fruc tan  content, and f i e l d  su rv iva l than has
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BCD265b locus does. The reverse  is  tru e  fo r  heading date a t . 24 h l i g h t .  

Since d i f f e r e n t  R2 values between the two markers were detected fo r  heading 

date under 24 h l i g h t  and f i e l d  surv iva l a t  Oregon were detected (Table  

8 ) ,  means o f  the ra t io n  o f  the two t r a i t s  were analyzed from the two 

groups o f  the recombinant in d iv id u a ls  in the in t e r v a l .  Two fo ld  

d if fe re n c e s  between the two means were observed. This suggested th a t  the  

re la t io n s h ip  between f i e l d  surv iva l a t Oregon and heading date under 24 h 

l i g h t  was due to  l in ka g e , not p le io tro p y .  More markers and in d iv id u a l  

carry ing  recombinant type in th is  in te rv a l  are needed to  resolve the  

question o f  p le io t r o p ic  e f f e c t .

Table 8 . Regression c o e f f ic ie n ts  o f  mR and BCD265b lo c i w ith  
w interhard iness parameters

T r a i ts mR BCD265b mR and BCD265b

Fructan 0.21 0 .15 0.23
Oregon surv iva l 0.31 0 .18 0.33
Bozeman surv iva l 0.51 0 .56 0 .68
LT50 0.20 . 0 .20 0.25
Heading date 16 h l i g h t 0.32 0.33 0.41
Heading date 24 h l i g h t 0 .29 0 .38 0.42
P ro s tra te  growth h ab it 0 .13 0 .04 0.13

As was suggested by Lebowitz e t  al (1986) and Lander and Botstein  

(1 9 89 ) ,  the power w ith  which we detected QTL variance e f fe c ts  w ith  

s e le c t iv e  genotyping was sm aller than w ith  random sampling. W eller and 

Wyler (1992) found th a t  i f  2% o f  the in d iv id u a ls  were selected  a t  the  

middle and 8% from the t a i l  o f  the d is t r ib u t io n ,  then power was 

approximately equal to  th a t  obtained w ith  random sampling. Since many 

marker lo c i  used in  th is  map were based on se le c t io n  o f  phenotypes from 

the t a i l s  o f  the f i e l d  surv iva l d is t r ib u t io n  a t  C o r v a l l is ,  OR, we
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constructed a c o r re la t io n  m atrix  to  estim ate the mean e f fe c ts  o f  mapped 

markers on phenotypes. H is t o r ic a l ly ,  th is  was the most commonly u t i l i z e d  

technique to map genes c o n tro l l in g  q u a n t i ta t iv e ly  measured phenotypes 

(L incoln  and Lander, 1990).

Of the 77 markers mapped in th is  experiment, 30 markers were mapped 

using 30 in d iv id u a ls  w hile  the remainder were mapped using the e n t i re  

popula tion . Sample s ize  can have a dramatic impact on the accuracy o f a 

l inkage  map, and the prec is ion  o f  our recombination estimates between 

markers th e re fo re  is  v a r ia b le  w ith in  the linkage  map. F u rth e r,  in te rv a l  

analys is  approaches to  QTL id e n t i f i c a t io n  u t i l i z e  data only when genotypic  

data is  a v a i la b le  on both sides o f  the in t e r v a l .  I f  a marker in which a 

complete d ataset was a v a i la b le  was adjacent to  a marker conta in ing  only 30 

genotype da tap o in ts ,  then the QTL analys is  would u t i l i z e  only the 30 

phenotypic values corresponding to  the in te rs e c t io n  o f  the two genotype 

da tase ts . As an example, th is  occurred in the in te rv a l  on chromosome 

seven from KSU24-c3a. The accuracy o f  the QTL analys is  as implemented by 

Mapmaker-QTL is  questionable  in instances o f  th is  type .

Simple c o r re la t io n  and regression analys is  provides a simple 

approach to  QTL analys is  which u t i l i z e s  a l l  o f  the data a v a i la b le  fo r  each 

mapped marker. When Table 9 is  contrasted w ith  the LoD score estimates o f  

Mapmaker-QTL, a l l  o f  the s ig n i f ic a n t  in te ra c t io n s  id e n t i f i e d  by Mapmaker- 

QTL are s im i la r ly  id e n t i f ie d  by simple c o r re la t io n  a n a ly s is .  However, 

Mapmaker-QTL f a i l e d  to  id e n t i f y  in te ra c t io n s  detected through the use o f  

c o r re la t io n  a n a ly s is .  When datasets  are less than p e r fe c t ,  c o r re la t io n  

ana lys is  may provide more inform ation than in te rv a l  a n a ly s is .

A separate question concerns the use o f  s e le c t iv e  genotyping as a
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c o s t -e f fe c t iv e  approach fo r  the id e n t i f i c a t io n  o f  QTL. The best way to  

address th is  question w ith th is  dataset is  to ask whether the QTL 

id e n t i f i e d  using complete datasets would l ike w is e  have been id e n t i f ie d  

with  s e le c t iv e  genotyping.

When c o r re la t io n  analys is  o f  marker mR, KSU24, and BCD265b were 

conducted on the 30 l in e s  id e n t i f ie d  by s e le c t iv e  genotyping, s ig n if ic a n t  

c o rre la t io n s  were found fo r  a l l  t r a i t s ,  and the c o rre la t io n s  were o f  the  

same magnitude as were those id e n t i f ie d  using 100 progeny. The le v e ls  o f  

s t a t i s t i c a l  s ig n if ic a n c e  fo r  LT50 and mR, and LT50 and BCD265b were reduced 

to  5% instead o f  1%. More complete datasets  are always to  be p re fe rred  to  

less complete, but i t  appears in th is  case th a t  a more complete dataset  

would r e s u l t  in the conclusions we obtained.



Table 9 . S ig n if ic a n t  le v e ls  o f  associationa among markers and winterhardiness parameters.

Markers Fructan Oregon
surv iva l

Bozeman
surv iva l

P rostrate
growth

Heading
date (16)

Heading
date(24)

LT50

CS * NS NS NS . NS NS NS
aMSU21 NS NS NS * * NS NS NS
aPST327 NS NS NS NS * NS NS
PST59 NS * NS NS NS NS NS
CD0588 NS NS NS NS NS * NS
aWGHOS NS NS NS * NS NS NS
aNAR7HnF NS NS NS NS * * * NS
aWG178 NS NS NS NS * * * * NS
aPST340b NS * NS NS NS NS NS
F8 NS NS NS * * NS NS NS
F4 * NS NS * NS NS ' NS
aGlu2 NS NS NS * * NS NS NS
BCD265a NA NS NS NS NS * NS
WG1026b NS NS NS * NS * NS
D7B NS NS NS NS * * * * *
WSP NS NS NS * NS NS NS
HorD * NS NS * NS NS NS
BCD265c NS * NS * NS NS NS
aPST340a * NS NS * * NS - NS NS
iPGD NS NS NS * NS NS NS
LMWP NS NS NS * * NS NS NS
aNAR7L NS NS NS NS NS NS *
OPAll NS NS NS NS * * NS
pTA71 NS * NS NS NS NS * *
WG364b NS * * * * NS NS NS NS
BCD298 NS * * NS NS NS NS NS
BCD265b * * * * * * * * * * * * *
pKSU24 * * * * * * * * * * * * * *
pKSU32 * NS NS NS * * * * NS
C3a * * * * * * NS * * * * *



Table 9 (continued)

Markers Fructan Oregon
surv iva l

Bozeman
survival

P rostra te
growth

Heading
date (16)

Heading
date(24)

LT50

mS * * * * * NS * * NS
mR * * * * * * * * * * * * * *
WGI 026a * * * * * * * * **> * * * *
PST321 NS NS NS NS * * * * NS
C l NS * NS * NS NS * *
BCD175 NS NS - NS * * * * * NS

NS = S t a t i s t i c a l l y  non s ig n i f ic a n t .
*  = S t a t i s t i c a l l y  s ig n i f ic a n t  a t 95% l e v e l . 
* *  = S t a t i s t i c a l l y  s ig n i f ic a n t  a t  99% l e v e l .
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CHAPTER 5 

SUMMARY

This study provides the f i r s t  reasonably complete dataset designed 

to permit eva lua tion  o f  the genetic  contro l o f  physio log ica l aspects o f  

w in te r  hardiness in b a r le y . The dependence o f cold to le ran ce  on crown 

fru c tan  content, heading da te , growth h ab it  and LT50Was in v e s t ig a te d .  The 

lo c a t io n  o f  genes modifying expression o f  each o f  these characters was 

i d e n t i f i e d ,  and the magnitude o f  the e f fe c ts  o f  a l l e l i c  v a r ia t io n  

estim ated.

Crown fru c tan  content appeared to  be associated w ith  w in te r  surv iva l  

and cold to le ra n c e .  Growth h ab it  and heading date appeared to  be less  

d i r e c t l y  associated w ith  w in te r  s u rv iv a l ,  although l in kag e  among genes 

c o n tro l l in g  each o f  these characters  may have made s e le c t io n  fo r  useful 

recombinants d i f f i c u l t .

Analysis o f  the percent o f  l in e s  in  t a i l s  o f  t r a i t  d is t r ib u t io n s  

demonstrated the p o te n t ia l  d i f f i c u l t i e s  which can be generated from the  

use o f  t a i l e d  d is t r ib u t io n  an a lys is .  Long term w in te r  su rv iva l is  s t i l l  

the best es t im ato r o f  w in terhard iness , and one or two experiments' data  

can lead to  a poor assignment o f  l in e s  to  d is t r ib u t io n  t a i l s .  Further,  

w hile  the Bozeman w in te r  o f  1992 provided good separation among l in e s  

which showed r e la t i v e l y  good w in te r  s u r v iv a l , h a l f  o f  the l in e s  in the  

experiment showed no s u r v iv a l . M u l t ip le  year and lo c a t io n  experiments 

would a id  in the development o f  accurate phenotypic d e sc r ip t io n  o f  these 

l in e s .

This p ro je c t  d id provide support fo r  the contention th a t  recombinant
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inbred l in e s ,  e s p e c ia l ly  doubled haplo ids , are uniquely su ited  to  

q u a n t i ta t iv e  t r a i t  analys is  when the t r a i t  under analys is  is  d i f f i c u l t  to  

measure. Only recombinant inbreds provide mapping resources which permit  

the development o f  re p lic a te d  experiments a t  m u lt ip le  lo catio n s  and over 

m u lt ip le  years .

Many RFLP maps have been constructed s o le ly  using Southern b lo t  

a n a ly s is .  In th is  p ro je c t ,  we used polymerase chain re ac t io n  (PCR) to  

f a c i l i t a t e  map construction  in th is  cross. The primer sequences fo r  PCR 

were generated from sequence-tagged-sites o f  the clones from the barley  

l i t e r a t u r e  and from the barley  genome mapping p ro je c t .  We found th a t  the  

frequency w ith  which we detected polymorphisms using PCR was s im i la r  to  

Southern b lo t  an a ly s is .

Seventy-seven markers used in  th is  study were resolved to  e ig h t  

l inkage  groups. Seven linkage  groups were known from p r io r  mapping o f  the  

chromosomal lo c a t io n  o f  markers. One linkage  group ( t h a t  assigned to  

b arley  chromosome 6 ) may be in accu ra te ly  located . Further use o f  markers 

w i l l  c l a r i f y  th is  problem.

QTL e f fe c ts  o f  a l l  w in te r -h a rd i  ness-associated parameters (excepting  

p ro s tra te  growth h a b it )  measured in  th is  study were found to  map to  a 

s in g le  20cM in te rv a l  on the long arm o f  chromosome 7. The mR-BCD265b 

in te rv a l  on chromosome 7 was the lo c a t io n  o f  genes modifying these t r a i t s .  

When recombinants w ith in  th is  in te rv a l  were c a r e fu l ly  eva lua ted , we found 

th a t  a gene modifying surv iva l a t  Oregon and a gene modifying flow ering  

date under 24 hours' i l lu m in a t io n  occupied lo catio n s  a t  d i f f e r e n t  ends o f  

the i n t e r v a l . This provides to  our knowledge the f i r s t  t e s t  o f  l inkage  

versus p le io tro p y  fo r  QTL res id in g  in a common in t e r v a l .  I t  a lso suggests
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th a t  recombinants can be selected which break the assoc iation  between 

surv iva l and la t e  f lo w er in g .

Three lo c i  were found to  modify crown fructan  content. The la rg e s t  

e f f e c t  mapped to the in te rv a l  on the long arm o f  chromosome 7, while  two 

lo c i  w ith less dramatic e f fe c ts  were mapped to the short arm o f  chromosome 

7 and the long arm o f  chromosome "5. The fructan  QTL on chromosome 5 

appeared to  cosegregate w ith w in te r  surv iva l measured a t  Oregon in 1991. 

The chromosome 7 fru c tan  QTL showed no de tec tab le  in te ra c t io n  w ith w in te r  

surv iva l a t e i t h e r  lo c a t io n .  More accurate measurement o f  w in te r  survival 

among these l in e s  may help determine whether crown fru c ta n  content is  

t r u l y  a c r i t i c a l  fa c to r  in determining w in terhard iness .

A to t a l  o f  th ree  mapped in te rv a ls  were found to  conta in  QTL which 

modified growth h a b i t .  In te rv a ls  on chromosome 2 and chromosome 5 

accounted fo r  15.2 and 15.7 percent o f  the v a r ia t io n  f o r  th is  t r a i t .  

Major e f fe c ts  on heading date were located  to  the chromosome 7 in te rv a l  

and to  an in te rv a l  on chromosome 2 which accounted fo r  approximately 13% 

o f  the v a r ia t io n  fo r  the charac te r .

These data suggest th a t  improvement in w in te r  su rv iva l may be 

accompanied by e a r l i e r  heading and more e rec t growth i f  appropriate  

s e le c t io n  is  performed. They a lso accentuate the importance o f  

appropria te  s e le c t io n  o f  parents and accurate analys is  o f  the phenotypic 

value o f  l in e s  when performing a QTL experiment.
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