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Summary 

A r a r e r e c o m b i n a n t wi th in t he m u l t i g e n i c Hor 2 l ocus o f ba r l ey w a s d e t e c t e d b y S D S - P A G E of 
h o r d e i n f r ac t ions f r o m F 2 g r a in f r o m t h e c r o s s B o m i x P I 2 / 3 . A n a l y s i s o f a h o m o z y g o u s F 4 l ine b y 
2 - D I E F / S D S - P A G E s h o w e d t h a t r e c o m b i n a t i o n b e t w e e n the c lass I / I I a n d c lass I I I sub fami l i e s 
o f genes h a d o c c u r r e d , i nd i ca t i ng t h a t t h e y a r e spa t ia l ly s e p a r a t e w i th in t h e Hor 2 locus . R F L P 
ana lys i s u s i n g a B h o r d e i n - r e l a t e d c D N A c lone c o n f i r m e d t h a t r e c o m b i n a t i o n h a d o c c u r r e d , whi le 
s imi la r ana lys i s u s ing a g e n o m i c c l o n e r e l a t e d t o y - t y p e h o r d e i n ( e n c o d e d by t h e Hor 5/HrdF 
l ocus ) i n d i c a t e d t he o r d e r of t h e t w o subfami l i e s o f genes o n the s h o r t a r m o f c h r o m o s o m e 5, t h e 
c lass I / I I genes be ing c loser t o t he c e n t r o m e r e . T h e resu l t s a r e cons i s t en t w i t h t he origin o f t h e B 
h o r d e i n g e n e fami ly f rom ini t ia l d u p l i c a t i o n o f a s ingle a n c e s t r a l g e n e t o give t w o genes w h i c h 
d ive rged t o b e c o m e the a n c e s t o r s o f t h e c lass I / I I a n d class I I I subfami l i e s . S u b s e q u e n t cycles o f 
d u p l i c a t i o n a n d d ive rgence h a v e r e su l t ed in t he p r e s e n t h igh d e g r e e o f p o l y m o r p h i s m . 

1. Introduction 

T h e p r o l a m i n s t o r a g e p r o t e i n s o f ce rea l seeds a r e 
c o m p l e x p o l y m o r p h i c m i x t u r e s o f c o m p o n e n t s t h a t 
a r e usua l ly e n c o d e d by m u l t i g e n e fami l ies . I n b a r l e y , 
w h e a t a n d rye these genes a r e p r e s e n t a s t igh t ly l i nked 
c lus te r s t h a t b e h a v e as single loci in c ros ses . A l t h o u g h 
r e c o m b i n a t i o n wi th in these loci is a s s u m e d to h a v e 
c o n t r i b u t e d t o t he h igh deg ree o f v a r i a t i o n in t he 
p r o l a m i n p o l y p e p t i d e p a t t e r n s of different g e n o t y p e s , 
it is ra re ly , if ever , o b s e r v e d e x p e r i m e n t a l l y . 

T h e Hor 2 l ocus , l oca t ed o n the s h o r t a r m of ba r l ey 
c h r o m o s o m e 5, e n c o d e s t he B h o r d e i n g r o u p of 
p r o l a m i n s , wh ich a c c o u n t for a b o u t 8 0 % of t h e 
s t o r a g e p r o t e i n s in the m a t u r e g r a i n . B h o r d e i n is a 
h igh ly p o l y m o r p h i c m i x t u r e ; t w o - d i m e n s i o n a l e l ec t ro ­
p h o r e s i s o f f r ac t ions f rom e igh t g e n o t y p e s s h o w i n g 
b e t w e e n 8 a n d 16 m a j o r c o m p o n e n t s , w h i c h v a r y in 
the i r p r o p o r t i o n s , M r s a n d p i s ( F a u l k s et al. 1981). 
T h e s e p o l y p e p t i d e s c a n be classified i n t o t w o g r o u p s , 
o r subfami l i es , o n t he bas i s of the i r c y a n o g e n b r o m i d e 
p e p t i d e m a p s ( F a u l k s et al. 1981) a n d t h e c ros s -
h y b r i d i z a t i o n b e h a v i o u r of the i r c D N A s a n d m R N A s 
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(Kre i s et al. 1 9 8 3 a ) . A l t h o u g h ' S o u t h e r n B l o t ' 
ana ly se s o f g e n o m i c D N A have s h o w n a b o u t 2 0 - 3 0 
B h o r d e i n - r e l a t e d genes p e r h a p l o i d g e n o m e ( B u n c e 
et al. 1986), it h a s n o t been p o s s i b l e t o d e t e r m i n e 
wh ich genes e n c o d e ind iv idua l p r o t e i n s . S imi l a r ly it is 
n o t k n o w n w h e t h e r t h e t w o subfami l i es o f g e n e s a r e 
spa t ia l ly s e p a r a t e d w i t h i n the Hor 2 l ocus , o r i n t e r ­
spe rsed . 

R e c o m b i n a t i o n wi th in t h e Hor 2 l o c u s h a s n o t b e e n 
o b s e r v e d , d e s p i t e t he fact t ha t a n u m b e r o f s t u d i e s o f 
h o r d e i n gene t i c s h a v e b e e n m a d e , u s ing a r a n g e o f 
g e n o t y p e s a n d a n a l y t i c a l p r o c e d u r e s ( O r a m et al. 
1975; S h e w r y et al. 1978, 1980, 1983 , 1 9 8 8 ; D o l l & 
B r o w n , 1979; J e n s e n et al. 1980; B l a k e et al. 1 9 8 2 ; 
S h e w r y & Mifl in , 1982). I n p a r t i c u l a r , S h e w r y et al. 
(1980) used h i g h r e s o l u t i o n 1-D S D S - P A G E a n d 2 - D 
I E F / S D S - P A G E of d o u b l e d m o n o p l o i d l ines in o r d e r 
t o de t ec t i n t r a - l o c u s r e c o m b i n a t i o n , b u t w i t h o u t 
success . 

I n t h e p r e s e n t p a p e r we r epo r t t h e iden t i f i ca t ion a n d 
ana lys i s o f a r a r e r e c o m b i n a t i o n e v e n t w i t h i n t h e 
Hor 2 l ocus . T h e resu l t s ind ica te t h a t t he t w o m a j o r 
subfami l i es of B h o r d e i n s are e n c o d e d b y spa t i a l l y 
s e p a r a t e d g r o u p s o f genes w i th in t h e l o c u s , a n d 
l i nkage wi th o t h e r h o r d e i n loci a l l o w s u s t o d e t e r m i n e 
the o r d e r o f t he se genes o n the c h r o m o s o m e a r m . 
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2 . M e t h o d s 

(i) Plant materials and crossing 

S e e d s o f P 1 2 / 3 a n d P 1 2 / 4 w e r e s u p p l i e d b y D r V . P . 
N e t s v e t a e v (Al l U n i o n B r e e d i n g a n d G e n e t i c s I n ­
s t i t u t e , O d e s s a , U S S R ) . C r o s s e s w e r e m a d e b e t w e e n 
p l a n t s o f B o m i a n d P I 2 / 3 g r o w n in t h e g l a s s h o u s e a t 
R o t h a m s t e d , a s d e s c r i b e d b y S h e w r y et al. ( 1988) . 

(ii) Hordein analysis 

H o r d e i n f r a c t i o n s w e r e e x t r a c t e d f r o m mi l l ed w h o l e 
g r a i n a n d s ingle seeds a n d s e p a r a t e d b y 1-D S D S -
P A G E a n d 2 - D I E F / S D S - P A G E a s d e s c r i b e d p r e ­
v i o u s l y ( S h e w r y et al. 1988) . 

(iii) DNA preparation and transfer 

D N A w a s i s o l a t e d f r o m y o u n g b a r l e y s h o o t s o r 
l e aves , e s sen t i a l ly u s i n g t h e m e t h o d o f K r e i s et al. 
( 1 9 8 3 6 ) . T h e D N A w a s d i g e s t e d a c c o r d i n g t o t h e 
m a n u f a c t u r e r s ' i n s t r u c t i o n s ( B R L ) , u s i n g 10 /j,g D N A 
in a t o t a l v o l u m e o f 50 /i\ fo r e a c h d iges t . T h e d iges t s 
w e r e p e r f o r m e d fo r 4 h w i t h sufficient u n i t s o f e n z y m e 
t o e n s u r e t h a t t h e r e w e r e n o p a r t i a l d ige s t s . 

A p p r o x i m a t e l y 10/^g o f e a c h D N A w a s e l e c t r o -
p h o r e s e d t h r o u g h a 0-8 % a g a r o s e gel a n d t r a n s f e r r e d 
t o a H y b o n d N n y l o n filter ( A m e r s h a m ) , e s sen t i a l ly a s 
d e s c r i b e d b y S o u t h e r n (1975 ) . 

( iv) Probe preparation and hybridization 

T h e D N A p r o b e s w e r e r a d i o l a b e l l e d w i t h [ 3 2 P ] d A T P 
( A m e r s h a m ) u s i n g t h e r a n d o m h e x a m e r m e t h o d 
( F e i n b e r g & V o g e l s t e i n , 1983) . T h e y - h o r d e i n p r o b e 
w a s p r o v i d e d b y D r V . C a m e r o n - M i l l s ( C a r l s b e r g 
I n s t i t u t e ) . T h e p B 7 a n d p C p 3 8 7 p r o b e s w e r e as 
d e s c r i b e d b y F o r d e et al. ( 1 9 8 5 6 ) . T h e filters w e r e 
h y b r i d i z e d w i t h t h e p r o b e a t 65 ° C o v e r n i g h t a n d the 
n o n - b o u n d p r o b e r e m o v e d w i t h S S C , 0-1 % S D S , 
i n c r e a s i n g t h e s t r i n g e n c y o f t h e w a s h f r o m 2 x S S C t o 
0-1 x S S C . T h e filters w e r e a u t o r a d i o g r a p h e d u s i n g 
K o d a k X - O m a t film. 

Hor 5 
(HrdF) Hor 2 Hor 1 Hor 4 

1-2 

fs2 

I 
- 55-5 
-// 

10 

Class III Class I/II 

Subfamilies 
of genes 

Fig. 1. The locations of structural loci for hordein storage 
proteins (Hor J to Hor 5) on chromosome 5 of barley. 
The centromere is probably close to fs2. The m a p 

F o r re -use o f t h e filter t he p r o b e w a s r e m o v e d b y 
w a s h i n g in 0-4 N - N a O H a t 45 ° C for 30 m i n , t h e n 
neu t ra l i zed in 0 - 2 M T r i s - H C l p H 7 5 ; 0 1 % S D S ; 
0-1 x S S C a t 4 5 ° C for 30 m i n . 

3 . Results and discussion 

(i) Identification and electrophoretic characterization 
of a recombinant at H o r 2 locus 

A n u m b e r o f p r ev ious ly r e p o r t e d s tud ies h a v e es ­
t ab l i shed t h a t the t w o m a j o r g r o u p s of h o r d e i n s , B 
a n d C h o r d e i n , a r e e n c o d e d by l inked loci (Hor 2 a n d 
Hor 1 r espec t ive ly) wh ich a r e l oca t ed o n t h e s h o r t a r m 
of c h r o m o s o m e 5, w i t h Hor 1 c loses t t o t he c e n t r o m e r e 
( O r a m et al. 1 9 7 5 ; S h e w r y et al. 1978, 1980 ; D o l l & 
B r o w n , 1979 ; J e n s e n et al. 1980). A t h i r d l ocus , HrdF 
(Hor 5) ( N e t s v e t a e v & S o z i n o v , 1982) is l o c a t e d 
dis tal ly t o Hor 2, a n d p r o b a b l y e n c o d e s y - t y p e 
h o r d e i n s ( S h e w r y & P a r m a r , 1987). I n a d d i t i o n a 
second m i n o r g r o u p o f h o r d e i n s , D h o r d e i n , is e n c o d e d 
b y a locus (Hor 3) l o c a t e d p r o x i m a l l y o n the l o n g a r m 
o f the s a m e c h r o m o s o m e ( S h e w r y et al. 1983). T h e 
loca t ions of t he se loci a r e s h o w n d i a g r a m m a t i c a l l y in 
F i g . 1. T h e P I 2 / 3 a n d P 1 2 / 4 lines a r e de r ived f rom 
t h e cross N u t a n s 244 x E l g i n a ( N e t s v e t a e v & S o z i n o v , 
1984) a n d a r e i sogen ic for Hor 1, Hor 2, Hor 3 a n d 
Hor 5, b u t P I 2 / 3 c o n t a i n s a n a d d i t i o n a l B h o r d e i n -
l ike p ro t e in ( a r r o w e d in F ig . 2, t r a c k b ) w h i c h is 
c o n t r o l l e d b y a fifth l ocus , Hor 4 (HrdG), w h i c h is 
loca ted p r o x i m a l l y t o Hor 1 ( N e t s v e t a e v & S o z i n o v , 
1984; S h e w r y et al. 1988) (see F ig . 1). 

Several c ros ses b e t w e e n P I 2 / 3 a n d o t h e r l ines w e r e 
set up t o s t u d y t h e l i nkage r e l a t i o n s h i p s o f Hor 4 
(Shewry et al. 1988). O n e of these c rosses w a s 
B o m i x P 1 2 / 3 , a n d ana lys i s o f t he h o r d e i n p a t t e r n s o f 
281 F 2 h a l f seeds b y S D S - P A G E revea led o n e seed 
w i t h an u n u s u a l c o m b i n a t i o n of h o r d e i n p o l y p e p t i d e s 
(F ig . 2, t r a c k f ) . T h e h o r d e i n p a t t e r n o f B o m i is 
cha rac t e r i zed b y t w o m a j o r B h o r d e i n b a n d s , a diffuse 
l o w MT b a n d ca l led B l a n d a h igh MT d o u b l e t ca l l ed 
B3 (Fig. 2 , t r a c k a ) . In c o n t r a s t P I 2 / 3 l a cks t h e l o w 
MT Bl b a n d , a n d h a s a s ingle m a j o r b a n d i n s t e a d of a 
d o u b l e t in t he B3 r eg ion (F ig . 2, t r a c k b ) . T h e F 2 seed 

Hor 3 

Long 
arm 

distances in centimorgans (cM) are based on Jensen 
(1987). 
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The H o r 2 l ocus o f ba r l ey 

(") (b) (c) 

a b c d e f g h i j k l m n 

Fig. 2. S D S - P A G E of hordein fractions from single seeds 
of barley, (a) Shows fractions from a, Bomi; b, P12/3 
and c, P12/4 . The arrow in track b indicates the product 
of the Hor 4 locus, (b) Shows fractions from F 2 seeds 
from the cross Bomi x P 1 2 / 3 . The fraction in track f 
showed an unusual pattern of hordein polypeptides, 
indicating recombination within the Hor 2 locus. The 
arrow in track d indicates the product of the Hor 4 locus, 
(c) Shows fractions from individual seeds of the 
homozygous F 4 line 134/31. B, C and D indicate the 
groups of hordein polypeptides, and 1 and 3 the Bl and 
B3 bands. 

Fig. 3. 2-D I E F / S D S - P A G E analyses of B-hordein 
fractions from (a), Bomi; (b), P12 /3 and (c), recombinant 
line 134/31. The numbers indicate polypeptides which 
have been assigned to classes on the basis of their 
cyanogen bromide peptide maps, those above the broken 
lines being class III and those below class I / I I . 
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s h o w n in F ig . 2 ( t r a c k f) was h e t e r o z y g o u s , b u t 
c lear ly h a d t h e B l b a n d o f B o m i c o m b i n e d w i t h t h e 
B3 b a n d o f P I 2 / 3 . T h i s sugges ted t h a t it r e s u l t e d f r o m 
r e c o m b i n a t i o n w i th in t he Hor 2 l o c u s . 

T h e e m b r y o ha l f o f th is seed w a s g r o w n u p a n d 
i n d i v i d u a l seeds were selected in t h e F 3 g e n e r a t i o n for 
h o m o z y g o s i t y . T h i s g a v e a series o f F 4 l ines t h a t w e r e 
h o m o z y g o u s for t he r e c o m b i n a n t B h o r d e i n p a t t e r n , 
s o m e o f w h i c h a l so h a d the Hor 4 g e n e p r o d u c t . O n e 
o f t h e r e c o m b i n a n t l ines w i t h o u t t h e Hor 4 g e n e 
p r o d u c t (l ine 1 3 4 / 3 1 ) (F ig . 2 c) w a s se lec ted for 
d e t a i l e d ana lys i s . 

H o r d e i n f rac t ions were e x t r a c t e d f r o m mi l l ed g r a i n 
o f B o m i , P 1 2 / 3 a n d the r e c o m b i n a n t l ine ( 1 3 4 / 3 1 ) , 
a n d s e p a r a t e d by 2 - D I E F / S D S - P A G E ( F i g . 3) . 
B o m i (F ig . 3 a ) a n d P 1 2 / 3 (Fig . 3b) h a v e i d e n t i c a l B -
h o r d e i n p a t t e r n s t o Ju l i a a n d C a r l s b e r g I I r e spec t ive ly 
w h i c h w e r e s t u d i e d by F a u l k s et al. (1981) . I t is, 
t h e r e f o r e , pos s ib l e t o ass ign the m a j o r p o l y p e p t i d e s t o 
c lasses b a s e d o n the i r c y a n o g e n b r o m i d e p e p t i d e 
m a p s . C o m p o n e n t s 4 - 8 , 28 a n d 30 w e r e s h o w n b y 
F a u l k s et al. (1981) t o be class I I I , a n d c o m p o n e n t s 
27 , 3 1 , 32, 45 a n d 47 t o b e class I / I I . R e - e x a m i n a t i o n 
o f c o m p o n e n t 29 s h o w e d t h a t it w a s a l s o c lass I / I I , 
n o t c lass I I I a s r e p o r t e d p rev ious ly ( K r e i s et al. 
1983 b). 

I n o r d e r t o d e t e r m i n e t h e p a r e n t a l o r ig in o f t h e B 
h o r d e i n c o m p o n e n t s in t he r e c o m b i n a n t l ine t h e 
f r ac t ion w a s s e p a r a t e d by 2 - D I E F / S D S - P A G E , b o t h 
a l o n e (F ig . 3 c) a n d a s m i x t u r e s w i t h h o r d e i n f r a c t i o n s 
f r o m the t w o p a r e n t a l l ines (no t s h o w n ) . T h i s s h o w e d 
t h e p r e s e n c e o f p o l y p e p t i d e s 6-8 a n d 28 (all c lass I I I ) 
f r o m P 1 2 / 3 , a n d p o l y p e p t i d e s 27 , 45 a n d 47 (c lass 
I / I I ) f r o m cv. B o m i . T h i s d e m o n s t r a t e s t h a t r e ­
c o m b i n a t i o n h a s o c c u r r e d be tween t h e c lass I / I I a n d 
c lass I I I sub- fami l i es o f genes w i th in t h e Hor 2 l o c u s , 
i n d i c a t i n g t h a t t hey a r e p r e sen t a s spa t i a l l y s e p a r a t e d 
c lus t e r s . 

(ii) Restriction fragment analysis of the H o r 2 locus 

R e s t r i c t i o n f r a g m e n t l eng th p o l y m o r p h i s m ( R F L P ) 
ana lys i s w a s used to d e m o n s t r a t e conc lu s ive ly t h a t 
r e c o m b i n a t i o n h a d o c c u r r e d wi th in t h e Hor 2 l o c u s . 
T o t a l g e n o m i c D N A w a s p r e p a r e d f r o m B o m i , P 1 2 / 3 , 
P I 2 / 4 a n d the Hor 2 r e c o m b i n a n t ( 1 3 4 / 3 1 ) , d i g e s t e d 
w i t h t w o res t r i c t ion e n d o n u c l e a s e s (EcoK I a n d 
Hind I I I ) a n d s e p a r a t e d o n a n a g a r o s e gel . T h e 
f r a g m e n t s were t r a n s f e r r e d t o a n y l o n m e m b r a n e a n d 
p r o b e d w i t h 3 2 P - l a b e l l e d c D N A . A l t h o u g h t h e c l o n e 
se lected as a p r o b e (pB7) e n c o d e s a B h o r d e i n o f t h e 
c lass I I I (B3 h o r d e i n ) sub- fami ly ( F o r d e et al. 1 9 8 5 6 ) , 
p r e v i o u s s tud ies s h o w e d t h a t it h y b r i d i z e d t o c lass I / I I 
a n d c lass I I I genes o n S o u t h e r n B l o t t i n g ( F o r d e et al. 
1 9 8 5 6 ; B u n c e et al. 1986). T h e p a t t e r n s o f h y b r i d i z i n g 
f r a g m e n t s a r e s h o w n in F ig . 4 a. 

T h e resu l t s w i t h B o m i a r e s imi lar t o t h o s e r e p o r t e d 
p r e v i o u s l y (see K r e i s e t a l . 1984; B u n c e et al. 1986) , 
w i t h a n u m b e r o f h y b r i d i z i n g f r a g m e n t s , r a n g i n g in 
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s ize f r o m a b o u t 2 t o 2 0 k b . P r e v i o u s l y r e p o r t e d c o p y 
n u m b e r r e c o n s t r u c t i o n s i n d i c a t e d t h a t t h e f r a g m e n t s 
c o n t a i n e d b e t w e e n 1 a n d 10 c o p i e s of B h o r d e i n g e n e s 
( see K r e i s et al. 1984) . H o w e v e r , th is n u m b e r m u s t b e 
t r e a t e d w i t h c a u t i o n a s t h e i n t ens i t y o f h y b r i d i z a t i o n 
c o u l d b e a f fec ted b y t h e d e g r e e o f h o m o l o g y o f t h e 
g e n e w i t h t h e p r o b e a s wel l a s t h e g e n e c o p y n u m b e r . 

P I 2 / 3 a n d P I 2 / 4 h a d v e r y s imi l a r R F L P p a t t e r n s , 
e x c e p t t h a t t h e Hind I I I d i g e s t o f P 1 2 / 3 c o n t a i n e d a n 
e x t r a h y b r i d i z i n g f r a g m e n t o f a b o u t 14 k b ( a r r o w e d in 
F i g . 4 , t r a c k f ) . T h i s m i n o r d i f ference w a s r e p r o d u c ­
ib l e b e t w e e n s e p a r a t e l y p r e p a r e d s a m p l e s o f g e n o m i c 
D N A , a n d m a y h a v e c o r r e s p o n d e d t o t h e Hor 4 g e n e 
w h i c h e n c o d e s a B h o r d e i n - r e l a t e d p r o t e i n (see S h e w r y 
et al. 1988) . A l t h o u g h P 1 2 / 3 a n d P 1 2 / 4 h a d es sen t i a l ly 
i d e n t i c a l h o r d e i n p a t t e r n s t o C a r l s b e r g I I (as 
d e m o n s t r a t e d b y 2 - D a n a l y s i s ) the i r R F L P p a t t e r n s 
d i f fe red ( c o m p a r e F i g s 3 c a n d 4 a w i t h r e su l t s in K r e i s 
et al. 1 9 8 3 6 ) . 

T h e r e c o m b i n a n t l ine ( F i g . 4a, t r a c k s d, h ) s h o w e d 
a c l e a r c o m b i n a t i o n o f h y b r i d i z i n g f r a g m e n t s f r o m t h e 
t w o p a r e n t a l l ines , f r a g m e n t s d e r i v e d f r o m B o m i 
b e i n g i n d i c a t e d b y a r r o w s . I n p a r t i c u l a r , t h e EcoR I 
d i g e s t s s h o w e d t h e p r e s e n c e o f a n in tense ly h y b r i d i z i n g 
f r a g m e n t o f a b o u t 2-9 k b w h i c h w a s d e r i v e d f r o m 
B o m i ( a r r o w e d in F i g . 4a, t r a c k a ) . T h i s p r o b a b l y 
e n c o d e d t h e m a j o r B l h o r d e i n p o l y p e p t i d e s , s ince 
F o r d e et al. ( 1 9 8 5 a ) i s o l a t e d a f r a g m e n t o f th i s size 

23-5 

c o n t a i n i n g a B l h o r d e i n g e n e f rom cv. S u n d a n c e , 
wh ich h a s a n ident ica l R F L P p a t t e r n t o B o m i (see 
Bunce pt al 1986) T h e s e R F L P ana ly se s p r o v i d e 
conc lus ive ev idence t h a t r e c o m b i n a t i o n h a d o c c u r r e d 
wi th in t h e Hor 2 l ocus , a n d ru l e o u t t h e poss ib i l i ty 
t h a t t he differences b e t w e e n the B h o r d e i n p a t t e r n s o f 
t h e p a r e n t a l a n d r e c o m b i n a n t l ines a r o s e f rom pos t -
t r a n s l a t i o n a l p roces s ing e v e n t s . 

(iii) Restriction fragment analysis of the H o r 5 
( H r d F ) locus 

I t was c o n c l u d e d f r o m the e l e c t r o p h o r e t i c a n d R F L P 
ana lyses r e p o r t e d a b o v e t h a t t he t w o subfami l i es of 
genes a t the Hor 2 l ocus were spa t i a l l y s e p a r a t e d . In 
o r d e r t o d e t e r m i n e t he o r d e r o f t he se c lus te r s w i th 
r e l a t ion t o t h e c e n t r o m e r e , we c a r r i e d o u t R F L P 
ana lyses o f t he Hor 5 (HrdF) l ocus . 

Hor 5 (HrdF) is l o c a t e d a b o u t 0-3 c M dis ta l ly t o 
Hor 2 ( N e t s v e t a e v & S o z i n o v , 1982), a n d a p p e a r s t o 
e n c o d e the y - t y p e h o r d e i n s ( S h e w r y et al. 1985 ; 
S h e w r y & P a r m a r , 1987). B e c a u s e r e c o m b i n a t i o n 
be tween Hor 5 a n d Hor 2 is ve ry r a r e , t h i s locus c a n be 
u s e d as a m a r k e r t o e s t ab l i sh t h e o r d e r o f genes wi th in 
Hor 2. 

A g e n o m i c f r a g m e n t e n c o d i n g a y - t y p e h o r d e i n 
( C a m e r o n - M i l l s & B r a n d t , 1988) w a s t h e r e f o r e used 
t o r e - p r o b e t h e g e n o m i c D N A s f r o m t h e fou r l ines 

(c) 

4 - 3 -

2-2-
2-1-

f 
V J 

i j k 

Fig. 4. Hybr id iza t ion of D N A clones related to (a), B 
horde in (pB7) ; (b), y- type hordein (Ahor -1) and (c) C 
horde in (pCp 387) to EcoR I and Hind III digests of 
D N A from Bomi, P 1 2 / 3 , P 1 2 / 4 and the recombinant line 
1 3 4 / 3 1 . T racks a, e, i, m, q, u are cv. Bomi; b, f, j , n, r, v 
are P 1 2 / 3 ; c, g, k, o, s, w are P 1 2 / 4 , and d, h, 1, p, t, x 
are the recombinan t line 134/31 . Tracks a -d , i-1 and q - t 
are EcoR I digests, and t racks e-h, m - p and u - x are 
Hind III digests. The a r row in t rack a indicates a 
f ragment of abou t 2-9 kb which probably encodes Bl 

l m n o p q r s t u v w x 

hordein and that in track f a fragment which probably 
corresponds to the Hor 4 gene. The arrows in tracks d 
and h indicate fragments present in the recombinant line 
which are derived from Bomi. The arrows in tracks 1, p, t 
and x indicate fragments which hybridize to the y-type 
hordein probe but which probably correspond to C 
hordein genes. The arrows in tracks i, j , m, n indicate y-
type hordein-related fragments that differ in Bomi from in 
PI 2/3 and the recombinant line. 
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( B o m i , P 1 2 / 3 , P 1 2 / 4 a n d 134 /31 ) (F ig . 4b). A s a 
c o n t r o l t h e filter w a s a l so p r o b e d wi th a c l o n e d c D N A 
re l a t ed t o C h o r d e i n ( F i g . 4c). T h i s w a s n e c e s s a r y 
b e c a u s e C h o r d e i n a n d y - t y p e h o r d e i n s c o n t a i n 
r e p e a t e d s e q u e n c e s b a s e d o n the s a m e c o n s e n s u s 
motif , a n d s o m e c r o s s - h y b r i d i z a t i o n of c D N A s a n d 
genes w a s e x p e c t e d . T h i s d id in fact d e m o n s t r a t e t h a t 
severa l f r a g m e n t s t h a t hyb r id i zed t o t h e y - t y p e h o r d e i n 
p r o b e p r o b a b l y c o r r e s p o n d e d to C h o r d e i n genes . 
T h e s e a r e a r r o w e d in F ig . 4 b, t r a c k s 1 a n d p , a n d F ig . 
4 c, t r a c k s t a n d x. All four l ines gave iden t i ca l R F L P 
p a t t e r n s w i t h t h e C h o r d e i n p r o b e , w h i c h is c o n s i s t e n t 
w i t h t he i r i den t i ca l C h o r d e i n p a t t e r n s o n S D S - P A G E 
a n d 2 - D I E F / S D S - P A G E ( S h e w r y et al. 1988). N o 
c r o s s - h y b r i d i z a t i o n b e t w e e n the p r o b e s for y - t y p e a n d 
C h o r d e i n s a n d the genes for B h o r d e i n was o b s e r v e d 
[cf. F ig . 4 ( a ) w i th F ig . 4(b, c)]. 

T h e g e n o m i c f r a g m e n t s wh ich hyb r id i zed t o t h e y -
t ype h o r d e i n p r o b e b u t n o t t o t he C h o r d e i n p r o b e 
were a s s u m e d t o c o r r e s p o n d to y - t y p e h o r d e i n genes . 
T h e p a t t e r n o f these f r a g m e n t s in B o m i differed f r o m 
t h a t in P I 2 / 3 a n d P I 2 / 4 (see f r a g m e n t s a r r o w e d in 
F ig . 4b, t r a c k s i, j , m , n) , w i th t he r e c o m b i n a n t l ine 
h a v i n g iden t i ca l p a t t e r n s t o t he P / 1 2 l ines . T h i s 
d e m o n s t r a t e s t h a t t he Hor 5 (HrdF) al lele p r e s e n t in 
t h e r e c o m b i n a n t l ine w a s de r ived f rom P I 2 / 3 a n d n o t 
f rom B o m i . 

(iv) General discussion 

T h e s tud ies d e s c r i b e d a b o v e d e m o n s t r a t e t h a t t h e 
r e c o m b i n a n t Hor 2 l ine h a s t he class I I I B h o r d e i n 
genes a n d y - t y p e h o r d e i n genes f rom P I 2 / 3 c o m b i n e d 
wi th the c lass I / I I B h o r d e i n genes f rom B o m i . T h i s 
sugges t s t h a t t h e m o s t l ikely o r d e r o f genes a t t h e 
Hor 2 l ocus is c lass I / I I - c lass I I I - Hor 5 (see F ig . 1). 
T h e o p p o s i t e o r d e r o f B - h o r d e i n genes cou l d o n l y 
o c c u r if t w o r e c o m b i n a t i o n even t s h a d o c c u r r e d , 
b e t w e e n t h e c lass I / I I a n d c lass I I I sub- fami l i es a n d 
b e t w e e n Hor 2 a n d Hor 5. T h i s is h ighly un l ike ly in 
view of t h e r a r e o c c u r r e n c e s o f t he t w o s ingle 
r e c o m b i n a t i o n e v e n t s . 

T h e d e m o n s t r a t i o n t h a t t he c lass I / I I a n d c lass I I I 
B h o r d e i n genes f o r m spa t ia l ly d i s t inc t r e g i o n s o f t h e 
Hor 2 l ocus i n d i c a t e s t h a t these t w o sub- fami l ies h a v e 
a r i sen by t h e ini t ia l d u p l i c a t i o n o f a s ingle a n c e s t r a l 
gene , fo l lowed b y d i v e r g e n c e a n d fu r the r d u p l i c a t i o n 
even t s t o give t w o sub- loc i . It is n o t pos s ib l e t o 
d e t e r m i n e t he t o t a l size o f t he Hor 2 l ocus , b u t R F L P 
ana ly se s i n d i c a t e a c o p y n u m b e r o f a b o u t 2 0 - 3 0 g e n e s 
p e r h a p l o i d g e n o m e ( B u n c e et al. 1986), a n d K r e i s 
et al. ( 1 9 8 3 6 ) c a l c u l a t e d a m i n i m u m size o f 8 5 k b 
b a s e d o n t h e t o t a l sizes o f res t r i c t ion f r a g m e n t s w h i c h 
were lost in a de l e t i on m u t a n t . T h e a c t u a l size o f t h e 
locus m a y b e c o n s i d e r a b l y g rea t e r , a s t he r e s t r i c t i o n 
f r a g m e n t s m a y n o t b e c o n t i g u o u s , b u t i n t e r s p e r s e d 
w i t h r e g i o n s o f u n r e l a t e d D N A s e q u e n c e . A n u p p e r 
l imit to t h e size m a y be g iven by recen t s t u d i e s o f 
S o r e n s e n a n d co l l e agues a t t he C a r l s b e r g I n s t i t u t e (see 

v o n W e t t s t e i n - K n o w l e s , 1989). T h e y s e p a r a t e d l a r g e 
f r a g m e n t s o f ba r l ey g e n o m i c D N A b y p u l s e d field gel 
e l e c t r o p h o r e s i s a n d s h o w e d tha t o n l y t w o f r a g m e n t s 
of D N A , o f 300 a n d 220 k b , hyb r id i zed t o a B h o r d e i n 
p r o b e . 

F u r t h e r d i rec t a t t e m p t s t o s tudy t h e s t r u c t u r e a n d 
o r g a n i z a t i o n o f t he Hor 2 locus in m o r e de ta i l m a y 
p o s e p r o b l e m s b e c a u s e the p r e s e n c e o f a h i g h 
p r o p o r t i o n (over 9 0 % ) o f repe t i t ive D N A in ce rea l 
g e n o m e s (F lave l l , 1980) m a y limit t h e a p p l i c a t i o n o f 
s t a n d a r d p r o c e d u r e s o f l o n g r a n g e m a p p i n g s u c h a s 
c h r o m o s o m e w a l k i n g a n d j u m p i n g . N e v e r t h e l e s s t h e 
c o m b i n a t i o n of c lass ical a n d m o l e c u l a r g e n e t i c s t u d i e s 
t h a t h a v e b e e n used so fa r is g iv ing a f a s c i n a t i n g 
p i c t u r e o f h o w this c o m p l e x locus h a s e v o l v e d . 

We are grateful to Dr V. P. Netsvetaev (Odessa, U S S R ) for 
supplying seeds of P12 /3 and P12/4, to D r V. Cameron-
Mills (Carlsberg Institute, Copenhagen, Denmark) for the 
y-type hordein clone and to Mr P. Sabelli (Rothamsted) 
for advice on Southern blotting. 
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