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Summary. Analysis of crosses of Pisum lines showing 
variation in the apparent molecular weight of seed 
lipoxygenase polypeptides indicates that the genes en- 
coding the two major pea seed lipoxygenase polypeptides 
are closely linked. The lipoxygenase locus, designated 
Lox, maps to a position on linkage group 4 between Np 
and le. 
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Introduction 

Lipoxygenases (linoleate:oxygen oxidoreductase, E.C. 
1.13.11.12) (LOXs) are a group of monomeric non- 
haem-iron-containing enzymes which oxidise fatty acids 
containing cis,cis pentadiene systems to yield cis, 
trans-conjugated hydroperoxides and a range of second- 
ary products and derivatives, often with desirable or un- 
desirable tastes and odours (Galliard and Chan 1980). 
LOX activity is particularly high in legume seeds (Pinsky 
et al. 1971) and can present problems both in seed stor- 
age and as a result of the off-flavours and odours that it 
generates. However, LOX also catalyses a co-oxidation 
reaction which has been exploited by the breadmaking 
industry, where improved dough rheology and lower 
staling rates are obtained when high LOX activity soya- 
bean flour is added to wheat flour (Frazier 1979). This 
high LOX activity results from the comparatively large 
amount of LOX, 1% of the total seed protein (Kitamura 
1984), present in mature soya-bean seeds. 

Three major isozymes have been characterized in 
soya-bean seeds (Theorell et al. 1947; Christopher et al. 
1970, 1972); LOX-1 has a higher pH optimum than 

LOX-2 and LOX-3 and has a different substrate prefer- 
ence. Complete or partial sequences for all three iso- 
zymes have been reported (Start et al. 1986; Shibata et al. 
1987; Yenofsky et al. 1988). In pea seeds there is very 
little LOX-1; the two major isozymes are analogous to 
LOX-2 and LOX-3 (Reynolds and Klein 1982). A pea 
seed LOX sequence predicted from a full-length cDNA, 
corresponding to the upper of two polypeptides observed 
on SDS/polyacrylamide gels (SDS/PAGE) (Casey et al. 
1985), shows strong homology to soya-bean LOX-3 (Eal- 
ing and Casey 1988). 

The polypeptides of the three soya-bean isozymes can 
be separated by SDS/PAGE (Kitamura et al. 1983; Kita- 
mura 1984). Using this method, genetic variants lacking 
one of LOX-1 (Hildebrand and Hymowitz 1981), LOX-2 
(Davies et al. 1983) or LOX-3 (Kitamura et al. 1983) 
have been identified. Analyses of the inheritance of these 
null phenotypes revealed tight linkage of LOX-1 and 
LOX-2 genes but independent segregation of LOX-1 and 
LOX-3 genes; the absence of an isozyme was attributed 
to a single recessive allele lx l ,  Ix  2 o r  Ix  3 (Hildebrand and 
Hymowitz 1982; Davies et al. 1983; Kitamura et al. 1983; 
Davies and Nielsen 1986). 

The two major pea seed LOX polypeptides are more 
easily separated by SDS/PAGE than are the soya-bean 
polypeptides (Casey et al. 1985). We have identified ap- 
parent molecular weight variants of  both pea polypep- 
tides and used these for an analysis of  their pattern of 
inheritance and for locating the genes encoding them on 
the genetic map. 

Materials and methods 

Chemicals 

Chemicals were of AnalaR grade or of highest available purity 
from Sigma or BDH. Nitrocellulose filters were from Schleicher 
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and Schfill. Antiserum raised against soya-bean LOX-I was a 
gift from Dr. N. C. Nielsen, Purdue University, U.S.A.; this 
antiserum also cross-reacts with LOX-2 and LOX-Y 

Plant material 

Two hundred and six different PBum lines from the John Innes 
Germplasm Collection and F~, F 2 and F 3 seed from selected 
crosses were analysed for apparent molecular weight variants of 
LOX (as described below). In the cross JI 407 (Pisum sati- 
rum) x JI 261 (Pisum elatius), F 2 seed/plants were scored for 
Le/le, A/a, Kp/kp, Np/np, Gty/gty and M/m phenotypes and also 
as homozygous or heterozygous for L R and D (for details of 
phenotypes see Blixt 1974); JI 261 was dominant for all charac- 
teristics. 

1~2 seed/plants from JI 64 (Pisum elatius) x JI 92 (Pisum sat# 
rum accession from Afghanistan) and its reciprocal were scored 
for Gty/gty, P1/pl, Np/np, Td/td, and M/m; JI 64 was dominant 
for the first three characteristics and JI 92 was dominant for the 
last two. 

Protein gel electrophoresis and "Western" blotting 

Samples were prepared for electrophoresis using 1 -2  mg of dry 
seed meal (I mg meal/67 lal sample solution) which was removed 
from the seed non-destructively; seeds were then sown and the 
plants scored for their physical phenotypes. Proteins were ex- 
tracted either under partially denaturing conditions using urea/ 
SDS extracts of samples as described by Kitamura et al. (1983) 
and Kitamura (1984) or under fully denaturing conditions 
(Laemmli 1970). Both preparations gave identical resolution on 
gel electrophoresis. SDS/PAGE was carried out using a 10% 
(w/v) separating gel and a 5% (w/v) stacking gel (Laemmli 1970) 
at 100V for 17h (1 • 2 1 5  gels) or 120mA for 3h  
(1 x 105 • 120 mm gels). 

Polypeptides were electro-blotted onto nitrocellulose and 
LOX polypeptides visualized as described by Casey et al. (1985). 

Linkage analysis 

A zZ-analysis or Fisher's exact test (Fisher 1954) was used to 
detect non-randomness in the segregation patterns of F 2 popula- 
tions. For this purpose it was necessary to regroup F 2 data into 
a 2 x 2 table (in which the four classes were AXBX, aaBX, AXbb 
or aabb, where X is unknown), or a 2 x 1 table (by defining 
phenotypes where one character was recessive as class A, and 
phenotypes where none or both characters were recessive as 
class B). When non-randomness was detected it was attributed 
to linkage, and recombination frequencies were estimated using 
the maximum likelihood equations of Allard (1956). Recombi- 
nation frequencies were converted to map units using Haldane's 
mapping function (Haldane 1919), with confidence limits based 
on the errors of the recombination frequencies. 

In the cross JI 407 • JI 261, F 3 plants were scored, enabling 
F 2 plants to be classed as homozygous or heterozygous for Np 
and le. Fisher's exact test was performed on the nine F z classes, 
which were regrouped into four classes: parental homozygotes, 
recombinant homozygotes, single heterozygotes and double het- 
erozygotes. Recombination frequencies and map units were cal- 
culated from the data as nine classes. All repetitive calculations 
were carried out using a simple BASIC programme. 

Results and discussion 

Selected Pisum lines (206) were  screened for  va r ia t ion  in 
appa ren t  mo lecu la r  weight  o f  the two ma jo r  L O X  poly-  

Fig. 1. Partially denaturing electrophoresis/'Western' blot anal- 
yses o f f  z seeds from the crosses JI 407 z JI 261 and Jl 92 x JI 64 
probed with anti-lipoxygenase. Lanes labelled 261,407, 64, 92 
indicate F z homozygotes equivalent to the parents JI 261, J |  407, 
JI 64 and JI 92, respectively. Lanes labelled Hz indicate F2 
heterozygotes. The positions of molecular weight markers are 
indicated 

pept ides  observed  by S D S / P A G E  and  'Western '  blot t ing.  

F o u r  lines were selected as being appropr i a t e  for  s tudy- 
ing the inher i tance  o f  L O X  polypept ides:  JI  407 and 

JI  261, where  var ia t ion  in the lower molecu la r  weight  

po lypept ide  was observed,  and JI  92 and JI  64, where 
var ia t ion  in bo th  polypept ides  was apparent .  Analysis  o f  

F 1 seed f rom the cross JI  92 • J1 64 showed c o - d o m i n a n t  
inher i tance  o f  polypept ide  pat terns.  This  indicates that  

these po lypept ide  var iants  are due to var ia t ion  in the 

s t ructural  genes; var ia t ion  at a genetic locus responsible  

for process ing or  pos t - t rans la t iona l  modi f i ca t ion  wou ld  

be expected to yield F1 pheno types  that  resembled the 
paren t  wi th  the mos t  ext reme activity,  giving a d o m i n a n t  
character is t ic  ( T h o m s o n  and Schroeder  1978). Analys is  

o f  F 2 seed f rom bo th  crosses (Fig. 1) conf i rmed  simple 

Mende l i an  c o - d o m i n a n t  inher i tance for  bo th  polypep-  

tides. F 3 seeds f rom bo th  popu la t ions  were examined  for 

their  L O X  polypept ide  pa t te rn  and verified the F 2 data.  
We have  des ignated the pea l ipoxygenase  locus Lox. In  

the JI  407 • JI  261 cross, l inkage was detected be tween  

Lox  and bo th  le (de termining in te rnode  length) and Np 
(contro l l ing  the presence o f  neoplast ic  growths  on pods)  

(Table 1), which are in l inkage g roup  4 (Blixt 1974). 
L inkage  be tween le and Np was also apparent .  

To de te rmine  the relat ive o rder  o f  the Np, le and Lox  
loci, the F 2 segregants were classified into those h o m o z y -  
gous or  he terozygous  at the le and Np loci by analysis o f  

F 3 plants.  A t  least ten F3 plants  f rom an F 2 paren t  were 
requi red  to ensure at the 95% conf idence  level that  a 

given F 2 plant  was h o m o z y g o u s  d o m i n a n t  at a given 
locus; as a result, da ta  for only 28 members  o f  the F2 
popu la t i on  were used. W h e n  a Fisher ' s  exact  test was 
pe r fo rmed  on these da ta  (Table 2), l inkage be tween  Lox 
and le, and between Lox and Np, was indicated.  N o n -  
r andomness  was not  evident  for the le/Np da ta  here, 
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Table l .  Data  obtained from the F 2 segregants from the cross JI 407 x JI 261. The classes A, B, C, D, E and F refer to the following: 
3 x 2 t a b l e : A - A A B X ; B - A a B X ; C - a a B X ; D  A A b b ; E - A a b b ; F  a a b b ; 2 x 2 t a b l e : A - A X B X ;  B - a a B X ; C - A X b b ;  
D - aabb; 2 x 1 table: A - aaBX, AXbb; B - AXBX, aabb where X is an unspecified allele and A and B represent dominant  genes. 
Regrouping to a 2 x 1 table for the Lox/le classes was necessary for a valid x2-analysis. Values in brackets indicate regrouped data 

Character pair A B C D E F P R.f.% m.u. 

Lox/le 14 30 4 0 8 12 - 19.0_+ 7.8 23.9 (>12.7,  <38.4)  
(12 56 - - - 0.0003) - 

Lox/Np 14 30 2 0 11 14 0.001 19.0-+ 7.8 23.9 ( >  12.7, < 38.4) 
le/Np 36 7 12 13 - - 0.01 28.5_+13.7 42.2 ( >  17.5, <92.9)  

P Probability by z2-analysis 
R.f. recombination frequencies (Allard 1956) 
m.u. equivalent map units (centimorgans). Confidence limits of map units were calculated on the basis of recombination frequency 
errors 

Table 2. Data  obtained from 28 of the F 2 segregants from the cross JI 407 x JI 261 for which homozygosity/heterozygosity status was 
determined for le and Np by analysis of F a plants. The classes P, R, S and D refer to parental homozygotes, recombinant  homozygotes, 
single heterozygotes and double heterozygotes, respectively, regrouped from the nine classes scored. Recombinat ion frequencies 
(Allard 1956) (R.f.) and equivalent map units (m.u.) (centimorgans) were calculated from the data of the nine classes. Confidence 
limits of map units were calculated on the basis of recombination frequency errors 

Character  pair P R S D P R.f. % m.u. 

Lox/le 7 0 12 9 0.043 24.5_+7 33.7 (>21.5,  <49.7) 
Lox/Np 7 0 8 13 0.005 15.5_+5 18.6 (>11,8,  <26.4) 
le/Np 6 1 12 9 0.157 29.0_+8 43.4 (>27.2,  <67.4) 

P probabili ty (Fisher 1954) 

Table 3. Data  obtained from the F z segregants from the cross of JI 92 x JI 64 and reciprocal. The classes A, B, C, D, E and F refer 
to the following: 3 x 2 table: A - AABX; B - AaBX; C - aaBX; D - AAbb; E - Aabb; F - aabb; 2 x 2 table: A - AXBX; B - aaBX; 
C - AXbb;  D - aabb where X is an unspecified allele and A and B represent dominant  genes. Regrouping to a 2 x 2 table was necessary 
for a valid x2-analysis. Values in brackets indicate regrouped data 

Character pair A B C D E F P R.f.% m.u. 

Lox/Np 6 26 4 0 8 19 - 15.5+7.2 18.6 (>9.1 ,  <30.3) 
(32 4 8 19 < 0.002) - - 

Lox/Np 15 24 8 0 9 13 - 23.0_+7.9 30.8 ( >  17.9, <48.1) 
reciprocal (39 8 9 13 - - < 0.0001) - - 

P Probability by z2-analysis 
R.f. recombination frequencies (Allard 1956) 
m.u. equivalent map units (centimorgans). Confidence limits of map units were calculated on the basis of recombination frequency 
errors 

p r e s u m a b l y  because  o f  the  smal l e r  n u m b e r  o f  p l a n t s  ana -  

lysed. T h e  ava i l ab le  F 3 d a t a  a l lowed  the  a s s i g n m e n t  o f  all 

n ine  poss ib le  g e n o t y p i c  classes,  p r o v i d i n g  the  m a x i m u m  

a m o u n t  o f  i n f o r m a t i o n  f r o m  the  segrega t ion .  These  d a t a  

(Tab le  2) were  used  for  c a l c u l a t i o n  o f  r e c o m b i n a t i o n  fre- 

quenc ies  a n d  m a p  uni t s ,  a c c o r d i n g  to A l l a r d  (1956). T h e  

o r d e r  o f  the  loci,  d e t e r m i n e d  f r o m  the  d a t a  in  Tab le  2, is 

Np Lox - le. T h e  m a p  d i s t ance  fo r  le to  Np o f  4 2 - 4 3  

c e n t i m o r g a n s  (Tab les  1 a n d  2) c o m p a r e s  r e a s o n a b l y  well  

w i t h  the  28 c e n t i m o r g a n  va lue  r e p o r t e d  by  Blixt  (1974). 

H o w e v e r ,  the  va lues  h a v e  h i g h  e r r o r s  due  to the  re la t ive ly  

smal l  p o p u l a t i o n  size. 

In  the  crosses  J I  92 x J I  64 a n d  its r ec ip roca l ,  l i nkage  

o f  Lox to  Np was also de t ec t ed  ( T a b l e  3). ( T h e r e  was  n o  
v a r i a t i o n  a t  the  le locus  in th is  cross) .  T h e r e  was  rea-  

s o n a b l e  a g r e e m e n t  o f  m a p  d i s t ances  o b t a i n e d  in  all the  

crosses.  

I n  the  crosses  u s ing  JI  92 a n d  JI  64, n o  r e c o m b i n a n t s  

were  o b s e r v e d  b e t w e e n  the  two  b a n d i n g  p a t t e r n s  a m o n g  

the  200 F 2 seeds  tes ted,  i n d i c a t i n g  close l i nkage  o f  the  

genes  e n c o d i n g  the  two  p o l y p e p t i d e  classes.  A l t e r n a -  
tively, the  p o l y p e p t i d e s  c o u l d  be  the  p r o d u c t s  o f  the  s a m e  

locus  or  gene;  one  m i g h t ,  fo r  i n s t ance ,  be  a p o s t - t r a n s -  

l a t i ona l  m o d i f i c a t i o n  o f  the  o ther .  H o w e v e r ,  cel l-free 
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translation of  m R N A  from developing pea seed of  the cv 

'Birte '  produces two lipoxygenase polypeptides of  similar 
size to those seen on 'Western'  blots (Casey et al. 1985). 

c D N A  clones corresponding to these cell-free products 

have different sequences (P. Ealing, personal communi-  
cation), making it unlikely that the two major polypep- 
tides are products of  the same gene. 

As LOX-1 appears to be a minor  component  in pea, 
the two polypeptides studied here (Fig. 1) are likely to 

correspond to LOX-2 and LOX-3, and their linkage is in 

contrast  to the situation in soya-bean where tight linkage 
was detected between LOX-1 and LOX-2, but not be- 

tween LOX-2 and LOX-3 (Davies and Nielsen 1986). 
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