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SUMMARY

One and two-dimensional sodium dodecyl sulphate polyacrylamide gel elec-
trophoretic techniques have been used to follow the inheritance of legumin and
convicilin subunits in crosses of various pea lines. The major legumin acidic
subunits behaved as products of a single Mendelian gene with at least five
different possible alleles. Independent segregation of a minor "big" legumin
acidic subunit and the acidic and basic subunits of "small" legumin were
observed, suggesting that while the main legumin subunits are produced from
a set of closely linked genes at a single locus, further weakly expressed legumin
genes are present at other loci. Convicilin subunits behaved as the products of
a single Mendelian gene with at least three allelic forms. Genetic analysis of F2
seeds and plants from crosses of pea lines was used to map the major legumin
gene (Lg-1) to a locus near the r-tl segment of chromosome 7 and the convicilin
gene (Cvc) to a locus between s and k on chromosome 2.

1. INTRODUCTION

VARIATION in subunit band patterns of the storage proteins in Pisum
sativum L., the garden pea, on gel electrophoresis has given rise to studies
claiming that certain subunits of these proteins behave as single pairs of
allelic genes in crossing experiments (Hynes, 1968; Thomson and
Schroeder, 1978). However, the lack of good structural models for these
proteins has hindered the interpretation of results, and only in the case of
legumin has a clear confirmation of these claims been obtained through
the detailed study of Casey (1979), although the minor legumin subunits
were shown not to agree with the model. Linkage of the legumin gene to
the r locus on chromosome 7 has been demonstrated (Davies, 1980) but
no accurate mapping of storage protein genes has been carried out.

Three major storage proteins may be defined. First, legumin, a protein
containing six subunit pairs per approx. 400,000 Mr molecule, each subunit
pair containing a larger relatively acidic subunit and a smaller relatively
basic subunit joined by one or more disulphide bonds (Wright and Boulter,
1974; Gatehouse et a!., 1980). These subunit pairs may be divided into
three types (Matta etal., 1981b): the main type (Mr 53,000—54,000) corre-
sponds to the conventional legumin subunit pair of the Wright and Boulter
(1974) model (the major legumin subunits of Casey, 1979), and the other
two types (present in lesser amounts) have been designated "big"
(Mr 55,000—58,000) and "small" (Mr 35,000) legumin subunit pairs.
Legumin is synthesised as a precursor form, Mr approx. 60,000 in which
the single polypeptide chain contains both an acidic and a basic subunit
(Croy et a!., 1980a), which are subsequently proteolytically cleaved.
Secondly, vicilin, a protein of Mr 150,000 containing three approx.
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50,000 Mr subunits as synthesised, some of which are subsequently pro-
teolytically cleaved to generate polypeptides of smaller Mr (Croy et al.,
1980b; Gatehouse et al., 1981); and thirdly, convicilin, a protein of
Mr 280,000 containing only subunits of approx. 70,000 Mr (Croy et a!.,
1980c), which do not appear to undergo extensive post-translational
modification.

Variations in the SDS-polyacrylamide gel electrophoretic band patterns
of the legumin and convicilin proteins have provided the basis for the
present study, which has attempted to characterise and map the genetic
loci responsible for their synthesis.

2. MATERIALS AND METHODS

(i) Plant materials

Seeds of different pea lines and F2 seeds of various crosses were supplied
by Dr S. Blixt, Weibullsholm Plant Breeding Institute, Landskrona,
Sweden. Crosses of lines 1238 x 1263, 110 x 807 and 110 x 851 were carried
out in Durham: all other crosses were carried out by Dr Blixt. Developing
seeds were allowed to mature completely on greenhouse grown plants
before analysis.

Genotypes of the pea lines used were as follows:

110 a, td, Np, te, F!, M, F, Fs
807 Kp,D,M
851 Pa, vim, b, k, dt, pr, wb, tiw, St td, DCO, fi, pro, le, di, mifo, s, oh,

cor, F, Fs, 1, r
1238 b, k, Bra, dt, pr, wb, tl'', d, fi, fr, fru, pro, coh, le, t, cp —1, te, gp,

pur", sru, s, U', i, r
1263 a, Br, dt, Tra
1293 Kp, Kpa, td, DCO, Dpo, n, Np, cotr, te, rup, rups, sru, srub, Gty,

Him, Fl, Fs, Ut

All these lines except 1293 are known to be of normal karyotype. The
karyotype of line 1293 is not established.

(ii) Chemicals

Chemicals used were obtained from BDH Ltd. except as noted, and
were of the highest grade available. Trizma base (Tris (Hydroxymethyl)
aminomethane) was from Sigma Chemical Co.

(iii) Methods

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out
in 12'5 per cent acrylamide gels by the method of Laemmli (1970). Two-
dimensional SDS-PAGE with non-reducing conditions in the first
dimension and reducing conditions in the second dimension was performed
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as described by Matta et a!. (1981a). Extracts from single pea seeds for
SDS-PAGE were prepared as follows:

A piece of cotyledon tissue was removed from the dry seed, taking care
to avoid damaging the embryonic axis, and separated from any adhering
testa. The cotyledon tissue was then finely ground in a small mortar and
pestle, and the meal extracted by shaking overnight at 4°C with sample
buffer (40 mg meal/mi SDS-PAGE sample buffer), centrifuged at 9000 g
for 5 mm, and the supernatant (10 pA) taken for loading onto gels. R/r
phenotypes were determined by examination of starch grains, and by
observation of the phenotypes of F3 seeds.

The statistical methods used were those of Fisher (1925) for calculating
X2 values, and those of Immer (1930) ("product ratio" method) for
calculating percentages of crossing over and probable errors. In the latter
method one of the co-dominant factors in the allelic pair was considered
as dominant so that in a dihybrid cross involving dominant and co-dominant
factors, the factors were in a coupling phase.

(iv) Nomenclature

The gene symbols used in this paper have been reformulated in accord-
ance with the recommendations of the Pisum Genetics Association (Blixt,
1972; Blixt, 1977).

(a) Legumin: Lg. Legumin acidic and basic subunits (gene products)
are referred to as a and /3 respectively: "conventional", "big" and
"small" legumin subunit pairs are referred to as Lg-1, Lg-2 and
Lg-3 respectively. Thus Lg-la refers to the acidic subunits(s) of
"conventional" legumin subunit pairs, etc.

(b) Vicilin: Vc
(c) Convicilin: Cvc

Wherever possible these symbols have been related to those previously
used. Since the number of variant alleles at these loci is not known, subunits
that vary between pea lines are referred to thus: Lg-1a'10, Lg-1a807,
where Lg-1a110 refers to the acidic subunit band (or spot) pattern of
conventional legumin of line 110 and Lg-1a807 refers to the different
acidic subunit band (or spot) pattern of conventional leumin of line 807.
Additive band patterns are designated thus: Lg-1a110 These symbols
are intended as a working system and have no theoretical justification in
terms of actual genes.

3. RESULTS

(i) Inheritance of legumin subunits

The inheritance of legumin subunits was studied in the cross of lines
110 and 807. Legumin subunits were identified by running total protein
extracts of single seeds of the parental lines on non-reducing/reducing two
dimensional SDS-PAGE (fig. 1) where they appeared as spots "off the
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diagonal" of non-reducible protein subunits. The subunits identified were
as follows:

Subunit
type Pisum line 110 Pisum line 807

coded as Mr coded as Mr

1 (43,000 (43,000
Lg-2 C: Lg-2a"10 40,000 D: Lg-2a>807> (absent)

1. (.38,000 (.38,000

( (37,500
Lg-la A: Lg-1a>>'° 35,500 B: Lg-la>807> 35,500

1. 35,000

1 (110) (807) 1 25,000Lg-3o R: Lg-3a 24,500 S: Lg-3a

Lg-113 22,700 22,700

Lg-2f3 22,300—21,300 22,300—21,300

L -3/3 1X L 3 (110) f 21,000 Y L 3 (807> f 21,300g
1 g- /3 120,700 g- /3 20,700

Lg- la (110) and Lg-1 a (807) are products of subunit pair Lg-1 representing
the conventional legumin subunit pair (Mr 53,000), which on reduction
gave rise to two groups of subunits. The acidic subunits in line 110 consisted
of only one band of Mr 35,500 (Pattern A) but those of line 807 gave three
bands of Mr 37,400, 35,500 and 35,000 (Pattern B). (See fig. 1.) Elec-
trofocusing studies followed by SDS-polyacrylamide gel electrophoresis
showed that the band in line 110 actually consisted of two subunits and
that the three bands of line 807 consisted of one subunit each.

Lg-2at110 and Lg-2at807 were taken as products of subunit pairs of
Mr higher than that of conventional leguinin. Both lines produced bands
of Mr 57,000 under non-reducing conditions (fig. 2) which gave rise to
Lg-2a subunits of Mr 43,000 and 38,000 and Lg-2/3 subunits of Mr 2 1,300—
22,300 when reduced. However, a band of Mr 55,000 was present in the
line 110, but was not clearly apparent in the line 807 under non-reducing
conditions. Two dimensional electrophoresis showed that this subunit pair
on reduction gave rise to an Lg-2a subunit of Mr 40,000 and Lg-213 subunit
of Mr 22,000 and that it was present in line 110 but absent from line 807.
Only the Lg-2a (acidic) subunit was clearly analysed and studied. The
presence of this subunit was described as pattern C and its absence as
pattern D (fig. 1).

Lg-3a11° and Lg-3a807 and Lg33UlO) and Lg3I3(SO7) were taken as
products of subunit pairs of smaller Mr than that of conventional legumin
(Matta eta!., 1981b). The acidic and basic subunits differed in their pattern
in two lines. Inline 110 there was a single acidic subunit, Mr 24,500 (Pattern
R) whereas in line 807 two acidic subunits, Mr 25,000 and 24,500 (Pattern
S) were observed. The basic subunits also differed in that although each
line gave spots on two dimensional gels (fig. 1), those of line 110 were at
Mr 21,000 and 20,700 (Pattern X) and those of line 807 were at Mr 21,300
and 20,700 (Pattern Y).

As a working hypothesis the variant subunit patterns noted were
assumed to be the products of allelic forms of four genes, Lg-la, Lg-2a,
Lg-3a and Lg-3f3. The inheritance of each of these genes was then studied.
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'FIG. 1(a).—Two dimensional SDS-polyacrylamide gel electrophoresis of total protein extracts
of Pisum lines 110 and 807. 1D: electrophoresis under non-reducing conditions in the
first dimension: band patterns shown in tracks (i). 2D: electrophoresis under reducing
conditions in the second dimension: band patterns shown in tracks (ii). Lg, Cvc and Vc
are used to identify legumin, convicilin and vicilin polypeptides as defined. Letters1 A,
B, C, D, R, S, X, Y are used to identify variant subunits as follows: Pattern A: Lg-1a 10)
Pattern B: Lg-1a807, Pattern C: Lg-2a" 10) Pattern D: Lg-2 (807) Pattern R: Lg-3a1 10)
Pattern S: Lg-3a807, Pattern X: Lg3f3UiO), Pattern Y: g33(80,

FIG. 1(b)—Two dimensional SDS-polyacrylamide gel electrophoresis of total protein extracts
of pea lines 1263 and 1238. 1D: electrophoresis under non-reducing conditions in the
first dimension: band patterns shown in tracks (i). 2D: electrophoresis under reducing
conditions in the second dimension: band patterns shown in tracks (ii). Lg, Cvc and Vc
are used to identify legumin, convicilin and vicilin polypeptides as defined. Letters E, F
are used to identify variant subunits as follows: Pattern F: Lg-1a238, Pattern F:

(12611



FIG. 2.—SDS-polyacrylamide gel electrophoresis (reducing conditions) of: (a) the total protein
extracts of Pisurn parental lines 110, 807 and 851 and Fl seeds of the reciprocal crosses
between them: (b) the total protein extracts of Pisum parental lines 1238 and 1263, and
the Fl seeds of the reciprocal cross between them.
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F1 seeds from the cross of lines 110x807 showed a band pattern on
SDS-PAGE which was the sum of the band patterns of the two parental
lines, and was the same in reciprocal crosses (fig. 2). F1 plants were allowed
to produce selfed F2 seed. 170 such seeds were analysed by SDS-PAGE,
and a further 52 seeds were analysed by two-dimensional gel elec-
trophoresis. In all cases the observed band patterns at each of the variant
alleles was either that of one parent or the other, or a combination.
(Variation at the Lg-2 (C/D) locus was ascribed to a dosage effect, i.e.,
Lg-2a band at Mr 40,000 distinctly present or absent, F2 homozygous:
band weakly present, F2 heterozygous.) Band patterns of the subunits which
did not vary between lines 110 and 807 showed no variation in F1 or F2
seeds. The observed segregations at each of the variant patterns Lg-la,
Lg-2a, Lg-3a and Lg-3f3 were in agreement with each of these being
controlled by a single pair of co-dominant alleles (table 1). Various combi-
nations of the patterns Lg-la, Lg-2a, Lg-3a and Lg-3j3 were also tested
for independent assortment (data not presented). A statistically significant
chi-square value showing a considerable degree of linkage was found only
between the genes controlling the Lg-2a and Lg-3f patterns: no other
subunits showed linkage. These results are illustrated in fig. 3(a).

Results from the cross of lines 1238 x 1263 (fig. 2(b), table 1) were in
full agreement with those given above except that in this case no segregation

TABLE 1

Analysis ofF2 segregation of various legumin and convicilin subunit patterns and their chi -square
values

(a) Cross 110x807
Frequency of the segregating

patterns in F2 generation
Subunit (110) (110+807) (807) x2(n=2)

Lg-la
Observed 48 84 38 12
Expected 425 85 425
Lg-2a
Observed 43 92 35 1•9
Expected 425 95 42-5

Lg-3a
Observed 15 20 17 292
Expected 13 26 13

Lg-3
Observed 10 26 16 138
Expected 13 26 13

(b) Cross 1238x 1263

(1238) (1238+ 1263) (1263)
Lg-la
Observed 35 67 26 1•55
Expected 32 64 32
Convicilin
Observed 34 58 36 119
Expected 32 64 32
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between Lg-la and Lg-2cr subunits was observed. The F2 segregation is
illustrated in fig. 3(b).

(ii) Mapping of the Lg-1 locus

Reciprocal crosses were made between lines 1238 and 1263 in order
to assign the legumin gene Lg-la to a particular linkage group. Besides
differing in a number of genetic characteristics (see earlier), the two lines
differed in the pattern of Lg-1t subunits and convicilin subunits. Lg-la
subunits were represented b' three bands of Mr 38,000, 37,000 and 35,000
in the line 1238 (Lg-1a1 38): pattern E) and by two bands (in one-
dimensional gels) of Mr 35,500 and 35,000 in the line 1263 (Lg-1a1263:
pattern F (Fig. 1(b)).

To establish whether the genes for the acidic subunits of legumin and
the genes for the selected morphological markers were linked, F1 plants
were backcrossed with line 1238. The phenotypes of 19 plants were deter-
mined which showed that the Lg-la gene appeared to be linked with tl-r
segment of chromosome 7. Two plants showed recombination between
Lg-1 and tl (presence or absence of tendrils) and four plants were recom-
binants between Lg-la and r (seeds round or wrinkled). A higher number
of recombinants between Lg-la and r genes points towards the location
of Lg-la gene being on the side of ti locus away from r locus.

This location was further investigated by determining the phenotypes
of F2 plants in crosses of lines 1238 x 1263 and 1238 x 1293 for which the
data are presented in tables 2 and 3. In both cases linkage of the Lg-la
gene to ti and r was established, but the crossover values obtained varied
considerably. To fix the Lg-la gene position, a cross was thus carried out
between lines 110 and 851. In this case linkages to the genes pa, (foliage
colour) ti and r on chromosome 7 could be estimated (table 3), and analysis
of 46 F2 seeds and plants showed that Lg-la was located on the side of

the tl-r segment opposite to pa. The mean crossover values obtained from
the three crosses indicated that Lg-la was located 17 map units from r
and 10 map units from II.

(iii) Inheritance and mapping of the convicilin gene (Cvc)

The convicilin subunits at Mr approx. 70,000 showed slight variation
in lines 1238 and 1263, the band in line 1238 (Cvc'238) being at s1ihtly
higher apparent Mr on SDS-PAGE than the band in line 1263 (Cvc 263)
as shown in fig. 2. Two very closely spaced bands, i.e., an additive pattern,
Cvc1238'263, were shown by F1 seeds from the cross 1238 x 1263 with
either line as female varent (fig. 2). The band patterns
Cvc"238: Cvc'238263: CvcU263) followed a 1: 2: 1 segregation in F2 seeds
from 1238 x 1263 (table 1) and thus were controlled by a single pair of
codominant alleles. Cvc band patterns were inherited independently from
the Lg-la band patterns (X(8) = 5.06, and see fig. 3(b)), but were strongly
linked to the keel type in flowers and the presence or absence of tragacanth
excretion in seeds, i.e., genes k and s on chromosome 2. The crossover
values deduced are given in table 2; these data support a location for Cvc
between s and k, approximately 3 map units from k.
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FIG. 3.—SDS-polyacrylamide gel electrophoresis, under reducing conditions, cf: (a) total
protein extracts showing different combinations of Lg-1c and Lg-2a, Lg-3j3 in F2 plants
of the cross between Pisum lines 110>< 807: (b) total protein extracts showing different
combinations of Lg-1 a and Cvc in F2 plants of the cross between Pisum lines 1238 x 1263.
Lg-la phenotype assignments distinguishing (110+807) from (807) in fig. 3(a) were
made on the basis of relative intensities of stained bands at Mr 35,500 and 35,000 on
the original gel, which are not clear here.
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FIG. 6.—In Situ hybridisation of the wheat highly repetitive sequence probes to the chromo-
somes of rye and barley. (a) S. cereale cv. Petkus Spring with probe TC22b. (b) S. cereale
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TABLE 3

Crossover values obtained between genes on chromosome 7 in crosses of various pea lines

Cross 1238x1263 1238x1293 110x851
(No of plants) (128) (112) (46)

Crossover
value between

Lg-la/r 151 23 225 144±38
Lg-la/tl 129±2'2 70±18 80±30

nt! 57±1'4 11'9±25 0*
Lg-la/pa 30t

* No recombinants found,
t Only weak linkage detected,

Data from F2 seeds of the cross 1238 x 1293 supported this conclusion
in that a linkage value of 181 per cent between Cvc and wb (waxiess
foliage) was obtained. In this case line 1293 showed a more marked
variation in convicilin band position (fig. 4).

4. DISCUSSION

The results presented in this paper have extended the results of Davies
(1980) and accurately located the major legumin gene, here designated
Lg-la, on chromosome 7 in pea. This gene is equivalent to that designated
LA by Thomson and Schroeder (1978) as shown in the type lines 3077
and 3078 (fig. 4) and is also equivalent to that responsible for the aM
legumin acidic subunits of Casey (1979). The synthesis of legumin as a
precursor containing a complete acidic and basic subunit (Croy et a!.,
1980a) then implies that the basic subunit gene (designated Lg-1f3 here)
is not an independent entity. We have not observed any variation in the
band pattern of the major legumin basic subunits, in a large number of
pea lines, apart from that due to storage effects (Matta and Gatehouse,
1981), so that it has not been possible to check that the major acidic and
basic subunits are not independently inherited. However, we propose the
simple term Lg- 1 be used for this locus which putatively gives rise to all
the major legumin subunits. The observed subunit heterogeneity would
suggest the presence of a limited number of legumin genes in a closely
linked array at the Lg- 1 locus, since the multiple subunits behave as products
of a single gene in crossing experiments. At least five different band patterns
have been observed for the major acidic subunits of legumin in different
pea lines (Croy et a!., 1979; Casey, 1979; Matta, unpublished results),
indicating that multiple alleles are possible at this locus.

Independent segregation of minor legumin acidic subunits, as observed
in this study in the cross of lines 110 and 807 and designated Lg-2a, is
equivalent to the variation of am legumin subunits reported by Casey
(1979) and possibly the locus designated LB by Thomson and Schroeder
(1978) and suggests the presence of one or more weakly expressed legumin
genes at other chromosomal locations than the Lg-1 locus. However, the
results from the cross 1238 x 1263 where no independent segregation of
Lg-la and Lg-2a subunits was observed shows that these minor legumin
acidic subunits are also products of genes at (or very close to) the Lg- 1
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locus. This would allow segregation between Lg-2a subunits, as apparently
observed by Casey (1979). These minor legumin subunits seem likely to
be derived from precursors very similar to the precursors to the major
legumin subunits.

Variation in the acidic and basic subunits of "small legumin" (here
designed Lg-3a and Lg-3f3) is apparently equivalent to the subunits of
Casey (1979) (acidic subunits) and to the loci designated LD (basic subunits)
and LE (acidic subunits) by Thomson and Schroeder (1978). Since no
scheme to explain the derivation of these polypeptides from appropriate
precursors is available, interpretation of results concerning "small
legumin", especially in relation to the apparent independent segregation
of its acidic and basic subunits, is impossible.

The mapping of the convicilin gene at a locus close to k on chromosome
2 of pea shows that the storage protein genes are not "clustered" on the
pea genome, in agreement with the observation of Casey and Sanger (1980)
that legumin and convicilin loci were not linked. Since the patterns of
accumulation of convicilin and legumin during seed development are similar
(unpublished results), this implies independent but similar control elements
for the two genes, both of which respond in a similar manner to stimuli
occurring during seed development. Any kind of storage protein "operon"
is clearly ruled out. We have observed other band patterns for convicilin
than the three reported in this study in other pea lines, but this does not
rule out the presence of further allelic forms at this locus. The Cvc locus
appears to be identical to the vicilin locus designated VA or VcA by
Thomson and Schroeder (1978), since this referred to a polypeptide of
Mr 75,000, and convicilin was present in the vicilin preparations of those
authors. Variation in convicilin is shown in the vicilin type lines 3078 and
3080 (fig. 4) which show convicilin patterns similar to those of lines 1238
and 1263 respectively. Since convicilin is a storage protein distinct from
the rest of the vicilin fraction (Croy et a!., 1980c), the VA designation for
this locus is clearly invalid. The other vicilin loci identified by Thomson
and Schroeder (VB, VC) were not considered in this study.
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