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Quantitative and Qualitative Investigations on the Seed Proteins 
of Mutants and Recombinants of Pisum sativum* 

W. GOTTSCHALK and H. P. M(3LLER 

I n s t i t u t e  of Genet ics ,  U n i v e r s i t y  of Bonn (GFR) 

Summary. The proteins of the seed flour of 26 X-ray induced mutants  and 5 recombinants of the species Pisum sail- 
rum were analysed quant i ta t ive ly  and quali tat ively.  The values obtained were related to the seed yield of the genotypes 
In this way, the protein yield as well as the production of specific amino acids per genotype were determined. The 
following results were obtained. 

1. The mean values for the character  " to ta l  protein content  of the seed flour" of the genotypes studied varied be- 
tween 14 and 23~o. The fasciated mutan t  489C produced t8--23~o more seed proteins than the initial  line in three 
subsequent generations. The mean values of some other mutants  and recombinants were 10--17 ~o higher, the lowest 
value being 27% lower than tha t  of the control values. In the material  investigated there is no correIation between 
seed size and seed protein content.  

2. The buffer-soluble seed proteins of 55 mutants  were electrophoretically subdivided in different subfractions and 
the protein pat terns  were determined.  They are extraordinar i ly  variable. Distinct groups of mutants  do not  only differ 
from the init ial  line but  also from one another  with regard to the number, position and breadth  of their  bands.  A cor- 
relat ion between the degree of morphological deviat ions of specific genotypes and the composition of their  seed proteins 
was not  observed. Moreover, differences in the concentration of specific protein fractions between the genotypes were 
densi tometr ical ly  ascertained. 

3. The globulins and albumins of some genotypes were quant i ta t ively  determined and electrophoretieally subdivided 
into subfraetions which differ between different mutants  with regard to their  number as well as their concentration. 
This is especially valid for the albumins which could be essentially stronger subdivided than  the globulins. 

4. The amino acid spectra of all the mutants  investigated agree qual i ta t ively  with the spectrum of the initial line, 
however, clear quant i ta t ive  differences in dist inct  amino acids were observed. The proport ion of the essential amino 
acids is increased in two mutants  by  5 and 20o/0 in relation to the control line. 

5. The protein product ion of the fasciated mutan t  489C was 20-- 70% higher than the corresponding values of the 
init ial  line in three subsequent generations regarding its high seed production. The protein yield of the early flowering 
mutan t  46C was about 20~o lower and tha t  of the bifurcated mutan t  1201A t 2--31 ~/o higher as related to the initial 
line. Mutant  1201A shows an equal ly favourable si tuation with regard to the to ta l  content  of the essential amino acids. 
I ts  lysine production exceeded the control values by  20--40%. 

6. The different components of the protein synthesis can negatively be influenced by  the co-operation of the mutan t  
genes. The protein production per plant,  the total  production of essential amino acids as well as the lysine production 
are lower in the recombinants  68C/~ 76A and 68C/1201A as compared to the parental  nmtants .  The combination of 
genes 68C and 46C does not  show any neg&tive interactions. 

Introduction 

In  m o d e r n  p l a n t  breeding ,  b iochemica l  m e t h o d s  
are inc reas ing ly  be ing  u t i l i zed  for d e t e r m i n i n g  the  
b reed ing  va lue  of species,  va r i e t i e s  and s t ra ins .  Be- 
sides c a r b o h y d r a t e s ,  fats ,  oils, pha rmaco log i ca l  in- 
g red ien t s  and  minor  componen t s  p resen t  in the  seeds, 
p ro t e ins  r ep resen t  an i m p o r t a n t  cons t i t uen t  as 
r ega rds  the i r  use in an imal  and  h u m a n  nu t r i t i on  
(Al tschul  t965, W o r l d  H e a l t h  Organ i sa t ion  1965). 
Only  r e l a t i ve ly  few de ta i l s  are known so far  on the  
p rope r t i e s  of " p r o t e i n  m u t a n t s "  and  the i r  u t i l i za t ion  
in m u t a t i o n  breeding .  The  ear l ies t  i nves t iga t ions  
have  been ca r r i ed  out  in maize  (Nelson et al. ~ 965, 
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Nelson and  Mertz  1973, Mer tz  et al. 1964, 1965). 
F u r t h e r  resul t s  in th is  f ield o b t a i n e d  in d i f fe ren t  
crops are  s u m m a r i z e d  in the  proceed ings  of th ree  
s y m p o s i a  organized  b y  the  I n t e r n a t i o n a l  A t o m i c  
E n e r g y  Agency  (1969, 1970, t973). Method ica l ly  i t  is 
not  ye t  poss ible  to select  p ro te in  m u t a n t s  d i rec t ly .  
The  only  w a y  to ut i l ize  geno types  of th is  k ind  con- 
sists in ana lys ing  the m u t a n t s  a l r e a d y  ava i l ab le  bio-  
chemica l ly  in o rde r  to ob t a in  d a t a  on the  q u a n t i t a t i v e  
and  q u a l i t a t i v e  s i tua t ion  of the i r  seed pro te ins .  This  
has  been done in Zea (Moss6 et al. 1966, a, b), Oryza 
(Tanaka  1969), Hordeum and  Tr i t i cum ( F a v r e t  et al. 
1969, Gns ta f s son  1969) among others .  Bu t  also mu-  
t a n t s  hav ing  an un fa vou ra b l e  p ro te in  m a k e - u p  are of 
in te res t  because  t h e y  can be used  for s t u d y i n g  t i le  
genet ic  basis  of p ro te in  p roduc t ion  and  p ro te in  com- 
pos i t ion  (Boul ter  et al. t967, H y n e s  1968, A d r i a a n s e  
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et al. t969, Got t schalk  and  Mtiller t970, Mfiller 1973, 
Mtiller and  Got tschalk  1973). Moreover, it is possible 
to s tudy  the co-operat ion of m u t a n t  genes in this 
context  by compar ing  the biochemical  s i tua t ion  of 
r ecombinan t s  and  thei pa ren ta l  m u t a n t s .  

In  the present  paper  an account  of the relat ions 
between seed protein  con ten t  and  seed yield of a 
group of m u t a n t s  and r ecombinan t s  of Pis~m,  sativ~m~ 

were analysed q u a n t i t a t i v e l y  as well as qual i ta t ive ly .  
Also, an amino acid analysis  of the prote ins  was made 
in order to s tudy  the act ion of the m u t a t e d  genes on 
the composi t ion of the seed proteins.  

Materials and Methods 

1. The 3/[uta~zts 

For the genetic and biochemical investigations 20 X- 
ray-induced mutants  and 6 recombinants of the variety 
'l)ippes gelbe Victoria' of P i s u m  salivum were used. The 
following genotypes are of particular interest because of 
their useful breeding characters: 
mutant  46C: early flowering and ripening; 
mutant68C:  increased number of ovules per 

ovary ; 
mutan t  176 A: small leaflets, stipules, flowers, 

pods and seeds; 
mutan t251A:  apical part of the stem relaxed 

fasciated, flowers and pods distri- 
buted over a relatively long part of 
the stem ; 

nmtant  489C: apical part of the stem strongly 
fasciated, all the flowers and pods 
clustered at the top of the plant  
(the two genes for stem fasciation 
belong to a series of multiple 
alleles) ; 

mutan t  / 000 : large seeds ; 
mutan t  1201A : dichotomous stem bifurcation, re- 

duced penetrance ; 
recombinant R 1 76X: narrow leaflets, stem fasciation, 

late flowering (from a spontaneous 
hybridization of mutants  176A x 
x 489C) ; 

recombinant 1{ 177: stem bifurcation, stabilized pene- 
trance (selected in an F,-generation 
489Cx 120~A); 

recombinant R 300: homozygous for genes 68C and 
46C; 

recombinant R 320: homozygous for genes 68C and 
176A ; 

recombinant R 35O: bomozygous for genes 68C and 
1201A; 

The seed yields of these genotypes are graphically 
illustrated in fig. t. The small-grained mutants  251A and 
489C show an extraordinarily high seed production as 
a consequence of the stem fasciation. The seed production 
of the recombinants is in general less than that  of the 
parental mutants.  Moreover, the yielding capacity of 
recombinants ]{ 176X and I{ 177 due to an extremely 
small size of their seeds is negatively influenced. 

2 .  B iochemica! )t,lethods 

The total nitrogen content of the seed meal (dry weight 
basis) was determined by the Kjeldahl method. The 
protein content was calculated by multiplying the nitro- 
gen value by 6.25 (Keil and Sormova 1965). The soluble 
proteins were determined by the method described by 
Lowry et al. (t951). 

% mutants 

210 

200 

190 

180 

170 

160 

150 

140 

130 

110 

100 - - - -  

90 

80 

70 
60 I t 

recombinonts 

Fig. 1. The seed production of some pea mutants and recom- 
binants in subsequent generations, leach point represents the 
mean for the character "number of seeds per plant" as percen- 

tage of the corresponding value of the initial line 

The albumins and globulins were extracted from the 
seed meal according to Danielsson (1949, /956). The 
protein content was determined by the Folin test (Lowry 
el al. 1951). 

The analysis of the globulin fractions was carried out 
on gels containing 7.50/o acrylamide according to Bloe- 
mendal (1967) and Maurer (1968). The albumins were 
analysed using the method of Loeschke and Stegemann 
(1966). The destained gels were compared, the Rp-values 
determined and the banding pattern schematically drawn. 
Furthermore, the gels were scanned densitometrically 
using the Chromoscan (Joyce-Loebl). The gel patterns 
of the different genotypes were compared with one ano- 
ther on the basis of optical density curves (Maurer 1968). 
For comparison, they were evaluated by measuring the 
area of the peaks (Mtiller 1970). 

Samples of seed meal were hydrolysed according to 
Barton-\Vright (t 952), Neff and Sormova (1965) and Horn 
el al. (1947, 1955). The hydrolysates were analysed in an 
amino acid analyser (Aminolyzer, Optica) according to 
the procedures given by Mondino (1967, 1969a, b). 

Results 

The a m o u n t  of the seed proteins  as well as their  
qua l i t a t ive  composi t ion is an i m p o r t a n t  component  
for the yield of m a n y  cu l t iva ted  plants .  Their  ana-  
lysis can be carried out  in two different ways. One 
way is to use equal amoun t s  of seed flour of different 
m u t a n t s  for de te rmin ing  the prote in  con ten t  and  the 
propor t ion  of specific amino acids. The advan tage  of 
this method  lies in its possibi l i ty  to compare a large 
n u m b e r  of different genotypes  with one another ,  bu t  
the other  components  of yield cannot  be considered 
in this way. The other  possible approach is to com- 
bine this method  with an es t imat ion  of factors such 
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Fig. 2. The frequency distribution of 
~he protein content of 1450 genotypes 
of the world collection of Pisurn sativztm 
(below) in comparison to 26 mutants 
and recombinants of our assortment 

(above). 
I~orizontal axis : Total protein content 
ill percent of the dry weight of the 

seeds. 
Vertical axis: Proportion of the geno- 

types in the different protein classes 

voriety "Dippes getbe Viktorio" 
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as the number of seeds per plant and tim seed size 
which take part in seed production of the plant in 
order to calculate seed weight per plant. This value 
can be related to the protein and amino acid values. 
In this way, mean values for the protein production 
per plant as well as for the total production of distinct 
amino acids can be obtained. The yielding compo- 
nents mentioned above vary considerably in different 
mutants  in subsequent generations and thus protein 
production is deviated positively as well as negatively. 
The present work gives an account of the results got 
after utilizing both the above given methods for a 
group of mutants  and recombinants of Pisum sati- 
U'lt, N$. 

1. The Quantitative and Qualitative Analysis o~ the 
Proteins o/the Seed Flour 

a) The Total Seed Protein Content. The legumes 
because of their high protein content are of great eco- 
nomical importance especially in countries with 
widespread vegetarian diet. The total protein con- 
tent of the seeds of most cereals varies between 9 and 

13 precent of the dry weight. In contrast to this, in 
legumes like Glycine max and Arachis hypogaea the 
values reach up to 45 percent and are comparable to 
some protein-rich oil crops~such as Sesamurn, Linum, 
Gossypium, Helianthus (see Altman and Dittmer 
1968). The garden pea occupies an intermediate 
position in this respect by showing a variation from 
14- -39  percent. Majority of the cultivars and strains 
of the world collection tested so far have a total pro- 
tein content of 22--29 percent. The distribution of 
the character "total  seed protein content" is graphic- 
ally presented in the lower part of figure 2. The dia- 
gram is based upon the mean values of 1450 different 
genotypes of the world collection of Pisum sativum 
without consideration of mutants  (Slinkard 1972). 

The initial line 'Dippes gelbe Viktoria' of Pisum 
sativum used for our radiation genetic experiments 
has a total protein content varying between 19 and 

O / 22,o and occupies the lower protein range in the 
world collection. Precise comparison of our mutants  
and recombinants with the existing cultivars and 
strains of the world collection is difficult because only 

l'heoret. Appl. Ge~etics, l'ol. 45, No. 1 
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Fig, 3. The tatar protein con- 
tent in the seed flour of Pisum 
mutants and recombinants of 
three different hybrid combi- 
nations as related to the values 
of the initial line = 100% in two 
subsequent generations. Ineach 
combination the recombinant 
is compared with its two paren- 

tal mutants 

26 genotypes of our assortment have been analysed 
so far. If we relate this relatively small number of 
findings to the corresponding data of world collection 
(upper part of fig. 2), the balance appears to be nega- 
tive. However, considering the relatively bad bio- 
chemical situation of the initial line a considerable 
variation of the mean values of the different genoty- 
pes is evident. This shows that the amount of seed 
proteins can considerably be altered in positive or 
negative direction under the influence of a single gene 
or a small number of genes. 

The most protein-rich genotype of our assortment 
is the fasciated mutant  489C that produces 18--23% 
more total protein as compared with the initial line 
related to equal amounts of seed flour. In this value, 
the high seed production of the mutant  is not yet con- 
sidered (see section 2 of the present paper). Some 
other mutants and recombinants show likewise an 
increase of the protein content by I0--17~o. The 
lowest value of 73.40/o of the control value was found 
in the recombinant R177 having a dichotomous stem 
bifurcation in combination with a high penetrance 
of one of the two genes involved. 

A comparison of some recombinants with the re- 
spective parental mutants is of particular interest 
with regard to the co-operation of mutated genes as 
far as the protein synthesis is concerned. The results 
of three different hybrid combinations are represented 
in fig. 3. Mutant 68C was one of the parents in all the 
three crossings; mutants  i2oIA (stem bifurcation), 
46C (earliness) and 176A (small grains) were used as 
the second partner. 

The seed protein content of mutant  68C is similar 
to that of the initial line while mutant  12olA showed 
varying values in t970 and t971 (fig. 3, left-hand 
part). The recombinant R 35o homozygous for genes 
68C and 1201A shows in both these growing seasons 
the protein values equal to that of mutant  I2o1A. 
Thus, in 1971 the full protein content of mutant  68C 
was not reached in the recombinant. From these 
findings certain negative interactions between the 
two mutated genes become discernible. As this situa- 
tion was only realised in one of the two years of study 
it can be assumed, that the gene interaction is vulner- 
able to some environmental factors. Further work 
in this direction is in progress. The same situation is 
valid for hybrid group I I I  (fig. 3, righthand part). 

Also in this case the high protein content of the small- 
grained mutant  176A is not reached by the recombi- 
nant R 32o (=  68C/176A). The protein level of this 
recombinant is likewise similar to that of the parental 
mutant  which has a low protein content. Group I I  
contains two mutants  of equal protein content. The 
values of the recombinants lie in the same range; 
thus, the genes involved do not show any positive or 
negative interaction with regard to the character 
"total  content of the seed proteins". 

In cereals a negative correlation between seed size 
and protein content is known since long; the smaller 
the seeds, the higher their total protein content. This 
correlation could not be confirmed in our material. 
The distribution of the mean values of 23 mutants  
and recombinants seems to suggest a certain trend in 
this direction. However, it was not possible to sup- 
port this assumption statistically by means of the 
regression analysis separately for mutants, recombi- 
nants and the total material. Thus, it can be con- 
cluded, that  the selection of small-grained pea mu- 
tants does not result in a selection of protein-rich 
genotypes. Also, there are no statistically significant 
correlations between seed size and protein content. 
A particularly clear example in this respect is the 
recombinant R ~ 77 mentioned above. I t  is one of the 
most small-grained genotypes of our assortment 
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Fig. 4. The relations between thousand grain weight and 
total protein content of the seeds of 23 mutants and recombi- 

nants of Pis*~m sativum 
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Fig. 5. The  b a n d i n g  p a t t e r n s  of the  soluble seed p ro te ins  of some pea m u t a n t s  in compar i son  to the  
initial line 

(thousand kernel weight = 75.2% of the initial line), 
but  it shows the lowest protein content of all geno- 
types studied so far (73.4% of the initial line). On the 
other hand, the large-grained mutan t  No. 10o0 ex- 

o/ eeeds the control values only by 6/o- 
b) The Protein Patterns.  Using the acrylamide- 

gel-electrophoresis it is possible to separate the sol- 
uble seed proteins in a series of distinct fractions. 
After t rea tment  with specific dyes they become dis- 
cernible in the gel in a specific distance from the 
start ing point. In this way, a protein pat tern  occurs 
which is specific for each genotype with a high degree 
of reproducibility. 

So far, 55 mutan t s  of our assortment  have been 
analysed in this respect. As shown in fig. 5, an extra- 
ordinarily broad diversity of the protein pat terns  was 
obtained. Using this method, the total  number  of 
bands varied between 12 and 18 in the mutan ts  stu- 
died. In some strikingly broad bands further sepa- 
ration using a more sophisticated method seems to be 
possible. Using standardized conditions, 55 different 
protein pat terns  were obtained for the 55 different 
mutants .  14 of them are schematically il lustrated in 
fig. 5. 

Let us compare mutan t  94 and the initial line as an 
example for the diversi ty of two genotypes. The 
mutan t  has eight bands more; furthermore, it is cha- 
racterized by a part icularly broad band tha t  in the 
control material  exists in the form of a narrow streak 

(fig. 5, group II).  Moreover, rapidly moving fractions 
occurring in the mutan t  are absent in the initial line 
(righthand part  of the figure). Thus, it is evident 
tha t  the seed proteins of mutan t  94 are par t ly  com- 
posed of certain different subfractions than those 
of the initial line. A single gene pair is responsible for 
these differences. A similar situation was observed 
for many  other mutants  analysed earlier (Gottschalk 
and Mtiller 1970). Interestingly, this is also valid for 
typical " m i c r o m u t a t i o n s "  that  can be identified in 
segregating families only with great difficulties. Also 
with regard to their seed production they are in many  
cases comparable with the initial line. Thus, there 
are no correlations between the degree of the morpho- 
logical deviations and the composition of the seed 
proteins. For further details concerning the differ- 
ences of the protein pat terns  see fig. 5. 

The findings just mentioned refer to the qualitative 
situation of the seed proteins. Furthermore,  a quan- 
t i tat ive evaluation was carried out by a direct den- 
sitometric scanning of the gels. From the intensity 
of the staining of the various protein fractions certain 
conclusions concerning the respective quantit ies can 
be drawn. Thus, the densitometrically scanned ab- 
sorption curves can be used for calculating the quan- 
t i ta t ive situation. In fig. 6 the absorption curves of 
two mutan ts  are compared with that  of the initial 
line. Strong differences between the three genotypes 
are particularly discernible in the lefthand part  of the 

Theater. Appl. Ge,~elics, Vat. 45, No. t 
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initial Line and mutants 

initial Line I 1201A I 46 

251A I 176A I 489C 

recombinants 

R177 I R65 I R200 

1 2 3 4 5 6 7 8  I 1 2 3 4 5 6 7 8  

protein fractions 

1 2 3 4 5 6 7 8  

curves, i.e. in the pattern of the slowly moving pro- 
teins. The curves show, that proteins with similar 
moving speed can be present in differing amounts 
depending on the presence of mutant  genes. Ana- 
logous findings have already been obtained with re- 
gard to other mutants  of our collection earlier (see 
Gottschalk and Mtiller 1970). 

c) The Protein Fract ions.  The seed proteins of the 
Legctmi~osae consist mainly of tim salt-soluble globu- 
lins and the water-soluble albumins as the main frac- 
tions. 75% of the total protein of our initial line are 
globulins. They represent the most essential reserve 
proteins of the plant which are mobilized during seed 
germination and are responsible for the maintainance 
of the earliest stages of the ontogenetic development. 
The albumins are the enzymatically active seed pro- 
teins mobilizing the globulins. Both the fractions 
can be eleetrophoretically subdivided into their sub- 
fractions. 

An evaluation of the globulins of some mu- 
tants and recombinants has shown that the 
genotypes differ from one another and from 
the initial line with regard to the number of 
subfractions as well as their concentration. 
Considering the genotypes analysed eight 
different subfractions could be found accord- 
ing to their position at the gels. Their num- 
ber and concentration vary in different ge- 

L notypes. Some examples are given in fig. 7. 
The initial line shows 4 bands of distingui- 
shing breadth and migration velocity at the 
gel. They are given in figure 7 according 
to their distance from the starting point. 
The height of the columns is a measure for 
the concentration of the respective fractions 
and has been obtained by scanning the gels. 
The area of the various peaks was planime- 
trically determined and was related to the 
total area of a l l  the peaks present (=  I oo%). 

If we compare the fasciated mutant  251A 
with the initial line there is a concordance of 
the two genotypes with regard to the number 
of the globulin subfractions, but fraction 
no. 4 is present in mutant  251A in an essen- 
tially lower concentration. The opposite rela- 
tion is valid for fraction no. t while fractions 
no. 6 and 7 differ only slightly in the two 
genotypes. The recombinant R 177 belongs to 
the same group. The second group of geno- 
types (fig. 7, middle part) shows only three 

Fig. 7- The electrophoretically obtained globulin 
subfractions of five mutants and three recombinants 
of Pis~tm saliwtm in comparison to the initial line. 
Tile height of the columns were obtained by a densi- 
tometric evaluation of the b~mds. Tile sequence of 
the columns corresponds to the position of the bands 

in the gels 
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subfractions which nearly agree in mutan ts  no. 12olA 
and 176A (subfractions no. 1,4, 6). In the recombinant 
R 65, however, the subfraction no. 6 is absent, but  the 
subfraction no. 2 is present which could not be found 
in the other genotypes analysed so far. The early 
flowering mutan t  46C with its subfractions 1,4, 7 be- 
longs likewise to this group. The fasciated nmtan t  
489C having 6 globulin subfractions with a characte- 
ristic distribution is of particular interest. Subfrac- 
tion no. 8 of this mutan t  could not be found in the 
other genotypes studied. The comparison of the 5 
nmtan t s  and 3 recombinants  of figure 7 shows clearly 
that  the globulins in legumes do not consist of only 
two subfractions as described in the li terature (Da- 
nielsson 1949, 1956). Furthermore,  the figure demon- 
strates strong genetically conditioned variations of tire 
globulin patterns.  

The subfractions of the albumins can be stronger 
separated from one another  using the disc gel elec- 
trophoresis. 35 bands were found by means of stain- 
ing with Coomassie Blue. Also in this respect, clear 
quant i ta t ive  differences of specific subfractions were 
s ta ted between different mutan ts  of our assortment.  
Detailed investigations are in progress; the results 
will be published elsewhere. 

Tile co-operation of some genes has been tested with 
regard to the quant i ta t ive  distribution of the globu- 
lins and albumins by  comparing the recombinants with 
their parental  mutants .  The data of two hybrid groups 
available so far show a diverging behaviour (fig. 8). 
Let us at first consider group I I  (crossing 68C x 46C). 
The globulin content of mutan t  68C lies only slightly, 
the albumin content considerably below the values of 
the initial line. Mutant 46C possesses higher amounts  
of both  these fractions. The recombinant  R 3oo 
(~-- 68C/46C) corresponds to mutan t  46C with regard to 
the globulin as well as the albumin production. Thus, 
gene 46C exerts its full action on the globulin and 
albumin production even when gene 68C is present in 
the genome. Hence, the negative influence of gene 
68C on the two protein fractions is ineffective in the 
recombinant  68C/46C. 

The situation is more complicated in the hybrid 
group I (68C • 12o1A; fig. 8). The globulin produc- 
tion is clearly reduced under the combined action of 
both the genes; the value for recombinant  R 35o 
( =  68C/1201A) is only 82% of the corresponding 
mean of the initial line while the values of the parental  
mutan t s  are 93 or 102~  respectively. From these 
findings an interaction between the two mutan t  genes 
influencing the globulin production negatively be- 
comes obvious. The albumins, however, are in a 
different way influenced by the combined action of 
the two genes. The albumin content of the recombi- 
nant  R 350 ( =  68C/12o1A) lies considerably below of 
tha t  of mu tan t  12olA, but  it is higher than tha t  of 
68C. Thus, the negative effect of gene 6SC gets re- 
duced by the presence of gene 1201A. 
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Fig. 8. The quauti t ies  of globt lins and a lbumins  of two hybr id  
combinat ions  as related to the control  wflues of the initial line 

o/ --= I00/o.  The values of the reeombinants  are in both the 
groups compared wi th  those of the parcnta[  mu tan t s  

d) The Amino Acid Composition o~ the Proteins. 
The proteins of the legumes consist of 20--25 amino 
acids, t 6 of them can be quant i ta t ively  determined by 
means of an amino acid analyser using acid hydroly- 
sates. As expected, no quali tat ive differences be- 
tween different genotypes could be found considering 
the analytical data  of the initial line, four mutan t s  
and some recombinants.  All the amino acids are 
present in their seed proteins, but  there are clear 
genetically conditioned quant i ta t ive  differences with 
regard to specific amino acids. 

The amino acid spectrum of the initial line and of 
mutan ts  t201A, 68C, 46C and 176A is graphically 
illustrated in figures 9 and l o separately for non- 
essential and essential amino acids. The amino acids 
are arranged in the same order in which they were 
registered by  the amino acid analyser. The figure 
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Fig. 9. The percentage of the non-essential  amino acids as 
related to tile total  a moun t  of the amino acids in the initial line 

and in four 1)isu*~; mutants .  
Column ~ : initial line; Column 2: m u t a n t  12ol A, Colunm 3 : 
mu tan t  68C; Column 4 : m u t a n t  46C; Columlt 5: m u t a n t  176A 
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Fig. 10. The percentage of the 
essential amino acids as related 
to the total amount of the amino 
acids in the initial line and in 
four Pisum mutants (arrange- 

ment as in figure 9) 

shows the quantitative situation of the various con> 
ponents of the total hydrolysate which is more or less 
similar in all the genotypes studied. Glutamic acid 
occupies the highest proportion of the total amount 
of the amino acids with t 3-- 16 percent while the pro- 
portion of methionine is very low reaching a mean of 
nearly one percent only. With regard to the problem 
discussed in the present paper the genetically con- 
ditioned differences between the various mutants  are 
of particular interest. They are low for most of the 
amino acids; however, clear deviations could be found 
in,single cases. Mutants 1201A and 176A, for instance 
have higher leucine and arginine than that in the 
other three genotypes but the amounts of glutamic 
and aspartic acid are reduced in both of these mu- 
tants. The small-grained mutant  176A shows con- 
siderable deviations with regard to specific amino 
acids as compared with the other genotypes studied; 
phenylalanine is present in an increased and proline 
in a reduced amount. A corresponding quantitative 
variability was likewise observed for the other nm- 
tants analysed presently (fig. 9 and t 0). 

The protein quality depends on the proport:ioll o~ 
the essential amino acids constituting the seed pro- 
teins. Therefore, the influence of some mutant  genes 
on the production of this group of substances should 
be specifically discussed considering again the co- 
operation of the genes involved. In the upper part of 
fig. 11 the total content of all the essential amino acids 
of the three hybrid combinations mentioned in the 
preceding sections is illustrated. Mutant 68C does 
not differ in this respect from the initial line. Mutant 
46C produced four percent less, mutants  1201A and 
176A five and twenty percent more essential amino 
acids, respectively. All these values refer for equal 
amounts of seed meal while the seed yield of the 
respective genotypes is not yet considered. 

The co-operation of gene 68C with genes 12olA, 
46C and 176A leads to different results. The recom- 
binant R 35o (=  6SC/12olA) shows a similar produc- 

tion of essential amino acids as compared to mutant  
1201A. Thus, there is no negative interaction be- 
tween genes 68C and 12olA in this recombinant. The 
combination of genes 6SC and 46C results in an even 
more Iavourable situation because the recombinant 
R 300 (~  68C/46C) exceeds both the parents by 25 

]"ig. ~ 1. Comparison of the total amoun t  of the essential &lllino 
acids and the lysine and methionine content  in three different 
hybrid  combinations.  All the values are related to the initial 
line; the recombinants  arc again compared with the respective 

parental  lnutants  
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to 30%. Therefore, its seeds should be valuabJe 
especially as far as its nutritional status is concerned. 
In the third hybrid combination (68C x 176A) a com- 
promise is reached between the two genes involved 
for the total content of essential amino acids lies 
between corresponding values of both the parental 
mutants.  

Finally, the co-operation of the genes just men- 
tioned with regard to two specific amino acids will be 
described. We have chosen methionine as the limiting 
essential amino acid of the proteins of the legumes and 
lysine because of its high nutritive importance. The 
quantitative situation of both these amino acids in 
the mutants  and recombinants studied is graphically 
illustrated in the middle and lower part of fig. 11. 
The simplest situation is realised in the hybrid com- 
bination I I  (68C • 46C). Both the mutants  are pro- 
ducing both these amino acids in essentially higher 
quantities as compared with the initial line. Thus, 
they can be considered positive as far as their nutri- 
tional value is concerned. The combination of both 
the genes in the same plant organism has neither 
positive nor negative consequences. In hybrid com- 
bination I (68C • 12o1A), however, the lysine pro- 
duction of the recombinant is similar to that of the 
low parental mutant  (120~A). Thus, the favourable 
conditions of nmtant  68C do not become effective in 
this combination. The same situation is realised in 
hybrid combination I I I  (68C • 176A). In contrast 
to the lysine behaviour the methionine production 
shows a more uniform behaviour. In the recombi- 
nants R 350 (68C0 1201A) and R?2o (6SC//76A) that  
gene dominates which is responsible for the formation 
of the higher methionine amount. 

2. The Relations between Seed Yield and Protein 
Production 

All the data presented in the preceding sections on 
proteins, protein fractions and amino acids are related 
to equal amounts of seed flour irrespective of the seed 
production of the genotypes studied. Yrom a breeder's 
standpoint, however, the seed protein content should 
be related to the seed yield of the genotypes. Using 
the criteria "number  of seeds per plant" and "seed 
size" (thousand grain weight) the mean for the cha- 
racter "seed weight per plant" can be calculated. If 
we relate this value to the protein content of the seeds 
the protein production per plant can be estimated. 

Let us demonstrate the relations between the cri- 
teria just mentioned using a clear example. The 
highest yielding genotype of our assortment is the 
fasciated mutant  489C. Considering 9 generations 
the mean values for the charactel "number of seeds 
per plant" varied between 132 and 212 percent of the 
corresponding means of the initial line. Fig. 12 gives 
the mean values for the years 1969--197 I, these vary 
between 152 and 212% of the control values. The 
seeds are very small, but the seed yield of the mutant  

is higher than that of the initial line in majority of the 
years. This is because of the high seed number per 
plant of the mutant.  The seed protein content is 2o 
to 25~ higher resulting in 2o--70% of increased 
protein production per plant over that of the initial 
line. A second fasciated mutant  of our collection 
shows a similarly fawmrable situation (Miilter and 
Gottschalk 1973). The nutritive value of these seeds 
tested by Eggum in Denmark through rats feeding 
teclmique indicated no differences between mutant  
and initial line. Thus, the increased protein produc- 
tion is in this case reallv equivalent with an increase 
of biologically utilizable protein. 
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Fig. 12. Comparison of different criteria of the protein yield 

of nmtant 489C in three subsequent generations 

Let us now discuss the correlations between seed 
production and different criteria of the protein pro- 
duction in those mutants  and recombinants already 
described in the preceeding sections. From the pro- 
tein content of the seed flour and the seed production 
of the plant the total amount of the seed proteins per 
plant was calculated. Moreover, the total amount of 
seven essential amino acids was commonly considered 
(valine, leucine, isoleucine, phenylalanine, threonine, 
methionine and lysine); methionine and lysine were 
separately evaluated. The mean values for all these 
criteria are graphically illustrated in figure 13 con- 
sidering three mutants  and two recombinants in two 
subsequent growth seasons. All the means are related 
to the corresponding values of the initial line. 

Let us first regard the total protein production of 
the five genotypes. As expected, the values of the 
initial line for the characters "number of seeds per 
plant",  "seed size" and "protein content of the seed 
flour" do not fully resemble in different growth sea- 
sons. If we calculate the mean values for the charac- 
ter "protein production per plant" from these traits 
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tile following values were obtained: 

- -  197o: 1.095g, 
- -  1971: 1.562g. 

The difference is extraordinari ly high. In 197t, the 
plants of the var ie ty  'Dippes gelbe Viktoria '  pro- 
duced about  43 percent more seed proteins than in 
197o. The mutan t s  and recombinants  investigated 
show likewise clear differences in both these years, 
but  in the opposite sense; all the values for 1971 are 
lower than those for 197o. 

Mutant  68C has been used for crosses with other 
beneficial mutan ts  of our collection because of its 
genetically conditioned increase of the ovule number  
per carpel. Tile protein content of its seed flour is 
similar to that  of the initial line (1ol.9 and t o l . o %  in 
197o and 1971). However,  the protein production 
per plant  varied considerably in both the growth 
seasons as a consequence of strong differences of the 
seed size (protein production = 131.1 and 92.4~}/o of 
the initial line in 197o and t971, respectively). A 
similar situation was observed for the early flowering 
mutan t  46C. The negative factor in this case is the 
reduced number  of seeds per plant (79 and 72% of 
the control values, respectively). Therefore, its total  
protein production was far below the control values 
of the initial line (77 and 76~o in 197o and 1971, re- 
spectively). 

In contrast  to the two genotypes just mentioned 
the situation of the bifurcated mutan t  12o1A is more 
favourable. In 197o, the protein content of its seed 
meal was about equivalent to that  of the initial line, 
but  in 1971, it w a s  12~ lower. However,  tile stem 
bifurcation results in an increase of the seed produc- 
tion per plant.  Considering 14 generations, the mean 
values for the character "seed number  per p lan t"  
varied between 92 and 121~ of the control values. 
With regard to the seed size, only minute deviations 
from the initial line were observed. Therefore, fa- 
vourable values for the character "seed weight per 
p lan t"  were obtained exceeding the control by  about  
30~ in 1970 and 1971. Considering the thousand 
grain weight and the protein content of the seed meal 
the total  production of seed proteins per plant was 
31 and 12~ higher than tha t  of the initial line in both  
the generations tested. 

All the data  mentioned refer to the mutants .  By 
combining the mutan t  genes it was our aim to produce 
recombinants which could be of interest in pea breed- 
ing. The low seed production of the early flowering 
mutan t  46C should have been improved by  an in- 
crease of the seed number  tha t  is inherited through 
gene 68C. However,  this was not possible because of 
certain negative interactions between the respective 
genes (Gottschalk, 1972). Considering five subse- 
quent generations the recombinant  R300 ( =  68C/ 
46C) reached values between 72 and SS~ of the cor- 
responding values of the initial line only for the cha- 

ra t te r  "number  of seeds per plant" .  Tile protein con- 
tent  of its seed meal is equivalent to that  of the con- 
trol (1o4.3 and to3.9% , respectively). However, a 
decrease of the protein production per plant may  
occur as a consequence of varying seed sizes in sub- 
sequent years. In t97o, the protein yield of the re- 
combinant was 98.6~o of tlle control value, in 1971, 
it was only 8t~ Thus, the differences between the 
recombinant and the initial line are considerably 
lower if we not only regard the seed but also the 
protein production. Therefore, the breeding value 
of the recombinant  is improved by  its favourable 
protein situation. 

The recombinant R 35o ( =  68C/12oIA) shows a 
different initial situation which, however, does not 
result in an inlprovement of the protein production. 
The characters "increased seed number  per pod" and 
"increased pod number  per plant"  are combined in 
the plants of this genotype. There is no negative 
interaction between the two genes involved; never- 
theless, their combination does not result in tile effect 
expected. With regard to the number  of seeds per 
plant the mean values are similar to those of the ini- 
tial line considering 5 generations, but the seeds are 
smaller. In this way, tile seed weight per plant de- 
creases to about 9o% of the corresponding control 
values. The protein content of the seed flour was 
1o2.4~ of the values of the initial line in 197o, but 
in 1971 only $7.6~ Furthermore,  if we consider the 
reduced seed size, even stronger reduction of the 
protein yield per plant is reached (92 and 78% of the 
control values for 197o and i 97 l, respectively). 

More impor tant  than the total  protein content 
determined by means of the Kjeldahl method are the 
essential amino acids because they exclusively are of 
importance for the protein quality and the nutri t ive 
value of the seed proteins. Let  us first consider the 
total  amount  of the seven essential amino acids men- 
tioned above. The mean values of the initial line 
were o.5o9 (197o) and o.726g per plant (1971), this 
is a proportion of 46.5~ of the total  seed proteins in 
both  the years. The three mutan ts  investigated show 
a very different behaviour in this respect. Mutant 
68C reached the control value in 197o; in 1971, how- 
ever, the total  amount  of the seven amino acids was 
only 81 ~/o of the corresponding amount  of the initial 
line. Mutant 46C showed in both the growing seasons 
equally negative values (69 and 68~u of the control, 
respectively). In contrast  to this, the bifurcated 
mutan t  12olA exceeded the initial line not only in 
197o but also in 1971 when all the mutants  and re- 
combinants tested showed considerably lower values 
than in t 97o. The total  amount  of the essential amino 
acids produced from this mutan t  was 24 (197o) and 
7 (1971) percent higher as compared to the initial 
line. 

Lysine and methionine have been separately 
evaluated from the pool of the essential amino acids 
for the reasons already mentioned. With regard to 
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l;ig. 13. Comparison of different criteria of the protein yield in some pea mutants and recombinants in two subsequent genera- 
lions. All ~.he values are related to the corresponding values of the initial line loO%. 

a: mutant 68C ; b : rout;rot 46C ; c : mutaz~t 12(;I A ; d: recombinant R30O (-- 68C/40C) ; e: recombinant 1{.35o (= 68C/12ol :\) 
upper part: 197o, lower part: 1971 

the lysine product ion  n m t a n t  6SC is equivalent  with 
the initial line while both  the values of n m t a n t  46C 
are very  low (middle par t  of fig. ~3). Mutant  1201A 
shows a very  favourahle  s i tuat ion in this concern. 
i ts  lysine product ion  was 4o% 097o)  and 2o~ (1971) 
higher. The methionine product ion  is in all the three 
m u t a n t s  in comparison to the initial line higher than  
the lysine p roduc t ion ;  the mu tan t s  show a similar 
relation. Mutants  68C and 12olA exceeded the con- 
trol  values considerably.  The s i tuat ion in the two 
recombinants  R 3oo ( =  68C/46C) and R 35o (--  68C/ 
t201A) is less favourable.  The total  amoun t  of the 
essential amino acids and the lysine product ion  lies 
below to tha t  of the initial line, the methionine pro- 
duct ion is approx imate ly  similar. Their  behaviour  
however  cannot  be generalised for each of them shows 
a specific s i tuat ion in relation to the respective paren-  
tal mutan t s .  

Discuss ion  

The empirical  da ta  given in the present  paper  show 
t h a t  each of the genes s tudied influences the synthesis  

of tile seed proteins in a dist inguishing way. An inter- 
esting insight in the relat ions between the composi-  
t ion of the genome and the biosynthesis  of metabol ic  
products  serving as storage substances in the earliest 
ontogenetie  stages is a l ready obta ined  from the ana- 
lysis of a small number  of mutan t s .  These results are 
of interest  for muta t ion  breeding since impor t an t  
substances required for animal and h u m a n  nutr i t ion  
are involved. Moreover, the comparison of n mta n t s  
and recombinants  enables us to discuss the problenl 
of the combined action of nmtant .genes .  

1. The Gene~ically Co~ditioned Variability o~ the Seed 
Proteins 

An interesting result of our invest igat ions consists 
in the fact  t ha t  near ly  each m u t a n t  analysed has a 
specific pa t te rn  of seed proteins differing not  only 
from the initial line but  also from the other  mutants .  
As shown by  Adriaanse et al. (1969) in different varie- 
ties of Phaseolus vulgaris these pa t te rns  are charac-  
teristic and constant  for each genotype  and are not  
influenced by  envi ronmenta l  factors. The genes in 
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question do certainly not control the biosynthesis of 
the seed proteins directly, they influence these pro- 
cesses indirectly. Thus, the genes studied are not 
comparable with the voluminous group of genes con- 
trolling the course of meiosis and being directly res- 
ponsible for the formation of funetionable germ cells 
(Gottschalk 1968, t973). I t  cannot be expected that  
it is possible to find the gene groups responsible for 
the synthesis of the seed proteins in radiation genetic 
experiments. Mutants of this type would represent 
biochemically deficient genotypes which are not 
viable because of the lack of single amino acids (Hess 
t 968). The findings given in the present paper  could 
be interpreted by  means of the concept of the "bio- 
chemical pleiotropy".  A distinct gene not concerning 
directly with the protein synthesis gets mutated.  
The gene products resulting from the muta ted  gene 
induce changes in the biosynthesis of other substances 
during the ontogenetic development.  In this way, 
the gene indirectly can influence the composition of 
these substances from which the storage proteins of 
the seeds are studied in the present paper. Not only 
the changes of the quant i ta t ive situation of certain 
protein components but preferably the striking differ- 
ences of the protein pat terns  demonstrate  that  the 
respective genes influence the protein metabolism on 
a broad base. I t  can be assumed, that  not only the 
proteins but  also other groups of substances are 
altered under the influence of the muta ted  genes. 
This could already be demonstrated for the five main 
sugars of the seeds of some of these mutan ts  (Thier- 
feldt i972). I t  is our opinion tha t  the pleiotropy of 
the gene action involves different biosyntheses of the 
organism the clarification of which requires compre- 
hensive biochemical analyses. Another possibility 
for interpreting our findings would be the assumption 
of the action of modifying genes (Johnson et al., i 97(t). 

The co-operation of the genes studied which indi- 
rectly influence the protein synthesis is of particular 
interest. This can be demonstra ted by comparing 
the recombinants with their parental  mutants .  The 
findings available from the genotypes analysed show, 
tha t  the total  protein amount  and the lysine produc- 
tion of the recombinants  agree well with those of the 
low parental  mutant .  In contrast  to this, the methio- 
nine content of the recombinant resembles to that  of 
the high parent  (fig. 11). These findings obtained by 
means of the amino acid analyser were fully confirmed 
after having studied the same genotypes by micro- 
biological methods (Henke 1972). However, these 
clear correlations could not be confirmed when we 
consider not only the protein content of equal amount  
of seed meal but  also the seed production of the 
genotypes. I t  could be shown, that  the combined 
action of specific genes has negative consequences 
with regard to the seed protein synthesis quanti tat ive-  
ly as well as qualitatively. I t  is obvious, that  the 
relations found in the small group of mutan ts  and 
recombinants analysed in tile present investigations 

cannot be generalized. On the contrary,  each gene 
combination will result in a specific biochemical situa- 
tion. 

2. The Breeding Value o/ Mutan l s  and Reeombinants 
under Consideration o / the  Seed Proteins 

The findings of the present paper show that  there 
are clear differences between the genotypes studied 
with regard to the quant i ta t ive and qualitative situa- 
tion of the seed proteins. These data  represent an 
essential supplement for the estimation of the breed- 
ing value of the respective strains considering their 
seed yield as well. Two examples are demonstrated 
to show how the biochemical situation of mutan ts  can 
influence their qualification for breeding purposes. 

The useful character of mutan t  46C is its consider- 
able earliness. In 1973, it was the only mutan t  of a 
group of different genotypes which was able to seed 
in the arid areas of India, while other mutants  of our 
collection as well as some Indian local varieties dried 
premature ly  as a consequence of the lack of the mon- 
soon rainfall. Thus, it has demonstrated its positive 
selection value under extreme clinratic conditions. 
In West Germany it is not of interest for pea breeding 
because of its low seed yield. In the protein content 
it does not differ from the initial line but  it shows a 
negative shift between tile two main fractions; tile 
proportion of the globulins is increased, that  of the 
albumins is decreased. This shift means a qualitative 
degradation of the proteins as the albumins represent 
the nutrit ionally more valuable fraction because of 
their amino acid composition (Bajaj et al. 1971, Boul- 
ter and Derbyshire 1971). This shift appears also 
with regard to the total  amount  of tile essential amino 
acids; it lies below the corresponding values of the 
initial line. The mutan t  shows a more favourable 
situation than the initial line with regard to specific 
amino acids such as lysine and methionine. However, 
this increase does not represent a positive yield trait  
because the seed production of the mutan t  is too low. 
Considering this criterion protein yields of only 75 
to 8O~o of the control values are reached. The same 
relations are valid for the total  content of the essen- 
tial amino acids. Thus, the unfavourable yielding 
capacity is not compensated by a favourable quant i ty  
or quality of the seed proteins. 

Mutant 12olA shows an increased seed production 
because of its stem bifurcation. The protein content 
of its seed flour does not essentially differ from that  
of the initial line. The albumin fraction is somewhat 
reduced but the total  amount of the essential amino 
acids is clearly increased than in the control. With 
the exception of phenylalanine, threonine and valine 
all the other essential amino acids are present in 
higher quantities. The protein yield per plant of this 
mutan t  is 1o--3o~' o higher because of the high seed 
production. Also a qualitative improvement  can be 
stated in addition to the quant i ta t ive one because 
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t he  p r o d u c t i o n  of e s sen t i a l  a m i n o  ac ids  per  p l a n t  is 
l ikewise  inc reased .  T h u s ,  t h e  f a v o u r a b l e  seed  y ie ld  of 
n m t a n t  1201A is s u p p l e m e n t e d  b y  an a d v a n t a g e o u s  
q u a n t i t a t i v e  a n d  q u a l i t a t i v e  a l t e r a t i ( m  of t h e  seed 
p ro t e in s .  
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