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Genetics of seed quality in soybean analysed by capillary gel
electrophoresis
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Abstract

Soybean recombinant inbred lines resulting from a cross between two lines of different genetic origins, each with a high protein
content, were analyzed for their seed protein composition and for different quantitative traits involved in the establishment of seed
quality, including N2 fixation. Capillary gel electrophoresis (CGE) was used to separate and quantify the seed protein components
according to their molecular weights. The relative peak surfaces were compared to the quantitative traits. Several significant
associations were found between seed or symbiotic fixation traits and peak surfaces. Two peaks are inversely associated with seed
yield and seed protein content. Another peak is related to symbiotic dinitrogen fixation parameters. The proteins constituting
these peaks could be interesting candidates to further study seed quality establishment. © 2000 Published by Elsevier Science
Ireland Ltd. All rights reserved.
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1. Introduction

Soybean is primarily produced for its proteins
(it is the first source of vegetable proteins in the
world) and oil, for animal feeds and human foods.
The main goals of soybean breeding programs are
to increase the content and the quality of the
protein and oil [1]. One of the main drawback
regarding these goals are the negative correlations
between protein content on one hand, oil content
and yield on the other hand. Nonetheless, improv-
ing simultaneously both traits, or at least main-
taining one when the other is improved, seems
possible [2]. Soybean plants can acquire a substan-
tial portion of their nitrogen requirements from N2

fixation, and seed yield is dependent on the
amount of nitrogen in the seed originating from
symbiotic fixation [3]. The nitrogen source sup-

plied influences the protein composition and the
protein concentration of soybean seeds [4]. In-
creasing N2 fixation efficiency could be a means to
achieve a simultaneous improvement in yield and
protein content [5].

The objective of the present work was to try to
reach a better understanding of the genetics of
seed quality in soybean. The study focused on the
main physiological traits of the plants, including
N2 fixation, which is related to the final objective,
i.e. seed quality. Focusing on seed protein compo-
sition, capillary gel electrophoresis (CGE) of the
total seed proteins was used to describe it more
precisely. Apart from studies to evaluate polymor-
phism of some specific proteins [6] CGE of
proteins, to our knowledge, has rarely been used
for genetic analysis. This technique allows the
separation of the protein components according to
their molecular weight. It offers the rare opportu-
nity to quantify each of these components. By this
way, we have access to an aspect of the regulation
processes, which could better explain the quantita-
tive trait variation observed between individuals:
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polymorphism in gene regulation is thought to be
an important basis for phenotypic changes [7].
Moreover, the study of proteins, which collaborate
to the building of the phenotype, may help to
understand it better, even if they are still anony-
mous. They may be valuable tools to dissect quan-
titative traits, compared to anonymous DNA
markers with no phenotypic meaning. Such an
example can already be found in soybean where
primers of known gene sequences revealed poly-
morphism associated with quantitative traits [8].
Relationship between protein quantity variation
and agronomical traits was demonstrated in some
species; maize [9] and pine [10]. In the present
work, the recombinant inbred lines resulting from
the cross between two high-protein content soy-
bean cultivars of different genetic origins were
analyzed.

2. Materials and methods

2.1. Plant material

The two parental lines were selected after a
diallel analysis that had shown the opportunity for
yield and protein content to be improved by their
cross [11]. The 111 recombinant inbred lines (F6
generation) derived by single seed descent from the
cross between Provar (female, maturity group II,
American origin) and X514-95 (maturity group
O-I, French origin) were evaluated in the field for
their earliness and seed traits. The F7 generation
was evaluated in the growth chamber for their N2

fixation ability.

2.2. Field experiment conditions and measurements

The experiment was carried out at the INRA
(Institut National de la Recherche Agronomique)
station in Toulouse, France (43°36% N, 1°27% E) on
a fine mixed Udic Haplustalf soil (pH 6.4, organic
matter 2% and total N 1.5 g kg−1). The F6 plants
were grown in 1.5 m rows spaced 50 cm apart with
5 cm intervals within the row. The soil was inocu-
lated with the G49 strain of Bradyrhizobium
japonicum (Lipha, Lyon, France). The seeds were
sown on May 6, 1996. Soil moisture was main-
tained by irrigation.

All traits were characterized at maturity, includ-
ing yield components: earliness: total cycle dura-

tion to maturity expressed as ‘heat units’ [12]; seed
yield: weight of seeds at 0% relative humidity
harvested from the whole row (g row−1); seed
number per row; seed size: weight of 1000 seeds
(g).

Seed protein content (%) was evaluated by the
Kjeldahl method (Tecator Kjeltec, Auto 1030,
Hänagäs, Sweden) and seed protein yield (g
row−1) was also determined [13].

The lipoxygenase 1 and lipoxygenase 2+3 ac-
tivities were measured on seeds by polarographic
method using a Hansatech DWI Oxygraph (Nor-
folk, UK) as described by Zougari et al [14]. Total
lipoxygenase activity was calculated as the sum of
lipoxygenase 1 and 2+3 activities. One lipoxyge-
nase activity unit is defined as the uptake of one
micromole oxygen per min and results are ex-
pressed in units per gram of seed (U g seed−1).
Only 35 of the 111 recombinant inbred lines were
analyzed for lipoxygenase activity.

2.3. Growth chamber experiment conditions and
measurements

The study was conducted under controlled con-
ditions: 14 h a day photoperiod, about 400 mE
m−2 s−1 irradiance, 25/20°C light/dark tempera-
tures and 70% relative humidity.

The F7 plants were grown in pots (of diameter
18 cm and 16 cm height) filled with sand (0.5/5
mm grain size). Seeds were germinated in vermi-
culite for 3 days at 25°C and seedlings (one per
pot) were planted on sand. Two inoculations were
made with G49 strain of B. japonicum (Lipha) on
seeds in germination (106 bacteria per seed), and
by watering the plants with an inoculum suspen-
sion (106 bacteria per liter) after planting out.
Plants were fertilized twice a day by soaking the
pots during 30 min in the IRAT solution (Institut
de Recherche en Agronomie Tropicale, France)
supplied in magnesium [15] and containing 3.2
mM Ca(NO3)2.

Dinitrogen fixation was estimated by measuring
the acetylene reduction activity (ARA) using an in
situ method [16]. The pot was tightly sealed and
acetylene was injected into the soil around the root
system; the acetylene volume amounted to 10% of
total porosity of the mixture in pot. After a 7 min
incubation, samples were removed to determine
ethylene concentration by gas chromatography
(Delsi Model DI 200, Paris, France). The measure-
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ments were carried out at reproductive stages R5
and R6 [17] and the results are expressed in mmol
C2H4 h−1 plant−1. The integrated ARA (mmol
C2H4 plant−1) was calculated according to Patter-
son and Larue [18] through the period between the
two stages. Nodule number and dry weight were
determined per plant at R6 stage after the last
ARA measurement. Specific activities (ARAs or
integrated ARAs) were also determinated and ex-
pressed in nmol C2H4 h−1 mg nodule−1 and in
mmol C2H4 mg nodule−1.

Eventually, 17 traits corresponding to two or
three replicates per genotype were available on the
111 recombinant inbred lines or on part of them.

2.4. Capillary electrophoresis

2.4.1. Protein extraction
Protein analysis was made on F6 seeds har-

vested during the field experiment described
above. Seed coats were removed from five mature
seeds randomly sampled for each genotype. They
were ground in a ball mill during 1.5 min. Proteins
were extracted from the fine powder obtained
using a modified method by Anderson et al [19].
The powder was crushed in a microfuge tube with
20 ml mg−1 of extraction buffer. The extraction
mixture contained 3 M urea, 2% ampholytes (pH
3–10), 5% dithiothreitol and 4% FSN 100 (a
fluorocarbon-based detergent supplied by duPont).
Proteins were allowed to extract for 1 h at room
temperature. The tube was vortexed briefly and
then centrifuged for 5 min at 10 000 ×g. The clear
part of the extract was removed with a mi-
cropipette and frozen at −80°C until it was ana-
lyzed. The extracts contained :12.5 mg of protein
per ml.

The two parental lines were sampled eight times.
Each of the 111 recombinant inbred lines was
sampled two to three times.

2.4.2. Electrophoresis conditions
Each protein extract was analyzed using the

eCAP SDS 14-200 kit supplied with the P/ACE™
Instrument by Beckman.

The following ingredients were mixed in a mi-
crofuge tube: 5 ml protein extract, 25 ml sample
buffer and 2.5 ml orange G reference marker (both
supplied in the kit), 1.25 ml 2-mercaptoethanol,
21.25 ml deionized water. The mix was shortly
vortexed and boiled for 10 min at 98°C. 45 ml of

the protein sample mix was placed in a 400 ml vial
and put on a top of a spring into a 4 ml vial, all
these elements are provided by the manufacturer.

CGE itself was performed in a 27 cm coated
capillary filled with SDS 14-200 Gel Buffer, ac-
cording to the instructions given by the manufac-
turer (eCAP SDS 14-200 kit-P/ACE™. Capillary
electrophoresis size separation of SDS proteins,
Beckman, 1994). The vial filled with gel was not
sonicated as recommended but placed in vacuum
during the 10 min to remove air bubbles. It was
replaced every 100 analysis. The UV detector was
set at 214 nm, the first rinse, with HCl, lasted 1
min, the second, with Gel Buffer, lasted 3 min,
and the sample injection time lasted 30 s. The
separation was performed at 8.1 kV and 20°C and
lasted 16 min. Control samples were run, but the
extraction mix contained water instead of protein
sample.

Overall, 253 separations were available and inte-
grated for individual and total peak surfaces using
the software provided by the manufacturer (Sys-
tem Gold®).

2.4.3. Corrected correlation
Linear correlation between individual peak sur-

faces and the different traits were measured. To
take the residual variance into account, a cor-
rected correlation was computed according to the
following model.

The peak surface Yik of the kth repetition of the
ith genotype can be written:

Yik=gY,i+eY,ik

where gY,i stands for the effect of the genotype on
the peak suface and eY,ik for the residual.

Similarly, the trait Xik of the kth repetition of
the ith genotype can be written:

Xik=gX,i+eX,ik

where gX,i stands for the effect of the genotype on
the trait and eX,ik for the residual.

We are interested in computing the correlation:

cor2(X,Y)=
cov2(GX,GY)

var(GX)var(GY)

which can be estimated by the expression:

cor2(X,Y)

=
cov2(X�,Y�)

(var(X�)−var(EX,�))(var(Y�)−var(EY,�))
(1)



S. Gerber et al. / Plant Science 152 (2000) 181–189184

whereX�, Y�,EX,� and EY,� stand for the means over
repetitions.

With two repetitions:

var(EY,�)=
s e

2

2
where ŝ e

2=
%
n

i=1
(Yi1−Yi2)2

2n
(2)

If K(i ) repetitions are available per genotype i,
then:

ŝ e
2=

%
n

i=1
%

K(i )

k=1
(Yik−Yi�)2

%
n

i=1
(K(i )−1)

(3)

Similar Eq. (2) and Eq. (3) are written for Xi.

2.4.4. False positi6e
When a large number of statistical tests are

carried out, Type I errors are likely to occur. Let
T be the total number of tests computed, and a the
significance level. The expected number of test
corresponding to Type I errors follows a binomial
law with parameters T and a. Consequently, the
probability P(K) of finding, by chance only, at
least K tests significant at the a level among the T
tests can be written:

P(K)=1− %
K−1

i=0

�T
i
�

a i(1−a)T− i (4)

3. Results and discussion

After CGE, each sample gave a profile similar
to the one presented in Fig. 1. Around 18 peaks
were resolved, each described by its migration time
in minutes, corresponding to protein products
with increasing molecular weight. The surface of
each peak was integrated. According to migration

time of reference markers with known molecular
weight, approximate molecular weights of each
peak are calculated by the software and given with
the migration time in Fig. 1. The last peak of the
profile is likely to have an overestimated molecular
weight according to its extreme position. Peak ‘a’
in Fig. 1 (appearing after 3 min of migration) is an
artifact associated with the sample loading. The
first highest peak, identified by ‘o’ in Fig. 1 (ap-
pearing after about 6.7 min of migration), coin-
cides with the orange G reference marker added to
each sample. As peak 1 was sometimes present in
the control sample, we discarded it. Peaks 2, 3, 4,
5 and 6 were clearly resolved throughout all elec-
trophoresis, their surfaces were recorded for each
genotype and each repetition. The individual peak
surfaces were divided by the total peak surface
computed by the software minus the surface of
peaks ‘a’ and ‘o’. The mean of the relative peak
surfaces was calculated over repetitions for each
line.

Peak 2 was present in the X514-95 line but
absent in the Provar line and exhibited Mendelian
segregation (presence/absence) among the recom-
binant inbred lines. The others peaks were present
in both parental lines. It can be noted that the
relative surfaces of peaks 1, 3 and 6 were signifi-
cantly different between Provar and W514-95
(data not shown). The relative surfaces of all the
peaks exhibited an approximately normal distribu-
tion (data not shown), indicating that no major
gene could explain the segregation observed
among the recombinant inbred lines.

The correlations between the relative surfaces of
the 5 peaks and the 17 quantitative traits mea-
sured on the recombinant inbred lines were com-
puted. For peak 2, a student test was used to
compare the mean of the lines having the peak, to
the mean of those lacking the peak. No significant
association was observed at the 1% level between
this peak relative surface and any trait.

Fig. 1. Profile by CGE of total proteins from soybean seed. Approximate migration time (min) and molecular weights (kDa): Peak
‘a’: 3.04, 0.30, Peak 1: 5.68, 1.89, Peak 2: 6.05, 2.44, Peak ‘o’: 6.71, 3.86, Peak 3: 9.31, 23.21, Peak 4: 12.23, 175.55, Peak 5: 12.69,
240.72, Peak 6: 14.54, 864.90.
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Table 1
Significant correlations between peaks surfaces, seed traits and N2 fixation

Significance 95% ConfidenceCorrelation CorrectedTraits
level interval correlation

Peak 3
0.0066Seed yield (g row−1) −0.40−0.24 −0.051 −0.40

0.24Protein content (%) 0.0055 0.06 0.41 0.41

Peak 4
Seed size (g) 0.01000.22 0.04 0.39 0.74

0.0059 0.05 0.41 0.80Earliness (HU) 0.24
0.25 0.0044ARA at R6 stage (mmol C2H4 h−1 0.06 0.42 0.83

plant−1)
0.0042 0.07 0.42 0.83Nodules dry weight (g plant−1) 0.25
0.0011 0.20 0.710.50 0.50Lipoxygenases 2+3 (U g seed−1)

Peak 6
1E-04 0.170.35 0.50Seed yield (g row−1) 0.41
0.0001 0.17 0.50Seed number 0.410.35
0.0032 0.080.26 0.42Earliness (HU) 0.31
3E-06 −0.56 −0.25 −0.49Protein content (%) −0.41
0.0024 0.08 0.43 0.320.27Seed protein yield (g row−1)

Peak 3
Peak 6 −0.27 0.0025 −0.43 −0.08 −0.54

The linear correlation between the 4 other peaks
and the 17 traits, their significance level, their 99%
confidence interval, and the corrected correlation
(Eq. (1)) were computed. A total of 68 tests (4
peaks×17 traits) was performed among which 12
tests were significant at the 1% level. No signifi-
cant association was observed between peak 5 and
any trait. The relative surfaces of peak 3 and 6
were also significantly correlated. The summary of
significant correlations involving peak surfaces is
given in Table 1. The correlations between all
traits involved in the previous correlations and
their significance level is given in Table 2. The
plots of the peak relative surfaces versus the traits
with which they are significantly correlated are
given in Fig. 2. The probability P(12) of finding,
by chance only, at least 12 tests significant at the
1% level among the 68 tests is equal to 5×10−12

(Eq. (4)). This result clearly shows that there are
more significant correlations between peak sur-
faces and quantitative traits than what would have
been obtained by chance only. Consequently,
some of these correlations must be relevant. The
corrected correlations, which eliminate the residual
variance due to experimental variation, have al-
ways a greater value than the simple correlations,
indicating that they are underestimates of the true
correlations.

As can be seen in Tables 1 and 2, peaks 3 and 6,
which surfaces are negatively correlated, are both
in relation to total seed protein content and to
seed yield. These two peaks have an opposite
relation to the traits. The increase in protein con-
tent corresponds to an increase in peak 3, whereas
it corresponds to a decrease in peak 6. Inversely,
the increase in seed yield is related to an increase
in peak 6 and a decrease in peak 3 in about the
same proportion. Moreover, peak 6 is significantly
associated to the different parameters involved in
the expression of seed yield as earliness and seed
number (Table 2). Peaks 3 and 6 may correspond
to protein participating in a different way to the
establishment of seed protein content. Seed
protein composition and seed yield are the major
goals of the breeding programs in soybean. The
global seed protein amount and the content in
some storage proteins are known to be affected by
the nitrogen nutrition, that is nitrate versus N2

fixation [4]. Field methods can also have an impact
[20]. Seed protein amount has been subjected to
several quantitative trait loci (QTL) approaches,
thanks to molecular markers. Few QTL, with
large effect, have been found in different studies,
these QTL being often specific to the population
under investigation, the genetic background play-
ing a role in QTL expression [21–24]. It can be
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noted that, in several linkage study, loci affecting
seed traits were repeatedly localized on linkage
group F of the soybean genome [25–27].

Peak 4 seems to have a different implication in
the functioning of the plant. Its relative surface is
significantly and positively correlated to several
traits related to symbiotic dinitrogen fixation, as
ARA value and nodule dry weight analyzed at R6
stage two parameters closely associated (Table 2).
The efficiency of symbiotic fixation is often associ-
ated with the total development cycle length [18]
as shown in Table 2, which could explain the
relationship between the surface of peak 4 and
earliness. The lipoxygenase (2+3) content is also
related to peak 4 (Table 1). This parameter and
those involved in symbiotic fixation are signifi-
cantly correlated (Table 2), which could be due to
the symbiotic origin of the nitrogen transferred
into seeds [28]. The 1, 2 and 3 lipoxygenases are
enzymes representing 2% of the total seed
proteins, so they could be one of the components
of our CGE profile. They are responsible for the
undesirable flavours associated with soybean prod-
ucts. They are active during germination for lipid
mobilization, and thus for energy supply [29].

The corrected correlations concerning peak 4
have high values (Table 1). Peak 4 may be an
interesting candidate to evaluate the symbiotic
fixation ability more precisely. Moreover, dinitro-
gen fixation was advocated as the best parameter
for a simultaneous improvement of yield and
protein content [5], two traits that are negatively
correlated [30]: peak 4 could give the opportunity
to break this negative relationship.

This first insight into the quantitative soybean
seed protein composition, thanks to CGE, sug-
gests that some of the seed components could be
interesting to study further. The nature of the
components seen on the profile of the CGE could
be determined by their amino-acid sequences, and
compared to known proteins in databases. The
relationship of the peak surfaces with the traits of
interest should be confirmed in other crosses be-
fore this kind of investigation is performed. How-
ever, since quantity variations are considered, the
regulation mechanisms of the protein amounts
could be the key elements to be dealt with.

Molecular markers could be used in conjunction
with a CGE approach. CGE in itself can provide
markers, like peak 2, which was alternatively

Table 2
Phenotypic correlations between seed traits and N2 fixation

Protein contentSeed number EarlinessSeed size

0.93** 0.26**Seed yield (g row−1) 0.44** −0.19*
−0.09Seed number 0.42** −0.22*

Seed size (g) 0.13 0.07
Earliness (HU) −0.14
Protein content (%)
Seed protein yield (g row−1)
ARA at R6 stage (mmol C2H4 h−1 plant−1)
Nodules dry weight (g plant−1)

ARA at R6 stage Nodules dry weight Lipoxygenases 2+3Seed protein
yield

Seed yield (g row−1) −0.04−0.010.97** −0.37*
0.90**Seed number −0.03 −0.05 −0.44**
0.27** 0.180.03Seed size (g) 0.005
0.43** 0.32**Earliness (HU) 0.34** 0.12

Protein content (%) 0.02* 0.01 −0.02 0.20
−0.01Seed protein yield (g row−1) −0.34*−0.03

ARA at R6 stage (mmol C2H4 h−1 plant−1) 0.65** 0.36*
Nodules dry weight (g plant−1) 0.29*

* significant at 5%.
** significant at 1%.
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Fig. 2. Plots of the peak relative surfaces against the traits.
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present/absent and followed a Mendelian segrega-
tion. Such a ‘null allele’ was observed in the
subunit of a storage protein in soybean seed with
classical electrophoresis [28]. Moreover, CGE
gives an insight into the quantitative composition
of the total seed proteins, and each of the peak
relative surfaces can be used as a trait in a classical
QTL approach. In the present study, we had some
random amplified polymorphic DNA (RAPD)
markers segregating among the recombinant in-
bred lines. No significant association (at the 1%
level) between the data provided by CGE and
these markers were detected, but there were too
few markers compared to the large genome size of
soybean. However, this approach could be easily
fulfilled with the numerous molecular markers
now available in this species [31–33]. A combined
study of the proteins composing the CGE peaks,
their regulation and a classical molecular markers/
QTL analysis would allow a better description of
the genetics of seed quality.
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[11] S. Suc, Amélioration génétique de la teneur en protéines
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