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Abstract The Brazilian tropical adapted soybeans con- 
tains, in addition to superior morphological characters, ge- 
netic factors for tolerance to cultivation in acidic, mineral- 
stressed soils. However, the selection process for these hin- 
drances has been empirical, and information on the genet- 
ics of mineral element uptake by the plant is necessary. The 
objective of this investigation was to identify the mode of 
inheritance for the absorption of phosphorus, potassium, 
calcium, magnesium, iron, aluminium, manganese, zinc 
and copper in a 9 • 9 diallel cross. General combining abil- 
ity (GCA) was higher than specific combining ability 
(SCA), with the exception of copper, manganese and zinc, 
indicating predominantly additive effects. The ratios of 
GCA/SCA varied between 3.4 (calcium) and 8.5 (magne- 
sium). The regression of covariance (Wr) on variance (Vr) 
showed that the additive-dominance model explained the 
genetic differences in this germ plasm. However, the de- 
tection of overdominance could be related to possible het- 
erozygosity in the parental varieties for mineral absorp- 
tion. Broad-sense heritability values were higher than nar- 
row sense heritability values for aluminium, iron, potas- 
sium, calcium and magnesium, being in the range of 
67.9-86.9% and 42.0-56.6%, respectively. This is an in- 
dication that soybeans can be further improved to efficient 
utilisation of nutrients and to tolerate toxic factors in the 
soil. 
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Introduction 

Many tropical regions, like the Brazilian Savannahs (Cer- 
rados), have been the borderline of agricultural areas due 
to acidic and low fertile soils. Lime and fertiliser are nec- 
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essary to improve them before farming. Modern soybean 
cultivation in these environments has played an important 
role in the development of sustainable agricultural systems 
(Spehar et al. 1993). However, the identification of genetic 
variability for plant cycle, disease resistance and seed qual- 
ity has been essential in the acquisition of new soybean va- 
rieties to suit the farmer's demand in these low latitude en- 
vironments (Kiihl and Garcia 1989). 

The crossing of contrasting parents has allowed the ge- 
netics of simple inherited traits, e.g. genes for lateness and 
juvenility, to be identified while aiming at selecting a de- 
sirable genotype. For genetic studies of multigene traits, 
however Yates (1947) employed a series of crosses in all 
possible combinations amongst parental lines. This diallel 
cross scheme has been used for studying more complex 
traits and for selecting new varieties. (Gibori et al. 1978; 
Perry et al. 1986). To be successfully employed it has to 
enhance the expectancy of genetic gain relative to that of 
the more empirical classic breeding (Hanson 1987). 

The theory of diallels was developed by Jinks and Hay- 
man (1953) and expanded by Dickinson and Jinks (1956). 
It allows genetic analysis to be carried out by tests of the 
adequacy of the model, which implies diploid segregation, 
no reciprocal differences, independent action of non-alle- 
lic genes, absence of multiple allelism, homozygous par- 
ents and independent distribution of genes. When the mode 
of inheritance is at least digenic, non-allelic interaction 
may be present, and this can also be estimated by the model. 
The estimates of genetic parameters guides the breeders in 
the selection of a given trait. 

The inference to be drawn on the mode of gene action 
in diallel analysis is highly dependent on how far apart the 
genotypes being used in the cross are and how large their 
number is. If a small number is used, the genetic estimates 
are related only to the parents and crosses and not to a larger 
population (Mather and Jinks 1982). The practical impor- 
tance is the identification of lines or varieties in the crosses 
that most contribute to desirable traits in order to use them 
in breeding programmes. 

Diallel crosses were also analysed by Griffing (1956), 
who expanded the system of single-cross tests in maize de- 
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veloped by Sprague and Tatum (1942). Through this ap- 
proach, general and specific combining ability (GCA, 
SCA) effects have been calculated, and inferences have 
been made on whether the gene effects are additive or non- 
additive. The author presented the analysis according to 
two models,  random and fixed effects, and suggested that 
the choice between the models depended on the nature of  
the parental material. When  a particular set of  varieties is 
used, Eberhart  and Gardner (1966) suggested that the fixed 
model be utilised such that the information obtained is re- 
stricted to their genetic material. According to Cockerham 
(1980) for self-fertilising species our interest lies in meas- 
uring the effects of  genes that are in the homozygous  state. 
This implies that previously identified pure lines are used 
in the crosses and that for them only conclusions about ge- 
netic mechanism will be made. 

There are many examples in the literature of  genetic 
variability for differences in mineral nutrition or toxic ele- 
ments in plants (Foy et al. 1978, 1992; Spehar 1994a, b, 
c), However,  only a few have assessed the mode of  inher- 
itance to these factors. Boye-Goni  and Marcarian (1985) 
utilised a half  diallel cross of  sorghum involving three va- 
rieties susceptible to aluminium and three tolerant varie- 
ties for genetic studies in hydroponics.  Analysis  of  the Fas 
indicated that general combining ability was predominant,  
suggesting that inheritance to aluminium is controlled 
largely by additive effects. In a diallel study of  differential 
accumulat ion of  calcium, magnes ium and potassium in 
maize, Gorsline et al. (1968) indicated that the gene effects 
were more additive, and no relation amongst  these ele- 
ments was found. Moreover,  diallel analysis in hybrid for- 
age sorghum indicated that general GCA effects exceeded 
SCA effects for the minerals nitrogen, magnesium, silicon, 
phosphorus,  sulphur, chlorine, potassium, calcium, man- 
ganese, iron, copper and zinc (Gorz et al. 1987). 

Since the genetics of  tolerance to mineral element tox- 
icity and efficient nutrient utilisation is of  importance in a 
breeding programme to fully adapt the soybean crop to the 
agricultural systems in the Brazilian Savannahs (Cerra- 
dos), a diallel cross among field-selected varieties was 
planned. The main objectives of  the experiment described 
here were: 

Table 1 Genealogy of the soybean varieties used in the diallel cross, 
with relative contribution (%)a of ancestor parental lines 

Variety Genealogy 

IAC-2 

IAC-5 
IAC-7 

Vx5-281.5 

IAC-8 

UFV- 1 
IAC-9 
Cristalina 

Biloxi 

PI 60406 (25), Tanloxi (25), PI 95727 (25), 
PI 40658 (12.5), Mammoth Yellow (12.5) 
Selection in Florida Bulk 59-1 
Bilomi 3 (25), CNS (12.5), Roanoke (12.5), 
Arksoy (12.5), Tokyo (9.37), Pl 54610 (9.37), 
Illini (6.25), Dunfield (6.25) Haberlandt (6.25) 
Improved Pelican (50), CNS (12.5), Illini (12.5), 
PI 60406 (12.5), Tanloxi (12.5) 
Bilomi 3 (25), CNS (18.75), Illini (18.75), 
PI 54610 (9.37), Tokyo (9.37), Dunfield (6.25) 
CNS (25), Illini (25), PI 60406 (25), Tanloxi (25) 
The same genealogy as IAC-7 
CNS (18.75), Roanoke (12.5), PI 60406 (12.5), 
Tanloxi (12.5), PI 54610 (12.5), Dunfield (12.5), 
Illini (9.37), Arksoy (9.37) 
American introduction from Tangsi, China 

a Adapted from Hiromoto and Vello (1986) 

Table 2 Origin of the common ancestors of the soybean germ plasm 
utilised in diallel cross for aluminium tolerance 

Ancestor a Origin 

PI 60406 Southern China 
Tanloxi 
Pi 95727 (Nanda) Sariwon, Korea 
PI 40658 (Laredo) Southern China 
Mammoth Yellow USA 
PI 240664 (Bilomi 3) Philippines 
PI 71569 (CNS) Southern China 
PI 71597 (Nanking) Nanking, China 
PI 37335 (Arksoy) Pingyang, Korea 
PI 8424 (Tokyo) Yokohama, Japan 
PI 54610 Northeastern China 
S-100 (Illini) Northeastern China 
PI 36846 (Dunfield) Manchuria, China 
PI 6396 (Haberlandt) Pingyang, Korea 
Improved Pelican USA 
PI 23211 (Biloxi) Tangsi, China 

a Source: Hiromoto and Vello (1986); Morse et al. (1949) 

1) to assess the genetics of  nutrient uptake in the soybean 
and the interaction with aluminium; 
2) to establish methods of  field screening of  segregating 
populations to select for differential mineral element up- 
take; 
3) to identify parental varieties efficient in mineral element 
utilisation to be used in breeding programmes in order to 
improve the soybeans for cultivation in subsoil limiting en- 
vironments. 

Materials and methods 

The following varieties were used in a diallel cross scheme: 
'IAC-2', 'IAC-5', 'UFV-I', ~ 'IAC-8', ~ 7', 
'IAC-9', 'Biloxi' and 'Cristalina'. These varieties were chosen to 

represent a range of variability for aluminium tolerance and, with the 
exception of 'Biloxi', are adapted to the low latitudes of Central Bra- 
zil (Spehar 1994c). A brief description of their genealogy is present- 
ed in Table 1, and the origin of their ancestors is presented in Table 
2 (Hiromoto and Vello 1986; Morse et al. 1949). Aluminium-toler- 
ant 'Biloxi' (Foy et al. 1969) has not contributed to the gene pool of 
the Brazilian soybean varieties. All possible combinations of hy- 
brids, including reciprocals, were made in a glasshouse, in EMBRA- 
PA-CPAC, Planaltina, Brazil. These varieties belong to distinct ma- 
turity groups and, to allow coincidence of flowering, several week- 
ly sowing batches were used, beginning with the most late varieties 
of this group, namely, 'IAC-7', 'IAC-9' and 'Cristalina'. A well-fer- 
tilised mixture of soil and compost was used in 2-1 pots in which five 
seeds were sown. These seeds had been obtained by selfing single 
plants of the parent varieties and advancing their progeny through 
single-seed descent (Brim 1966). The selfed lines exhibited the main 
morphological traits that characterised the original varieties. The 
technique for hybridisation was adapted from the one described by 
Fehr (1980). 



The following genetic markers were used to verify, in the F 1 gen- 
eration, if harvested seeds were crossed: colour of the flower and hy- 
pocotyl (purple dominant to white), pubescence colour (brown dom- 
inant to grey), pod colour (brown dominant to tan), growth habit (in- 
determinant dominant to determinant), maturity (long cycle domi- 
nant to short cycle), seed colour (yellow dominant to brown) and hi- 
lum colour (black dominant to brown). 

The F 1 seeds were advanced into F2s to generate a larger bulk of 
seeds for the diallel experiment in the field. To ensure that a large 
number of seeds was produced per hybrid, plants were grown in a 
glasshouse under a 16-h daylength regime. Thirty days after emer- 
gence the plants were exposed to a short photoperiod to induce flow- 
ering. The hybrid plants were observed from emergence to maturity. 
The selfed plants were rogued out on the basis of the marker genes 
mentioned above. 

The field experiment was conducted in a cerrado Dark Red Lat- 
osol, a variation on Oxisol (Typic Haplustox, fine, kaolinitic, isohy- 
perthermic in the U.S. soil taxonomy), that had been previously limed 
to supply calcium and magnesium and neutralize any available alu- 
minium and fertilised with phosphorus, potassium and micronutri- 
ents. To allow testing of all crosses, a hill plot scheme was used (Spe- 
har 1989). Ten F 2 plants per hill were grown, and these constituted 
one replicate. Three replications of randomised complete blocks were 
used. The hills were 0.70 m apart in one direction and 1.00 m in the 
other, which was sufficient to avoid interplot competition. Foliar 
samples were collected for mineral analysis, a change from the meth- 
od described by Spehar (1989). The populations segregated for flow- 
ering, and sampling was carried prior to that date. To avoid this leaf 
position interference, the 7th and 8th fully expanded leaves from the 
bottom were harvested, with petioles, from each plant. One compos- 
ite sample of 20 leaves was collected per replicate. 

The samples were washed twice in distilled water to remove dust 
and rain-splashed soil particles from the leaves. They were drained 
and placed in an oven with forced ventilation for 72 h at 100~ Af- 
ter cooling, the samples were milled. The finely ground material was 
placed in glass vials to aid further drying in an oven overnight at of 
80 ~ After the samples cooled they were transferred to a silica-gel 
desiccator for 3 h. A subsample of 0.25 g was transferred to volu- 
metric Pyrex tubes for wet digestion. A mixture of perchloric (60%) 
and nitric (concentrated) acids was used in the proportions 1:4 (v/v). 
The tubes stood for 3 h to allow the beginning of oxidation and were 
then transferred to a block digestor connected to a programmer that 
progressively activates the digestor first to 60~ then to 100~ 
120 ~ and 190 ~ taking 11 h for full digestion. Next, 5 ml of 25% 
HCI was pipetted into the tubes and swirled with a spin mixer. The 
samples were heated to 80 ~ for 30 min, cooled down and the tubes 
were filled with deionized water up to the 25 ml mark. Aliquots were 
pipetted for mineral analysis into the Inductively Coupled Plasma 
Emission Spectrometer (ICPES). 

The diallel analysis for leaf mineral composition was performed 
according to the Mather and Jinks (1982) and Griffing (1956) mod- 
els, respectively. 

In the first procedure, the statistical method enabled Vp, V r and 
W r to be calculated, which are the variance of the parents, the vari- 
ance of an array and the covariance of the offspring in an array with 
the non-recurrent parents, respectively. There were nine arrays and 
each consisted of nine families, i.e. the parent and its eight crosses 
with the other parents. Since no reciprocal differences were found, 
the data were analysed as a half diallel, and the reciprocals provid- 
ed another set of replications. The linear regression of W r on V r has 
a slope that is not significantly different from 1, given by a t-test, if 
the additive-dominance model is able to explain the genetic pattern 
of segregation for the observed characters. 

A test of significance was conducted on the estimates of the com- 
ponents: the a, b, b I, b 2 and b 3 defined by Mather and Jinks (1982). 
These components measure the magnitude of additive gene effect 
(a), the magnitude of dominance gene effect (b), deviations of the 
hybrids from their mid-parental value (b l), difference in mean dom- 
inance deviation of the hybrid from mid-parental values within each 
array when compared to the other arrays (b2) and deviations unique 
to each hybrid (b3). For the tests of significance, ratios were obtained 
between each individual effect and its interaction with the block ef- 
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fect. The variance of the parents (Vp), the mean variance of arrajs 
(Vr), the variance of array means (V?) and the mean covariance (Wr) 
were used to calculate the coefficients D, H~, H 2, and F. The first co- 
efficient measures additive effects; H 1 and H 2 measure dominance 
effects. A positive value of F indicates that there are more dominant 
than recessive alleles. The relationships amongst these coefficients 
were also used in the interpretation of the results. The square root of 
H1/D measures the degree of dominance; the ratio HJ4H 1 measures 
the average value of dominant/recessive alleles over all loci. Broad 
sense heritability and narrow sense heritability were calculated us- 
ing the same coefficients. 

Specific and general combining abilities were calculated accord- 
ing to the fixed-effects model described by Griffing (1956). The nine 
genotypes, although they originated from a relatively wide range of 
germ plasm and had previously been tested for diversity, were not 
considered to be a random sample from the population. Thus, con- 
clusions can be drawn only on the basis of the parental lines involved 
in the cross. However, inferences can be made about the population 
from which the lines were drawn. The observations for the parents 
and p(p-1) crosses over three blocks were analysed. 

Results and discussion 

The analysis of variance for the mineral  composi t ion of the 
diallel is shown in Table 3, according to the statistical 
model  proposed by Griff ing (1956), for potassium, cal- 
cium, magnes ium,  iron, a luminium,  zinc, copper and man-  
ganese. Phosphorus was not included in the analysis as 
there was only one replication available for that element.  
General  combin ing  abili ty variance ratios were larger than 
the SCA ratios for all of the elements.  The ratio GCA/SCA 
was high for the elements potassium, magnes ium,  iron and 
a luminium.  A relatively low ratio was found for calcium, 
indicat ing that the degree of specificity for this e lement  
could be related to a possible difference in the frequency 
of dominant  genes in the parental  lines. This could be con- 
founded with the additive effects and mask the real mag- 
nitude of the dominant  gene effects in the genetics of cal- 
cium. The evidence for genetic variabil i ty for calcium, 
magnes ium and a lumin ium conf i rmed the association 
among these elements reported in the literature (Foy et al. 
1969; Alva  et al. 1986; Saneoka et al. 1986; Hecht-Buch-  
holz and Schuster 1987). For the other elements there was 
reduced genetic variation as measured by GCA and SCA. 
As expected, the magni tude  of the GCA/SCA ratio was 
small, but this should not be interpreted that specific hy- 
brid combinat ions  tended to produce superior genotypes in 
soybeans. 

The means over arrays for mineral  composi t ion of the 
leaves from the diallel are presented in Table 4. In general, 
crosses involv ing  the a luminium-suscept ib le  variety 
' U F V - I '  showed less potass ium in the leaves, suggesting 
that their roots may have concentrated their growth where 
acidity was reduced. The already low cation exchange ca- 
pacity (CEC) in the ploughed layer of the soil may have 
caused more potassium to leach down to a less favourable 
env i ronment  to root growth. The range for differences 
among arrays varied within 0.3 g/kg from the lowest (com- 
mon parent ' U F V - I ' )  to the highest  (common parent 
' IAC-7 ' ) .  It has been reported that the absorption of cal- 
c ium and magnes ium is negat ively affected by a lumin ium 
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Table 3 General and specific 
combining abilities (GCA, 
SCA) for mineral composition 
of leaves from the 9x9 soybean 
diallel 

Element Source of df M.S, F P Ratio 
variation GCA/SCA 

Potassium Blocks 5 0.423 14.10 <0.001 
GCA 8 0.394 13.13 <0.001 7.0 
SCA 36 0.046 1.87 0.010 
Error 220 0.030 

Calcium Blocks 5 0.222 13.87 <0.001 
GCA 8 0.111 6.94 0.002 3.4 
SCA 36 0.033 2.06 0.005 
Error 220 0.016 

Magnesium Blocks 5 0.0255 21.25 <0.001 
GCA 8 0.0210 14.75 <0.001 8.5 
SCA 36 0.0021 1.75 0.025 
Error 220 0.0012 

Iron Blocks 5 22 627 1.92 0.220 
GCA 8 106486 9.04 0.001 5.8 
SCA 36 18 374 1.56 0.100 
Error 220 11 781 

Aluminium Blocks 5 92 150 0.38 n.s. 
GCA 8 208 578 8.58 0.001 5.0 
SCA 36 41 851 1.72 0.025 
Error 220 24 3 i0 

Zinc Blocks 5 58.0 1.56 0.300 
GCA 8 67.3 1.80 0.150 1,4 
SCA 36 46.5 1.25 0.250 
Error 220 37.3 

Copper Blocks 5 8.32 2.31 0.180 
GCA 8 5.66 1.57 0.250 1.4 
SCA 36 3.82 1.08 0.300 
Error 220 3.60 

Manganese Blocks 5 427.5 13.21 <0.001 
GCA 8 65.4 2.02 0.120 1.2 
SCA 36 52.4 1.62 0.080 
Error 220 32.3 

Table 4 Mean performance 
over arrays for common parent 
in the 9x9 diallel for mineral 
element absorption in soybeans 

Array Element 

P K Ca Mg Fe A1 Zn Cu Mn 
g/100 g mg/kg 

Biloxi 0.369 3.094 1.090 0.516 406.3 540.8 37.1 7.5 28.0 
Cristalina 0.368 3.109 1 . 0 2 2  0.488 378.1 502.1 36.4 7.3 29.1 
IAC-2 0.355 3.085 1 . 0 2 5  0.483 302.8 382.9 38.9 7.1 26.6 
IAC-5 0.358 3.068 0.980 0.486 331.0 419.2 35.3 7.1 27.5 
IAC-7 0.373 3.164 1.019 0.478 305.4 392.5 35.9 6.9 27.8 
IAC-8 0.357 3.014 1 . 0 3 3  0.454 364.1 460.8 34.5 7.3 29.7 
IAC-9 0.365 3.054 1 . 0 6 5  0.479 342.3 448.4 36.4 7.2 30.3 
UFA-1 0.345 2.920 1 . 0 9 0  0.491 336.3 438.4 36.8 6.8 27.6 
Vx5-281.5 0.363 3.099 1 . 0 2 5  0.468 327.2 424.7 36.7 6.8 28.3 

( F o y e t  al. 1992; Alva  et al. 1986; Saneoka et al. 1986; 
Hecht-Buchholz  and Schuster 1987; Hoddinott  and Rich- 
ter 1987). The differences were less evident  for calcium 
and magnes ium which are less mobi le  in the soil and were 
available to the plants by being abundant  in the ploughed 
layer of the soil. 

The analysis for a lumin ium indicated that, in general,  
its levels in the leaves are high; there was no clear trend in 
the abili ty of the genotypes to absorb it. However,  crosses 

involving tolerant variety 'Bi loxi '  had higher levels of al- 
umi n i um in the leaves than crosses whose common parent 
was the intolerant  variety 'UFV-1 ' .  A possible explanat ion 
for a lumin ium being present in the leaves o f  soybeans at 
relatively high levels when its availabil i ty should have 
been reduced in the ploughed layer of the soil is that 
the roots of more a luminium-to lerant  plants penetrated 
deeper layers of the soil profile where a lumin ium is still 
abundant .  



Table 5 Results of the regres- 
sion of covariance (W~) on var- 
iance (Vr) for mineral composi- 
tions of soybean leaves 

Element Regression equation Test for b = 0 Test for b = 1 
( w r  - v~)  

t P t P 
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Phosphorus 0.0001 + 0.4656 V r 1.547 0.162 1.776 0.120 
Potassium 0.0038 + 0.8320 V r 4.068 0.004 0.822 0.480 
Calcium 0.0019 + 0.2296 V r 0.874 0.450 2.841 0.025 
Magnesium 0.0003 + 0.7924 V r 2.203 0.072 0.577 >0.500 
Iron -1294.1 + 1.1690 V r 3.818 0.006 0.552 >0.500 
Aluminium -2792.0 + 1.0390 V r 2.294 0.076 0.087 >0.500 
Manganese -1.345 + 0.3530 V r 1.216 0.270 2.230 0.070 
Zinc 0.952 + 0.0209 V r 0.142 >0.500 6.675 <0.001 
Copper 0.0256 + 0.2759 V r 0.684 >0.500 1.796 0.120 

Table 6 Estimates of genetic and environmental components for mineral composition of soybean leaves of the F 2 diallel 

Character Element 

Phosphorus Potassium Calcium Magnesium Iron Aluminium Manganese Zinc 

v~ 0.0007 0.0483 0.0098 0.0025 15 838 36 488 15.01 6.70 
v,. 0.0002 0.0120 0.0053 0.0006 4 160 10220 8.41 5.04 
v Z 0.0001 0.0053 0.0015 0.0003 1 383 3 089 1.71 1.21 
w r 0.0002 0.0138 0.0032 0.0008 3 568 7 830 1.62 1.62 
E 0.0049 0.0029 0.0002 788 2 285 18.96 4.94 
D 0.0434 0.0070 0.0023 15 050 34 203 -3.95 1.77 
F 0.0633 0.0025 0.0030 31 651 74 176 -28.79 -5.91 
H 1 0.1099 0.0418 0.0055 64 056 158 810 -42.05 26.68 
H 2 0.0678 0.0373 0.0040 38 130 95 816 -44.47 21.88 
H 1 - H~ 0.0421 0.0045 0.0015 25 926 62 994 -86.52 4.80 
Ha/4H1 0.154 0.223 0.180 0.149 0.151 0.264 0.205 
IH4~D)I;~ 1.592 2.449 1.547 2.063 2.155 3.262 3.890 

/2+F)/((4DH1)I/2-F) 2.694 1.160 2.416 3.079 3.026 -0.055 0.398 
Heritability 
Broad-sense 75.83 67.84 80.72 86.92 84.46 - 46.71 
Narrow-sense 54.93 42.00 56.62 47.73 43.73 - 31.95 

The results  on iron showed the same trend as that found 
for a luminium,  with smal ler  d i f ferences  for the crosses  in- 
vo lv ing  var ie ty  'B i lox i '  as a c o m m o n  parent  when com-  
pared  with the crosses  whose  c o m m o n  parent  was 
' U F V - I ' .  This suggests  an associa t ion  be tween  a lumin ium 
and iron uptake  by  soybeans  grown in the soils of  the Bra-  
zi l ian Cerrados .  It is not  unexpec ted  in view of  the mine-  
r a logy  of  these soils.  The c lay  fract ion contains  i ron and 
a lumin ium oxides ,  f rom which  the free a lumin ium is de-  
r ived.  

The reduced  level  of  manganese  conf i rmed  its h igher  
dependence  on soil  pH than ava i lab le  a lumin ium (Ri tchey 
et al. 1982). The behav iour  of  copper  was s imi lar  to that 
of  manganese  and zinc, with smal ler  d i f ferences  among the 
arrays.  However ,  for copper  the array which  had ' U F V - I '  
as the c o m m o n  parent  was different  f rom the array for 
'B i l ox i ' ,  wi th  t rends s imi lar  to those for ca lc ium and mag-  
nesium.  

The results  for the var iance  (Vr)-Covariance (Wr) re- 
gress ion  analys is  are presented  in Table 5. The t-test for 
b=0 ind ica ted  that the add i t ive -dominance  mode l  ex- 
p la ined  the genet ic  effects for potass ium,  magnes ium,  iron, 
a luminium,  zinc, and copper  but  was not suff icient  for 
phosphorus ,  ca lc ium and manganese .  The values  of  t for 

b = l  (full  adequacy  of  the model )  conf i rmed  the first  test. 
These  data  sugges ted  that the genet ic  re la t ionship  among 
these genotypes  is more  complex  for  calc ium,  manganese  
and zinc. 

The analysis  of  the components  a, b, b 1, b 2 and b 3, as 
descr ibed  by Mather  and Jinks (1982), conf i rmed  the pre-  
dominance  of  addi t ive  genet ic  var iance  de tec ted  by  
Gr i f f ing ' s  model .  The es t imates  of  genet ic  and environ-  
menta l  components  for l ea f  minera l  compos i t ion  of  the F 2 
d ia l le l  are presented  in Table 6. With  the except ion  of  man-  
ganese,  the pos i t ive  values of  H1-H 2 indica ted  that there 
was unequal  a l le le  f requency over  all loci. This is con- 
f i rmed by  the H~/4H 1 rat io which  was,  in general ,  less than 
0.25. The es t imate  of  the type o f  a l le le  with the most  
f requency was given by  the ratio ( ( 4 D H 1 ) m + F ) /  
((4DH1)I/2-F).  The values  for this es t imate  were  h igher  
than 1, with the except ion  of  ca lc ium and manganese .  This 
was an indica t ion  that more  dominan t  than recess ive  al- 
leles were present  in the genotypes .  The degree  of  domi-  
nance  was measured  by  ( H J D m ) .  The values for this es- 
t imate  were  h igher  than 1 in all cases,  which  indicates  an 
ove rdominance  effect,  but  it is poss ib le  that the parenta l  
variet ies ,  homoz ygous  for  morpho log ica l  character is t ics ,  
were  he te rozygous  for minera l  e lement  absorpt ion.  This 
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would explain the results when the progeny performed bet- 
ter than both parents. Some evidence of  calcium segrega- 
tion within the parental line has already been shown (Spe- 
har 1989). 

Heritability in the broad- and narrow-sense are pre- 
sented in Table 6. There was only one replication for phos- 
phorus and for this reason no information about heritabil- 
ity was obtained for this element. Broad-sense heritability 
varied from medium, in the case o f  calcium, to high, for 
the other elements, with the exception of  manganese.  The 
narrow sense heritability varied f rom low in the case of  po- 
tassium, iron, aluminium and manganese,  to high, for mag-  
nesium. For calcium it had a medium value. For alumin- 
ium and iron, two other elements closely associated, the 
broad-sense heritability values varied from medium to 
high. The high heritabilities indicate the possibility for ge- 
netic gain in mineral element absorption by the soybeans. 
The varieties used in this study originated from breeding 
programmes aimed at adapting soybean cultivation to min- 
eral stress environments and can be used to illustrate the 
power of  natural selection to mould plant species (Foy et 
al. 1978, 1992). However,  the further improvement  of  gen- 
otypes for efficient nutrient utilisation needs to consider 
the proportion of  dominant  genetic variability in order to 
exploit it in the population. It is expected that recurrent se- 
lection with the intermating the superior segregants in large 
populations should be used in selection cycles to increase 
the frequency of  favourable genes. 

Conclusions 

The predominance of  more additive than dominance ef- 
fects for most  of  the elements indicates an opportunity for 
progress in the selection process to further adapt the soy- 
beans to mineral stresses by pedigree method or its mod- 
ifications; recurrent selection may be a useful means by 
which to exploit the dominance fraction which seemed also 
important. 

Aluminium-tolerant  plants will have deep roots into the 
low-CEC soil and recover leached-down potassium, thus 
giving an indirect assessment of  aluminium tolerance. Iron 
and aluminium are closely associated, even though the for- 
mer did not reach toxic levels. This is supported by the 
mineralogy of  these soils, which are rich in alumininm and 
iron oxides as a result of  clay decomposit ion.  

The genetic variability for the levels of  the remaining 
minor elements in these soybean varieties, that is, copper, 
zinc and manganese,  was small and that could be one 
cause for the lack of  fitness to the addit ive-dominance 
model.  
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