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ABSTRACT - Estimates of phenotypic correlations and the direct and indirect effects of grain yield and protein content
components on grain and protein yields per plant were studied as source of information on eight soybean populations. Four
BC,F, and four F, populations from crosses of high protein content materialsand commercial varietieswere studied. Protein
yield and grainyield per plant followed an analogous tendency. The CD201-BC population presented positive correlations of
protein content with protein and grain yields. All yield components presented positive direct effectsfor both grain and protein
yields. The number of pods per plant, amongst the yield components, presented the largest direct effects on grain and protein
yields, except in the OC13-CR population. The direct effect of the protein content on protein yield was positive, yet small. Grain

yield per plant was the main determining factor for protein yield per plant.

Keywor ds: Glycine max, yield components, backcross.

INTRODUCTION

Plant breeding demands continuous phenotypic
evaluation of the genetic material that is being generated by
the breeding program in measurements of several variables
that characterize theindividuals. According to Wright (1921),
Bravais, in 1846, established and defined the mathematical
relationship between two variables, which Galton, in 1888,
designated ‘ correlation coefficient’.

Knowledge about correlation coefficients is a basic
requirement to quantify the magnitude and the direction of
the influences of certain traits on others, or when several

traits are to be improved simultaneously (Cruz and Regazzi
1997). Despite the great importance of the correlations, the
quantification and interpretation of the coefficients may,
however, induce awrong movein the selection strategy, since
a high correlation between two traits may be result of the
indirect effect of a third trait or a group of other traits
(Carvalho et al. 1999).

According to Wright (1921), the ideal scientific method
is the investigation of the direct effect of one condition on
another in experiments free from any other possible variation
causes. Unfortunately, the causes of variation often seem to
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be beyond control. In biological sciences, especially, one often
hasto deal with agroup of traits or conditions correlated in a
complex of interacting, uncontrollable, and often obscure
causes. The correlation degree between two variables can be
calculated by the common methods, but it merely presents
the result of all connecting paths of influence.

Hence, it isimportant that the correlation coefficients
be split up in components of direct and indirect effects,
achieved by the path analysis, developed by Wright (1921).
Path analysis consists in the study of the direct and indirect
effects of traits on a main variable, usually the yield, which
obtains estimates through regression equations on previously
standardized variables (Cruz and Regazzi 1997).

The present work had the objective to present
information on eight soybean populations through the
estimates of phenotypic correlations among different
agronomic traits and protein content in the soybean seed and
their division into direct and indirect effects of those traits
and of the protein content on grain and protein yield per plant.

MATERIAL AND METHODS

The experiment, the development of the eight
populations, the agronomic management practices, as well as
details of the total protein content analyses can be found in a
previous study (Mello Filho et al. 2004).

The phenotypic correlation between the traits and two
path coefficient analyses were estimated by the datalogarithms.
Inthefirst path analysis, the phenotypic correlation coefficients
were split into direct and indirect effects of the primary
components of the grain yield — weight of one hundred seeds,
number of seeds per pod, and number of pods per plant (Figure 1).
In the second path analysis, the phenotypic correlation
coefficients were partitioned into direct and indirect effects of
the protein percentage in the seed and of the primary
components of the yield on the protein yield per plant (Figure 2).
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Figure 1. Causal diagram indicating the inter-relationship of the
explanatory traits - number of pods per plant, number of seeds per
pod and weight of one hundred seeds - on the main trait, grain yield
per plant. The single direction arrows indicate the direct effect of
the explanatory trait on the main trait, while the bi-directional
arrows represent the interdependence between two explanatory
variables, quantified by the phenotypic correlation
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Figure 2. Causal diagram indicating the inter-relationship of the
explanatory traits - number of pods per plant, number of seeds per
pod, weight of one hundred seeds and protein percentage in the
seeds - on the main trait, protein yield per plant. The arrows have
the same meaning of the Figure 1
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The methodology used for the path coefficient analysis
was developed by Wright (1921) and refined by Li (1975) and
Cruz and Regazzi (1997). When the relationship between the
explanatory variables and the basic variable is structurally
multiplicative, Cruz and Regazzi (1997) suggest the logarithmic
transformation of the data, because the cause-and-effect analysis
bases on the premise of additivity or linearity of the cause-and-
effect regression. It was not observed any harmful collinearity.
Thus, all presented data refer to the logarithm of the original
variables. The correlations and the path analysis were estimated
using the software Genes (Cruz 2001).

RESULTS AND DISCUSSION

The estimates of the phenotypic correlation
coefficients, in each population, are presented in Table 1.
Results of correlations obtained in the present work and the
bibliographical citations both refer to the phenotypic
correlation coefficients, unless otherwise stated.

The correlation estimates between the grain yield
components (number of pods per plant, number of seeds per
pod, and weight of one hundred seeds) were variable among
the populations, presenting atendency of the number of pods
per plant and of the number of seeds per pod to correlate
negatively with the weight of one hundred seeds. Anand and
Torrie (1963), Ali et al. (1989), and Santos (1994) found
similar results. In agreement with the results obtained by
Johnson et al. (1955) and Anand and Torrie (1963), the
correlations between the number of pods per plant and weight
of one hundred seeds, for CD201-BC and CD206-BC
populations, were negative and significant, indicating astrong
competition for metabolites between these two traits.

The correlations of each one of the three yield
components, with grain yield were, when significant, positive.
The OC13-CR population presented positive and significant
correlation of all the three mentioned traitsto grain yield per
plant. Santos et al. (1986), working on beans, found similar
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Table 1. Phenotypic correlation coefficients between the logarithms of the traits number of pods per plant, number of seeds per pod,
weight of one hundred seeds, grain yield per plant, protein yield per plant, and protein content in the seeds in eight soybean populations

Populationst Traits Number of Number of Weight of Grain yield Protein yield % of protein
pods plant? seeds pod-* seed plant? plant in the seed
Number of pods plant® 1 -0.104 0.343 0.796** 0.802** -0.144
oci3-Bc  Number of seeds pod®  -0.296 1 0.203 0.367 0.338 -0.279
Weight of seeds 0.334 -0.066 1 0.748** 0.739** -0.215
OC13-CR  Grain yield plant* 0.538** 0.453* 0.723** 1 0.990** -0.312
Protein yield plant! 0.499* 0.430 0.748** 0.981** 1 -0.173
% of protein -0.289 -0.213 -0.037 -0.310 -0.112 1
Number of pods plant! 1 -0.603* -0.234 0.864** 0.789** -0.002
CD201-BC Number of seeds pod®  0.297 1 0.302 -0.304 -0.289 -0.064
Weight of seeds -0.621** -0.165 1 0.261 0.393 0.731**
CD201-CR Grgin yield plant™ 0.937** 0.515* -0.377 1 0.983** 0.324
Protein yield plant! 0.928** 0.474* -0.370 0.984** 1 0.497
% of protein -0.384 -0.371 0.196 -0.450% -0.261 1
Number of pods plant! 1 0.453* -0.156 0.903** 0.813** -0.661**
CcD205-BC Number of seeds pod®  0.035 1 -0.111 0.635** 0.623** -0.277
Weight of seeds -0.285 0.025 1 0.192 0.331 0.439*
CD205-CR  Gyrain yield plant™ 0.791** 0.347 0.290 1 0.973** -0.471*
Protein yield plant! 0.740%* 0.336 0.352 0.988** 1 -0.246
% of protein -0.327 -0.058 0.387 -0.111 0.054 1
Number of pods plant® 1 -0.137 -0.213 0.948%* 0.929%* -0.200
CD206-BC Number of seeds pod®  0.284 1 -0.391 -0.026 -0.061 -0.128
Weight of seeds -0.681** -0.287 1 0.026 0.042 0.083
CD206-CR iy yield plant? 0.941** 0.432 -0.447 1 0.982** -0.214
Protein yield plant! 0.893** 0.433 -0.365 0.976%* 1 -0.013
% of protein -0.409 -0.096 0.449 -0.319 -0.095 1

1BC above the diagonals, and CR below the diagonals. ** and *: Significant at 1 and 5% of probability, respectively, based on the t test

results and also found positive genotypic and environmental
correlations between grain yield and each of its components,
considering high correlations between grain yield and number
of pods per plant.

In studies with soybean, positive - not always
significant - correlations of grain yield with number of pods
per plant and number of seeds per pod prevailed (Johnson et
al. 1955, Anand and Torrie 1963, Simpson and Wilcox 1983).
Positive and significant correlations between grain yield and
weight of one hundred seeds were obtained by Johnson et al.
(1955), Anand and Torrie (1963), Know and Torrie (1964),
Byth et al. (1969), and Simpson and Wilcox (1983).

Correlations of grain yield with number of pods per
plant and protein yield per plant, as well as between the last
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two, were positive, high, and significant for all the eight
studied populations. This result indicates that the indirect
selection for grainyield or protein yield per plant, for number
of pods per plant may be a plausible option.

Protein yield per plant followed the same tendency of
grainyield per plant, dueto the shorter variation of the protein
content in relation to the variation of the grain yield, and to
the greater magnitude of the grain yield. Similar resultswere
found by Shannon et al. (1972), who conducted F,families of
six populations originated from the crossing of parents bearing
excellent agronomic traitsand high grain yield or high protein
content in the seeds. These authors evaluated, in the F,
generation, which types of crosses (high protein (P) x high
protein, high protein x high grain yield (G), or high grain
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yield x high grain yield) were most promising for the increase
of grainyield or protein content or both traits. They verified
that the correlation coefficients for protein per hectare were
similar to the obtained for grain yield, except for one of the
six populations. This similarity indicated, according to the
authors, that grain yield was the main trait contributing to
protein yield per hectare. They concluded that the parent
bearers of high protein content used in the experiment were
an important factor that contributed to the yield of lines that
bear high grain yield and high protein content, since these
parents did not present much lower grain yield than the
common commercial varieties and, due to the previous
selection, they had other desirable agronomic traits.

The protein percentage presented negative correlation
—but of low magnitude —to most of the agronomic traits. The
only positive correlation was found for weight of one hundred
seeds, significant in the CD201-BC and CD205-BC
populations. Johnson et al. (1955) found positive and
negative non-significant correlations between protein
percentage and weight of one hundred seeds. Simpson and
Wilcox (1983) found positive and significant correlation
between these traits.

Despite the predominance of the negative and non
significant correlation mentioned in literature, the most
divergent results have been reported for the correlation
between seed protein content and grain yield: Johnson et al.
(1955), Byth et al. (1969), and Thorne and Fehr (1970) found
negative and significant correlations; Shannon et al. (1972)
and Scott and Kephart (1997) found positive and significant
correlations. This divergence indicates that when a breeding
program aims at a simultaneous sel ection of materials bearers
of high protein seed contentsand high grainyield, it isimportant
to use populations in which the selection regarding those two
traits are favored by a positive correlation between them.

The correlation between the protein percentage and
the protein yield per plant were negative in most of the cases,
but of low magnitude. This negative correlation indicates that,
in the analyzed populations, a careful selection of plants
aiming at high protein content in the seedsis required, since
despite the increase in the protein content, the total protein
yield per plant can be reduced. However, the CD201-BC
population presented positive and relatively high correlations,
although not significant, of protein content with proteinyield
per plant and grain yield, indicating good chances for the
simultaneous improvement of these three traits.

It seems that many of the traits are correlated due to a
positive or negative mutual association with each other. As
more variables are considered in atable of correlations, these
indirect associations become more complex and less obvious.
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In this context, the path coefficient analysis is a way to
elucidate the direct and indirect causes of associations. It
allowsacritical analysis of specific forces producing agiven
correlation, besides permitting the measurement of therelative
importance of each causal factor (Dewey and Lu 1959).

This way, the effects of the yield components on the
grain yield and the direct and indirect effects of the grain
yield components and of the protein content in the seed on
the protein yield per plant were determined.

The path analysis and the partition of the phenotypic
correlationsinto direct and indirect effects of the grain yield
explanatory traitson grain yield per plant, based on the causal
diagram presented in Figure 1 are shown in Table 2.

Theindirect effects of the number of pods per plant on
the grain yield - either through number of seeds per pod or
weight of one hundred seeds - were low. The direct effects
were positive and high, as well as the correlation between
them, indicating that this trait can be used as an auxiliary
trait in programs of soybean breeding aiming at higher-yielding
varieties. Similar results were reported by Duarte and Adams
(1972) and Furtado et al. (2002), who worked with beans,
and by Ali et al. (1989) and Taware et al. (1997), studying
soybeans.

The number of seeds per pod presented, by the weight
of one hundred seeds, avery low indirect effect on the grain
yield, indicating the low influence the weight of one hundred
seeds exerts on the correlation between number of seeds per
pod and grain yield. By the number of pods per plant, the
indirect effect of the number of seeds per pod on the grain
yield was variable among the popul ations. Thisindirect effect
was mainly responsible for the negative correlation between
number of seeds per pod and grain yield for the CD201-BC
population. For the CD201-CR, CD205-BC, and CD206-
CR populations, this indirect effect was positive and larger
when compared to the direct effect on the grain yield. The
direct effectswere positive, however of low magnitude, except
for the OC13-CR population, for which the direct effect was
positive and of high magnitude. This indicates that in this
population, the trait may be used as auxiliary to increase the
efficiency of theindirect selection on the correlated response.

Theindirect effects of weight of one hundred seeds on
the grain yield by number of seeds per pod were very low,
and were diverse by the number of pods per plant, though,
predominantly, negative. For the CD201-CR and CD206-CR
populations, the high and negativeindirect effect of the weight
of one hundred seeds by the number of pods per plant was
the chief responsible for the negative correlation between
weight of one hundred seeds and grain yield, indicating a
compensation effect between weight of one hundred seeds
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Table 2. Direct (underlined) and indirect effects of the primary components of the grain yield (number of pods per plant, number of
seeds per pod, and weight of one hundred seeds) on the grain yield per plant, in eight soybean populations®

Effect through

Population Trait

Total effect (r)

Number of Number of Weight of one
pods plant? seeds pod- hundred seeds
OC13-BC Number of pods plant?* 0.679 -0.036 0.153 0.796**
Number of seeds pod* -0.071 0.347 0.090 0.367
Weight of seeds 0.233 0.070 0.445 0.748**
OC13-CR Number of pods plant* 0.535 -0.193 0.196 0.538**
Number of seeds pod* -0.159 0.650 -0.039 0.456**
Weight of seeds 0.178 -0.043 0.587 0.723**
CD201-BC Number of pods plant? 1.105 -0.136 -0.106 0.864**
Number of seeds pod* -0.666 0.226 0.136 -0.304
Weight of seeds -0.259 0.068 0.452 0.261
CD201-CR Number of pods plant? 1.064 0.075 -0.202 0.937**
Number of seeds pod* 0.316 0.253 -0.054 0.515*
Weight of seeds -0.661 -0.042 0.326 -0.377
CD205-BC Number of pods plant? 0.822 0.137 -0.055 0.903**
Number of seeds pod* 0.372 0.302 -0.039 0.635**
Weight of seeds -0.128 -0.034 0.354 0.192
CD205-CR Number of pods plant* 0.937 0.010 -0.156 0.791**
Number of seeds pod* 0.033 0.301 0.014 0.347
Weight of seeds -0.267 0.007 0.549 0.290
CD206-BC Number of pods plant? 1.058 -0.035 -0.075 0.948**
Number of seeds pod* -0.145 0.256 -0.137 -0.026
Weight of seeds -0.226 -0.100 0.352 0.026
CD206-CR Number of pods plant? 1.151 0.062 -0.272 0.941**
Number of seeds pod* 0.327 0.220 -0.115 0.432
Weight of seeds -0.784 -0.063 0.400 -0.447

'R? = 1.00 for all populations. **and *: Significant at 1 and 5%, respectively, based on the t test

and number of pods per plant in those populations. That
compensation effect was also verified by Gravois and Helms
(1992), working on rice. The authors verified that as the
planting density was increased, the density of the panicles
increased significantly, while the number of filled grains per
panicle decreased. Board et al. (1999) found asmall indirect
effect of the number of seeds per plant by the weight of one
hundred seeds (size) on grain yield, indicating the absence of
a compensation effect among these traits. The direct effects
of the weight of one hundred seeds on the grain yield were
positive for all eight populations, indicating that this trait
can be used to assist the selection of high grain yield material.
Ali et al. (1989) found positive direct effects of both number
of pods and weight of one hundred seeds on the grain yield.

The direct effect of the number of pods per plant on

Crop Breeding and Applied Biotechnology 4:305-312, 2004

the grain yield, obtained in the present study was positive
and high. According to Board et al. (1997), the grain yield
was highly correlated to number of seeds, size of seeds (weight
of one hundred seeds), and number of pods. Based on the
correlations, just one of the three referred traits would be
enough to represent the components of the grain yield, since
thethreetraits were almost equally important for the increase
of the grain yield. However, the path analysis revealed that
among the three traits, the number of seeds was the most
important. The direct effect of the seed size on grain yield
was negligible and the number of pods was negative.

Thedirect and indirect effects of the grainyield primary
components (number of pods per plant, number of seeds per
pod, and weight of one hundred seeds) and of the protein
percentage in the seed on the protein yield per plant are
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presented in Table 3 for the eight assessed populations. The
indirect effects of the number of pods on the protein yield
were all low. The direct effects were high and, among the
studied traits, the number of pods was the main determinant
of the protein yield. High direct effects linked to high
correlations with the basic variable, favorable to selection,
indicate that the correlated answer through indirect selection
might be efficient. It isworth make an observation regarding
the protein yield per plant - that is the result of the
multiplication of protein content in the seeds by grain yield
- when the protein content barely varies and the grain yield

(highly correlated to the number of pods) varies in larger
magnitude, the expression of thetrait grain yield (or number
of pods) becomes prevailing in the determination of the
protein yield per plant; and grain yield per plant becomesthe
main determining trait of the protein yield per plant.

The direct effects of the other two yield components
(number of seeds per pod and weight of one hundred seeds)
on the protein yield were positive for all populations
presenting, however, a smaller magnitude than the direct
effects of the number of pods. The indirect effects of the
number of seeds per pod and weight of one hundred seeds on

Table 3. Direct (underlined) and indirect effects of the primary components of the grain yield (number of pods per plant, number of
seeds per pod, and weight of one hundred seeds) and of the seed protein percentage on the protein yield per plant!

Effect through

Population Trait

Total effect (r)

Number of Number of Weight of one % of
pods plant? seeds pod-? hundred seeds protein
OC13-BC Number of pods plant* 0.701 -0.038 0.156 -0.018 0.802**
Number of seeds pod -0.073 0.353 0.092 -0.035 0.338
Weight of seeds 0.240 0.072 0.454 -0.03 0.739**
% of protein -0.100 -0.098 -0.098 0.124 -0.173
OC13-CR Number of pods plant? 0.559 -0.202 0.205 -0.063 0.499*
Number of seeds pod* -0.166 0.682 -0.041 -0.046 0.430
Weight of seeds 0.186 -0.045 0.614 -0.008 0.748**
% of protein -0.161 -0.145 -0.023 0.218 -0.112
CD201-BC Number of pods plant? 1.012 -0.127 -0.097 0.000 0.789**
Number of seeds pod -0.610 0.210 0.125 -0.014 -0.289
Weight of seeds -0.237 0.063 0.412 0.154 0.393
% of protein -0.002 -0.013 0.301 0.211 0.497
CD201-CR  Number of pods plant* 1.140 0.080 -0.212 -0.081 0.928**
Number of seeds pod 0.338 0.270 -0.056 -0.078 0.474*
Weight of seeds -0.708 -0.044 0.341 0.041 -0.370
% of protein -0.438 -0.100 0.067 0.210 -0.261
CD205-BC ~ Number of pods plant* 0.903 0.151 -0.061 -0.180 0.813**
Number of seeds pod* 0.409 0.332 -0.043 -0.075 0.623**
Weight of seeds -0.141 -0.037 0.389 0.120 0.331
% of protein -0.597 -0.092 0.171 0.272 -0.246
CD205-CR Number of pods plant? 0.940 0.104 -0.156 -0.054 0.740**
Number of seeds pod 0.033 0.300 0.014 -0.010 0.336
Weight of seeds -0.268 0.007 0.548 0.064 0.352
% of protein -0.307 -0.017 0.212 0.166 0.054
CD206-BC  Number of pods plant* 1.079 -0.034 -0.075 -0.041 0.929**
Number of seeds pod -0.147 0.251 -0.138 -0.026 -0.061
Weight of seeds -0.230 -0.098 0.353 0.017 0.042
% of protein -0.215 -0.032 0.029 0.205 -0.013
CD206-CR  Number of pods plant* 1.207 0.066 -0.285 -0.095 0.893**
Number of seeds pod* 0.343 0.232 -0.120 -0.022 0.433
Weight of seeds -0.822 -0.066 0.419 0.105 -0.365
% of protein -0.494 -0.022 0.188 0.233 -0.095

'R2 = 1.00 for all populations. ** and *: Significant at 1 and 5%, respectively, based on the t test
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the protein yield followed the same tendencies of the effects
presented on grain yield, so the statementsfor grain yield are
also valid for protein yield. The indirect effects of the grain
yield components through protein content on the protein
yield per plant were low, indicating that the protein
percentage, relatively, isnot afactor that indirectly altersthe
correlation of the components of the grain yield to the protein
yield per plant.

The indirect effects of the protein content in the seeds
on the protein yield per plant, through the number of pods
per plant were negative for all populations. This effect was
mainly responsible for the low correlation between protein
content and protein yield per plant in the populations CD201-
CR, CD205-BC, CD205-CR, and CD206-CR. In these
populations, this effect was of larger magnitude than the
direct effect of the protein content in the seed on the protein
yield per plant.

The direct effects of the protein content in the seeds
on the protein yield per plant were positive, but presented a
low magnitude and, except for the CD201-CR and CD205-
CR populations, their signs were opposite to the correlations.

Thislow magnitude confirmsthat in these populations grain
yield was the most important among the traits that determine
the protein yield per plant — protein content and grain yield.

CONCLUSIONS

The main conclusions were: i) Protein yield per plant
followed the same tendency of grain yield per plant. ii) The
CD201-BC population presented positive correlations of protein
content with proteinand grainyield. iii) All grain yield components
presented positive direct effectsfor both grain and proteinyields.
iv) The number of pods per plant, among the grain yield
components, presented the largest direct effects on grain and
proteinyields, except for the OC13-CR population; v) Thedirect
effect of the protein content on protein yield was positive, though
small; and vi) The grain yield per plant was the main factor
contributing to protein yield per plant.
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Estimativas de correlacdoes e analises de trilha para oito
populacdes de soja de alto teor protéico e alta produtividade
de graos

RESUMO - Estimaram-se as correlagdes fenotipicas e efeitos diretos e indiretos dos componentes da produgéo e do teor
protéico sobre a produgao de graos e de proteina por planta em oito populagdes de soja. Para isso utilizaram-se quatro
populagdes RC,F, e quatro F, derivadas de cruzamentos entre materiais de alto teor protéico e variedades comerciais. A
producao de proteina apresentou tendéncia semel hante a da producédo de graos por planta. A populagao CD201-RC apresentou
correlagdes positivas de teor protéico com produgdo de proteina e de grédos. Os componentes da produgdo apresentaram
efeitos diretos positivos sobre producéo de gréos e proteina. Entre os componentes da produgdo o nimero de vagens
apresentou maiores efeitos diretos sobre a produgdo de gréos e de proteina, exceto na populagdo OC13-CR. O efeito direto
do teor protéico sobre a produgdo de proteina foi positivo, todavia baixo. A producdo de graos por planta foi o principal
determinante da producéo de proteina.

Palavr as chave: Glycine max, componentes da producdo, retrocruzamento.
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