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Abstract
E. Arnhold, F. Mora and A. Deitos. 2006. Genetic correlations in S4 families of popcorn
(Zea mays). Cien. Inv. Agr. (In English) 33(2):105-110. The objective of this work was to
study the genetic correlations of the popping expansion (PE), 100 kernel weight (100KW),
grain production (GP) and proportion of ears attacked by pests (PEAP) and diseases (PEAD).
The study was conducted at Viçosa, Brazil during the 2001-2002 growing season, using 106 S4
families of a Beija-Flor popcorn population. The experiment was designed as incomplete blocks.
PE showed a positive correlation with grain production. Furthermore, a direct effect of PEAD
on PE was estimated, with a correlation value of 0.56. PEAP and PEAD traits showed a high
correlation (0.76), indicating that ears with high pest incidence were positively associated with
grain disease damages. 100KW was not correlated with the other traits. Positively correlated
responses were found between yield and popping expansion considering a simultaneous
selections to both characters in previous selections cycles.
Key words: Genetic correlations, path analysis, popcorn, popping expansion.

Introduction
Popcorn (Zea mays L.), has aroused great
interest in Brazil, due to a considerable increase
in demand. Therefore, multinational and national
seed producing companies are analyzing the
expansion and development of this business
(Simon et al., 2004).
Through genetic improvement it is possible
to develop cultivars better adapted to Brazil’s
environmental conditions. Thus, it would be
feasible to simultaneously obtain an adequate
grain yield level and acceptable quality popcorn
(Scapim et al., 2002). Popping expansion (PE)
is the most important quality trait in popcorn
(Nascimento and Boiteux, 1994), expressing
the relation between kernel weight and popping
volume. Nevertheless, grain yield is often
negatively correlated with PE, suggesting that
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simultaneous selection based on PE and grain
yield may be of limited effects.
It has been previously established that genotypic
correlation values express the variability found in
popcorn populations (Dofing et al., 1991; Lima et
al., 1971; Brunson, 1931; Vilarinho et al., 2003;
Santos et al., 2004). However, corn quality traits
and grain production can generally be obtained
through the use of selection indexes (Vilarinho
et al., 2003; Santos et al., 2004). Câmara (2002),
working with S3 popcorn families found a genotypic
correlation close to zero between PE and grain
production, probably due to previous selection
processes with the use of selection indexes.
Fungus diseases and pests may also threaten
kernel quality, causing a decrease in popping
expansion volume. Santos et al. (2004) found a
correlation value of -0.25 between the percentage
of ears with grains attacked by fungi and PE.
Lyerly (1942) found that small and round kernels
present a higher PE, demonstrating that size and
shape can also affect PE. Shi (1992) obtained
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a positive correlation between kernel size and
popcorn size, with a negative correlation between
grain size and PE.
In some instances, simple correlation
coefficients can lead to errors regarding the true
relation between two variables, constituting an
inadequate and unreal measurement of cause
and effect. High or low correlation coefficient
between two variables can therefore be the
effect of a third variable or group of variables
(Cruz et al., 2004). According to these authors,
a coefficient of partial correlation, calculated
removing the effects of other variables on the
association studied is a more representative
estimate on the relation between variables.
Path analysis is a type of multiple regression
analysis and allows the study of direct and
indirect effects of certain traits on a basic variable;
calculations are performed through regression
equations. In cases where path analysis considers
a unique causal model, it is simply a standardized
analysis of partial regression, being useful when
correlation coefficients are partitioned in direct
and indirect effects (Uzzo et al., 2004).
The objective of this study was to evaluate the
indirect effects of selection through the study of
genetic correlations between popping expansion
(PE), 100 kernel weight (100KW), grain
production (GP), percentage of ears attacked by
pests (PEAP) and percentage of ears attacked
by diseases (PEAD), in 106 S4 families of
popcorn of the Beija-Flor population, derived
through simultaneous selection for PE and GP,
in successive breeding generations.
Materials and methods
One hundred and six S4 families of popcorn
of the Beija-Flor population were evaluated
in terms of the genetic correlations between
characters of productive and economic interest.
Families derived from the breeding program of
the Genetics Section, General Biology, of the
Universidad Federal de Viçosa. The experiment
was conducted at Viçosa, Brazil (649 m
altitude, 20˚45’54’’ lat S; 45˚52’54’’ long W)
during the 2001-2002 growing season, using an
incomplete blocks design. Control treatments
were a simple modified IAC 112 hybrid and a

triple Zelia hybrid. Plots were a 5 m row with
30 plants, spaced 90 cm from other plots.
Traits evaluated were: 1) 100 kernel weight
(100KW); 2) grain production (GP), both traits
standardized at 14.5% moisture, transformed
to kg·ha-1 and corrected to 30 plants per plot;
3) percentage of ears attacked by pests (PEAP);
4) percentage of ears attacked by diseases
(PEAD); and 5) popping expansion (PE), which is
the relation between popcorn volume and kernel
weight. PE was obtained from a sample of 30 gr
from each plot. A 1,200 Watt hot air corn popper
was used. Samples were kept in a cold chamber
for 30 days at 10ºC and 50-55% relative moisture
in order to homogenize kernel moisture.
In order to evaluate the indirect effects of the
selection process, the genotypic correlations
between the characters of interest were calculated.
The partial genetic correlations obtained through a
matrix process, were also analyzed, using a simple
correlation matrix. In addition, a path analysis was
conducted, considering PE as the main variable,
and the others as secondary variables.
Analyses of variance were conducted using an
incomplete blocks design according to Federer
(1956), where only the control treatments,
called common treatments, were repeated in
the experiment. The statistical model was as
follows (Cruz et al., 2004):
Yij = µ + ti + Bj + εij
Where:
Yij = value of the characteristic for the i-th
control or genotype in the j-th block;
µ = constant associated to the model;
ti = effect of the i-th treatment, which can be
partitioned in:
Ti = effect of the i-th control, with i = 1,2;
Gi = effect of the i-th genotype, with i = 1, 2,..., 106;
Bj = effect of the j-th block, with j = 1, 2,..., 13;
εij = random error.
Heritability (h2), mean family level, was
estimated through the following equation:
h2 =

̂ 2GeF
σ
̂ 2PeF
σ
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Where σ̂ 2GeF and σ̂ 2PeF correspond to genetic
and phenotypic variances, respectively.
In order to evaluate the indirect effects of the
selection process, genotypic correlations were
evaluated. The genotypic correlation between
characters X and Y was, generically,
ρGx, y =

̂ Gxy
σ

√ σ̂ σ̂
2
Gx

2
Gy

(Cruz et al., 2004)
Where ̂σGxy symbolizes the genotypic covariance, of which the estimator was:
̂ Gxy =
σ

̂ 2G(x+y) - σ
̂ 2Gx - σ
̂ 2Gy
σ
2

Where ̂σGxy, ̂σ2Gx and ̂σ2Gy were the estimated
values of the genotypic variances for the
variables X+Y, X and Y, respectively.
In addition, the partial correlations for five
variables were analyzed, which can be obtained
algebraically according to Cruz et al. (2004),
or through a matrix process using the simple
correlation matrix of dimension (m + 2) · (m + 2),
where:
2 = two variables from where the partial
correlation coefficients are to be obtained.
m = other variables, from where the effects of
the association are to be removed.
The estimation of the correlation was made
through the following expression:
rij·m =

- aij
√aii ajj
(Cruz et al., 2004)

Where aij symbolizes the ij order element of an
inverse simple correlation matrix.
The path analysis of a chain, considering PE
as the main variable and the other variables as
explanatory, was conducted according to the
scheme described in Figure 1.
In regard to a cause and effect diagram, where the
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main variable corresponds to A, popping expansion,
and the explanatory variables B,100 kernel weight,
C, grain production, D, percentage of ears attacked
by pests and E, percentage of ears attacked by
diseases, the following relationships were found:
A= ρab B + ρac C + ρad D + ρae E + ρεu
2
̂ = ρ̂ ab2 + ρ̂ ac2 + ρ̂ ad
V(A)
+ ρ̂ ae2 + 2ρ̂ ab ρ̂ ac rbc +
		
2ρ̂ ab ρ̂ ad rbd + 2ρ̂ ac ̂ρad rcd +… ρ̂ ε2

̂ the determination coefficient of the
From V(A)
causal model (R2a.bcde) was estimated, measuring
the effects of the four explanatory variables (B,
C, D y E) on A.
The effect of the residual variable on the main
variable was given by:
̂ = √ 1 - R2a.bcde
ρε
From a co-variance approach, the direct and
indirect effects were estimated through the
solution of the following equations:
rab
rac
rad
rae

=

1

rbc

rbd

rbe

ρ̂ab

rbc

1

rcd

rce

ρ̂ac

rbd

rcd

1

rde

ρ̂ad

rbe

rce

rde

1

ρ̂ae

All analyses were conducted using the
GENES statistical program, including the
Multicollinearity diagnosis (www.ufv.br/dbg/
genes/genes.htm) (Cruz, 2001).
Results and discussion
There were significant differences (p = 0.001) for
the family effect, in all the analyzed characters:
grain production, popping expansion, 100
kernel weight, and percentage of ears attacked
by pests and diseases. The data suggests that
simple inter-genotypic methods can be applied
to increase genetic gain, considering such
significant differences.
According to these results, the character
exhibiting the highest heritability was 100KW
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(h2 = 0.87), and the lowest PG (h2 = 0.68).
Heritability values for PEAD, PEAP y PE were
also high, 69, 71 and 81%, respectively. These
values are also found in other publications. For
instance, Linares (1987), found high heritability
for popping expansion, ranging between 70 and
90%. In a study with S2 families of the BeijaFlor maize population, Santos et al. (2004)
found an heritability value of 72% for PE.
Vilarinho et al. (2003), working with S1 and S2
families of the same population, found lower
heritability values ranging between 60 and 32%,
respectively. Câmara (2002) found heritabilities
varying from 65 to 82%, in two experiments
with S3 families of the same population.
When analyzing the simple correlations (rs) a weak
correlation between the variables with lower than
0.70 (Table 1) was verified. The positive correlation
(rs = 0.42) between PE and grain production (GP),
was possibly due to previous selection processes
in families of the same population. The correlation
coefficients were previously reported at -0.39 and
-0.31 in S1 (Vilarinho et al., 2003), -0.14 in S2
(Santos et al. 2004) and absence of correlation in
S3 (Câmara, 2002).
The simple correlation between PE and PEAP
was low (rs = 0.01), Table 1. A weak and
simple correlation between PE and PEAD was
calculated, rs = -0.23. The size and shape of the
kernels also affected PE, as small and round
kernels generally present a higher PE (Lyerly,
1942; Shi, 1992). In regards to this evidence,
a negative correlation between PE and 100KW
was expected; however, the simple correlation
obtained between these two traits was positive,
but low (rs = 0.06), Table 1.
Between PEAP and PEAD the simple correlation
value was rs = 0.70, showing that families with
a higher percentage of ears attacked by pests,
are generally the same ones presenting a higher
percentage of diseased ears, Table 1.
Analyzing the partial correlations (rp), and
considering all characters, the highest partial
correlation verified was between PEAP and
PEAD (rp = 0.76), Table 1. This was the only
correlation significantly different from zero,
according to the t test (p = 0.05). Supporting the
evidence of the simple correlation, the families
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Figure 1. Illustrative casual diagram with the effect of
explicative variables B (100 kernel weight), C (grain
production), D (proportion of ears attacked by pests) and
E (proportion of ears attacked by diseases) on A (popping
expansion). ρ and r symbolize direct effect and correlation
between two traits (Cruz et al., 2004).

with the higher perecentage of ears attacked by
pests, were, in general, the same that presented
a high percentage of ears affected by diseases.
This may be due to the damage caused by cornear worm in the bracteae or surrounding leaves,
which favored the attack by pathogen fungi.
Before running path analysis, a multicolineality
diagnosis was conducted, indicating a nonexistence multicolineality within the matrix
studied. The GP and PEAD (-0.56) were the
variables with the highest direct effects on PE
Table 1. Partial and simple correlations, and significance
test for partial correlations between popping expansion
(CE), 100 kernel weight (PCG), grain production (PG) and
percentage of ears attacked by pests (PEAP) and diseases
(PEAD), obtained with 106 S4 families of popcorn of a
Beija-Flor population.
Variables paired

r simple

r partial

PE x 100KW
PE x GP
PE x PEAP
PE x PEAD
100KW x GP
100KW x PEAP
100KW x PEAD
GP x PEAP
GP x PEAD
PEAP x PEAD

0.06
0.42
0.01
-0.23
0.06
-0.04
0.02
-0.27
-0.10
0.70

0.08
0.51
0.42
-0.44
0.00
-0.09
0.09
-0.43
0.32
0.76

ns = non significant; * significant at the 5% level.

t-student
0.1724
1.3397
1.0255
-1.0960
-0.0062
-0.1953
0.1990
-1.0683
0.7647
2.5964

ns
ns
ns
ns
ns
ns
ns
ns
ns
*
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Table 2. Direct (DE) and indirect effects (IE) on popping expansion of variables: 100 kernel weight (B), grain production
(C), percentage of ears attacked by pests (D) and percentage of ears attacked by diseases (E).
Characteristics1
100KW

Effects

Estimator

DE on PE

ρ̂ ab
ρ̂ ac rbc
ρ̂ ad rbd
ρ̂ ae rbe
rbd
ρ̂ ac
ρ̂ ab rbc
ρ̂ ad rcd
ρ̂ ae rce
rac
ρ̂ ad
ρ̂ ab rbd
ρ̂ ac rcd
ρ̂ ae rde
rad
ρ̂ ae
ρ̂ ab rbe
ρ̂ ac rce
ρ̂ ad rde
rae

		

IE via GP

		

IE via PEAP

		

IE via PEAD

		

Total

GP
		

DE on PE
IE via 100KW

		

IE via PEAP

		

IE via PEAD

		
PEAP

Total
DE on PE

		

IE via 100KW

		

IE via GP

		

IE via PEAD

		

Total

PEAD
		

DE on PE
IE via 100KW

		

IE via GP

		

IE via PEAP

		

Total

Coefficient of determination			
Effect of the residual variable			

Estimative
0.0624
0.0304
-0.0216
-0.0112
0.0600
0.5063
0.0037
-0.1459
0.0559
0.4200
0.5405
-0.0025
-0.1367
-0.3913
0.0100
-0.5589
0.0012
-0.0507
0.3784
-0.2300
0.3504
0.8060

100 kernel weight (100KW), grain production (GP), percentage of ears attacked by pests (PEAP) and percentage of ears attacked by
diseases (PEAD).
1

(Table 2). The direct effects of PG and PEAP were
also high, with 0.5063 and 0.5405, respectively.
However, at least for PEAP, a negative direct
effect was expected. It was possible, that most
of ears damaged at the apex caused by the corn
worm in were eliminated. The direct effect of
PCG on PE was not significant (p = 0.06).
The PG and PEAD variables presented lower
simple correlations. However, they had the same
direct effects (Tables 1 and 2). The PG variable
had the highest cause effect on PE, with a simple
correlation of rp = 0.42. This was the closest to
the direct effect (0.5063), indicating that in this
analysis, GP was the main determinant of the
alterations in PE.
There was high (0.81) residual effect on PE. This
suggested that there were more significant causes
affecting PE. The determination coefficient was

0.35, indicating that the effects of explanatory
variables PCG, PG, PEAP and PEAD accounted
for the alterations on PE in around 35%.
On the other hand, an interesting fact arose from
the analysis of Tables 1 and 2. In spite of the fact
that the correlation between PEAP and PEAD
was rp = 0.76, the partial correlation between PE
and PEAP was rp = 0.42, and between PE and
PEAD rp = -0.44. The direct effect of PEAP
on PE was 0.5405, and the indirect effect via
PEAD was -0.3913. The direct effect of PEAD
on PE was -0.5589, and the indirect effect via
PEAP was 0.3784. (Table 2).
It can be concluded that PE is positively correlated
with production, possibly due to previous
simultaneous selection cycles on PE and grain
production. Between PEAD and PE, a simple
genetic correlation of -0.23 was calculated, partial
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of -0.44 and a direct effect of 0.56 of PEAD on
EC. This demonstrates that families with ears
showing a higher disease attack had a lower
PE. The PEAP and PEAD traits were highly
correlated (0.76), which indicated that the ears
with higher occurrence of pests also presented
a higher disease occurrence. The 100KW trait
did not show negative correlation with PE, as
generally indicated in the literature (Lyerly, 1942;
Shi, 1992; Matta and Viana, 2003).
Resumen
El objetivo de este trabajo fue estudiar las
correlaciones genéticas entre los caracteres
capacidad de expansión (CE), peso de 100 granos
(PCG), producción de granos (PG) y porcentaje
de mazorcas atacadas por plagas y enfermedades
(PMAP) y (PMAE), respectivamente, en 106
familias S4 de la población de maíz popcorn
Beija-Flor. El experimento fue conducido en
un diseño de bloques incompletos, en Viçosa,
Brasil, en la temporada agrícola 2001-2002.
La CE presentó una correlación positiva con la
producción. También fue estimado un efecto
directo de PMAE sobre CE, con un valor de 0,56.
Las características PMAP y PMAE estuvieron
altamente correlacionadas (0,76), indicando que,
en general, las mazorcas con mayor incidencia
de plagas también presentaron mayor incidencia
de enfermedades en los granos. PCG no presentó
correlación con las demás características. A
través de la selección simultánea en la producción
de granos y capacidad de expansión, en previos
ciclos de selección, respuestas positivamente
correlacionadas entre ambas características
pueden ser encontradas, aspecto relevante en el
mejoramiento de la especie.
Palabras clave: Análisis de trayectoria, capaci
dad de expansión, correlaciones genéticas, maíz.
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