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ABSTRACT. Jatropha is a species with great potential for biodiesel
production, and the knowledge on how the main agronomic traits are
correlated will contribute to its improvement. Therefore, the objectives
of this study were to estimate the genetic parameters of the traits: plant
height at 12 and 40 months, canopy projection on the row at 12 and
40 months, canopy projection between the row at 12 and 40 months,
number of branches at 40 months, grain yield, and oil yield; to verify
the existence of phenotypic correlation between these traits; to verify
the influence of the morphological traits on oil yield by means of
path analysis; and to evaluate the relationship between the productive
traits in Jatropha and the morphological traits measured at different
ages. Sixty-seven half-sib families were evaluated using a completely
randomized block design with two replications and five plants per plot.
Analysis of variance was used to estimate the genetic value. Phenotypic
correlations were given by the Pearson correlation between traits. For
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the canonical correlation analysis, two groups of traits were established:
group I, consisting of traits of economic importance for the culture, and
group 11, consisting of morphological traits. Path analysis was carried
out considering oil yield as the main dependent variable. Genetic
variability was observed among Jatropha families. Productive traits
can be indirectly selected via morphological traits due to the correlation
between these two groups of traits. Therefore, canonical correlations
and path analysis are two strategies that may be useful in Jatropha-
breeding program when the objective is to select productive traits via
morphological traits.

Key words: Jatropha curcas; Biometrics; Breeding;
Quantitative genetics

INTRODUCTION

Jatropha curcas L. is a perennial species, and it can be used as hedges, or for
phytoremediation and medicinal purposes (Sharma et al., 2012). The grains are the most
appreciated part of the plant for presenting high oil content (Montes and Melchinger,
2016), reaching 1500 kg/ha from the fourth year of cultivation (Laviola et al., 2014),
and thus, it can be used for biofuel production. Despite the enormous energetic potential,
Jatropha is still under domestication in Brazil. Thus, efforts have been made to develop
Jatropha cultivars with high oil yield, contributing to the insertion of this crop in the
world’s bioenergy scenario.

One of the main objectives of Jatropha-breeding programs is the selection of
genotypes with high yield potential (Bhering et al., 2013; Peixoto et al., 2016; Silva
Junqueira et al., 2016). To this end, knowing the association between traits is necessary,
especially if selecting one of them is difficult, owing to the low heritability and/or difficulty
in measurement and identification. Estimates of correlation coefficient make it possible to
evaluate the magnitude and direction of the relationship between two traits, and consequently
the possibility of obtaining gains for one of them by means of indirect selection via the
other trait. In some cases, indirect selection based on the correlated response can be more
effective and faster than direct selection of the desired trait (Cruz et al., 2012).

Despite the great usefulness of the correlation coefficients in breeding programs,
they only estimate the association between traits, and do not allow conclusions on cause
and effect relationships. Path analysis studies the unfolding of the correlation coefficient
developed by Wright (1923). This analysis consists of the study on the direct and indirect
effects of traits on a main variable, whose estimates are obtained by means of regression
equations, in which the variables are previously standardized (Vencovsky and Barriga,
1992; Cruz et al., 2012).

Studies on the association between productive traits in Jatropha are scarce, and
they consider grain yield as the main dependent variable (Laviola et al., 2011; Teodoro
et al., 2016). Therefore, the objectives of this study were to verify the influence of the
morphological traits on oil yield by means of path analysis, and to evaluate the relationship
between morphological traits measured at different ages and the productive traits in
Jatropha via canonical correlations.
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MATERIAL AND METHODS
Experimental design

The experiment was installed in the experimental area of Embrapa Cerrados, in
Planaltina, DF, Brazil (latitude 15°35'30"S, longitude 47°42'30"W, at 1007 m asl) in November
2008. The climate is tropical with dry winter and rainy summer (Aw), according to the Képpen
classification, with average annual temperature of 22°C, relative humidity of 73%, and average
annual rainfall of 1100 mm. The predominant soil in the site was classified as Red Latosol,
with high clay content.

Sixty-seven half-sib families were evaluated using a randomized block design with
two replications and five plants per plot, spaced 4 x 2 m apart. Management practices were
based on Dias et al. (2007), adapted according to the results of studies on Jatropha in Brazil
and in the world.

Evaluated traits

The evaluated traits were plant height at 12 (PH12) and 40 (PH40) months after
planting; canopy projection on the row at 12 (CPR12) and 40 (CPR40) months after planting;
canopy projection between the row at 12 (CPB12) and 40 (CPB40) months after planting;
number of branches at 40 (NB40) months after planting; grain yield (GY) and oil yield (OY)
in 2014, which corresponds to the sixth year after planting. Plant height, canopy projection on
the row, and canopy projection between the row were measured in m, while grain yield and oil
yield were estimated in kg/ha and L/ha, respectively.

Statistical analyses

Initially, analysis of variance (ANOVA) was carried out for each trait, according to the
statistical model described in Equation 1:

Y;'j =u+ Bj + Gi + eij (Equation 1)

in which Y is the observation in the j-th block, evaluated in the i-th genotype; p is the overall
mean of the experlment B, is the fixed effect of the j-th block; G; is the random effect of the
i-th genotype; ¢, is the random error associated with the Y, observation.

Phenotyplc correlations (r,) between pairs of traits were estimated according to
Equation 2:

I, = f (Equation 2)

inwhich COV%(, , is the phenotypic covariance between traits X and Y; 0' .. is the phenotypic
variance of trait X O'Fy is the phenotypic variance of trait Y. Phenotyplc correlatlons were
tested by the #-test with n-2 degrees of freedom.
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Phenotypic correlation network was used to graphically express the functional
relationship between the estimates of the coefficients of phenotypic correlation between traits,
in which the proximity between the nodes (traces) is proportional to the absolute value of
the correlation between these nodes. The thickness of the edges was controlled by a cut-off
value of 0.60, which means that only |rij| > 0.60 has their edges highlighted. Finally, positive
correlations were represented in green, whereas negative correlations were represented in red.

Subsequently, multicollinearity analysis of the X’X correlation matrix was carried
out, which revealed severe multicollinearity (condition number >1000), according to the
classification of Montgomery and Peck (2001). Therefore, a constant k = 0.10 was added to
the diagonal of the X’ X matrix for canonical correlation analysis, and a constant k = 0.05 was
added to path analysis, which resulted in weak multicollinearity (condition number <100).

For the canonical correlation analysis, two groups of traits were established: group
I consisting of traits of economic importance for the culture (GY and OY); and group I,
consisting of the other traits evaluated (PH12, CPR12, CPB12, NB40, PH40, CPR40 and
CPB40). The first canonical correlation (r,) between the linear combination of traits of groups
I and II was estimated by Equation 3:

n= \/Z (Equation 3)

-1
1.10 -1 1.10  Tomaxay 1.10 " Tpiaacesao 1.10  TPHI2xGY
H*|: : rGYxOY} H - H H . H : . H
= X H . N X N . H X : . N
Lyeay 110 ], 1.10
. 2x7 7x7

Toyxpmz 7" Tepaosprz *"° 1.10 TowpH12 1.10

(Equation 4)

2x7

Equations 5 and 6 were used to obtain the first canonical pair, composed of X, and Y,
which are linear combinations between traits of groups I and II:

X ,=a 'X (Equation 5)
Yl- =b'Y (Equation 6)

in which a’ and b’ are eigenvectors associated with the first eigenvalue of the matrix H; X and Y
are the vector of phenotypic values of the traits that make up groups I and II, respectively. The
other three canonical correlations and canonical pairs were estimated using the eigenvectors
associated with eigenvalues in descending order following the equations previously described.

Path analysis, considering OY as the main dependent variable, was carried out by the
model described in Equation 7:

OY = BPH12+ B,PHA0+---+ B,GY + p, (Equation 7)

in which: S, ,,+--, 3, are the estimators of direct effects of PH12, CPR12, CPB12, NB40,
PH40, CPR40, and CPB40 on OY; p, is the residual effect. Thus, the system of equations
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was used to estimate the direct and indirect effects of each auxiliary variable on OY, according
to Equation 8:

1.OS - Toyiner B Periaxoy
: ' : x| i |= : (Equation 8)
Tovema 0 105 B, Towoy

The coefficient of determination (R?) of the path analysis was obtained by Equation 9:

2 _ ~ ~ .
R” = Biroyneor T+ Biloror (Equation 9)

The residual effect ( f)s ) of the path analysis was obtained by Equation 10:

D, =N1-R (Equation 10)

All statistical analyses were carried out with the Genes software (Cruz, 2013), and

followed the procedures recommended by Cruz et al. (2012).

RESULTS

ANOVA and estimates of genetic parameters

ANOVA confirmed significant genetic variance (P < 0.05) between the 67 Jatropha

accessions for all traits evaluated (Table 1). The lowest coefficients of variation (CVe) were
observed for plant height at 12 and 40 months (6.129 and 4.832%, respectively) and the highest
values were obtained for OY (23.187%) and GY (22.473%).

Table 1. Analysis of variance for the traits plant height at 12 (PH12) and 40 (PH40) months after planting; canopy
projection on the row at 12 (CPR12) and 40 (CPR40) months after planting; canopy projection between the row at
12 (CPB12) and 40 (CPB40) months after planting; number of branches at 40 (NB40) months after planting; grain
yield (GY) and oil yield (OY) in 2014, in relation to the sixth year after planting, evaluated in 67 Jatropha accessions.

Traits Mean squares F calculated CVe (%)
Accessions Residues
PHI2 0.053 0.015 3.462* 6.129
CPR12 0.065 0.038 1.701* 14.675
CPBI12 0.065 0.038 1.714* 14.493
NB40 8.994 4.777 1.883* 18.207
PH40 0.055 0.018 3.081* 4.832
CPR40 0.046 0.020 2.240* 6.742
CPB40 0.067 0.043 1.557* 8.150
GY 284350.487 105673.688 2.691* 22.473
oY 53934.607 20616.703 2.616* 23.187

*Significant at 5% probability by the F-test; CVe: coefficient of experimental variation.
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Table 2 shows that PH12, PH40, OY, and GY were little influenced by environmental
factors, and they had most of the phenotypic variance ( 6'; ) explained by the genetic variance
(6'5 ), and presented the highest broad-sense heritability estimates (h2 ) (71.114; 67.540;
62.837, and 61.775%, respectively). CPR40 was the least affected by environmental variation,
and therefore presented higher h? estimates, CVg and CVr, when compared with CPR12. On
the other hand, CPB12, CPB40, and NB40 were highly influenced by the environment, and
consequently presented lower h?.

CVg is an important parameter for the evaluation of the genetic variability between
accessions for a given trait. Table 2 shows that variables PH12, PH40, GY and OY presented values
closer to or greater than 1 for the CVg/CVe ratio (1.110, 1.020, 0.920, and 0.899, respectively).

Table 2. Estimates of genetic parameters for the traits plant height at 12 (PH12) and 40 (PH40) months after
planting; canopy projection on the row at 12 (CPR12) and 40 (CPR40) months after planting; canopy projection
between the row at 12 (CPB12) and 40 (CPB40) months after planting; number of branches at 40 (NB40)
months after planting; grain yield (GY) and oil yield (OY) evaluated in 67 Jatropha accessions.

Trait C’J\'i & (3'; h? CVg CVr
PHI12 0.026 0.008 0.019 71.114 6.800 1.110
CPR12 0.033 0.019 0.013 41.199 8.686 0.592
CPBI12 0.032 0.019 0.013 41.647 8.657 0.597
NB40 4.497 2.388 2.109 46.889 12.096 0.664
PH40 0.027 0.009 0.018 67.540 4.929 1.020
CPR40 0.023 0.010 0.013 55.353 5.308 0.787
CPB40 0.034 0.022 0.012 35.786 4.302 0.528
GY 142,175.243 52,836.844 89,338.399 62.837 20.663 0.920
oy 26,967.303 10,308.351 16,658.952 61.775 20.843 0.899

A2 . . A2 . . A2 . . T
(o} I phenotypic variance; O : environmental variance; O ¢ | genotypic variance; h%: broad-sense heritability;
CVg: coefficient of genetic variation; CVr: coefficient of variation, given by the ratio between the coefficient of

genetic variation and the coefficient of environmental variation.

Phenotypic correlations

The highest estimated phenotypic correlation was observed between GY and OY
(0.993), evidencing that the higher the grain yield of the accessions, the higher is the oil
yield (Table 3). To facilitate the visualization and interpretation of the correlation coefficients,
phenotypic correlation network was used (Figure 1), which is a graphical representation of the
variables according to the magnitudes of the correlations, since the traits with high correlations
are closer and connected by more expressive traces. Figure 1 shows that the smallest and most
expressive trace is between GY and OY, due to the higher phenotypic correlation.

Correlations between PH, CPB and CPR evaluated at 12 and 40 months after planting
were significant and positive, and the highest correlation was observed between PH12 and
PH40 (0.718), followed by CPB12 and CPB40 (0.663), and finally by CPR12 and CPR40
(0.485). Correlations of OY and GY with plant height were higher at 40 months (PH40), when
compared with the correlations with plants evaluated at 12 months (PH12), confirming that the
higher the plant, the greater is the grain yield and the oil yield. Similar results were observed
for correlations of OY and GY with CPB, which was higher when evaluated at 40 months
(CPB40), and lower at 12 months (CPB12). On the other hand, correlations of OY and GY
with the CPR were lower when evaluated at 40 months (Table 3).
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Table 3 shows that all correlations between plant height and canopy projection are
positive, both on the row and between the row, and at any age, i.e., the higher the plant, the
greater is the canopy projection. Correlations between CPR and CPB are positive, proving
the proportionality in plant growth, since the greater the canopy projection on the row, the
greater is the projection between the row. These observations are also highlighted in Figure 1,
evidencing that correlation between CPR and CPB is quite high when the plant is younger, at
12 months (0.908), and decreases when the plant reaches 40 months of age (0.666).

Figure 1 highlighted NB40 with thinner red traces, more distant from the other traits
for they have the lowest magnitudes of correlations, mostly negative. Thus, for NB40, only
the correlations with plant height, for both PH12 (-0.599) and PH40 (-0.407) are highlighted,
justifying that the higher the plant, the smaller is the number of branches (Table 3).

Table 3. Phenotypic correlations between the traits plant height at 12 (PH12) and 40 (PH40) months after
planting; canopy projection on the row at 12 (CPR12) and 40 (CPR40) months after planting; canopy projection
between the row at 12 (CPB12) and 40 (CPB40) months after planting; number of branches at 40 (NB40)
months after planting; grain yield (GY) and oil yield (OY) evaluated in 67 Jatropha accessions.

Trait CPR12 CPBI12 NB40 PH40 CPR40 CPB40 GY [0)'¢

PHI12 0.453 0.419 -0.599 0.718* 0.192 0.314 0.443 0.456
CPRI12 0.908* -0.078 0.477 0.485 0.651* 0.446 0.464
CPB12 -0.063 0.475 0.466 0.663* 0.462 0.477
NB40 -0.407 0.014 -0.037 -0.090 -0.094
PH40 0.138 0.289 0.463 0.476
CPR40 0.666* 0.318 0.321
CPB40 0.498 0.513*
GY 0.993*

*Significant at 5% probability by the #-test with 65 degrees of freedom.

Figure 1. Phenotypic correlation network between the traits plant height at 12 (PH12) and 40 (PH40) months after
planting; canopy projection on the row at 12 (CPR12) and 40 (CPR40) months after planting; canopy projection
between the row at 12 (CPB12) and 40 (CPB40) months after planting; number of branches at 40 (NB40) months
after planting; grain yield (GY) and oil yield (OY) evaluated in 67 Jatropha accessions.
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Canonical correlation analysis

Canonical correlations were estimated between group 1, formed by the productive
traits (GY and OY), and group 2, represented by the morphological traits evaluated at 12
and 40 months after planting (Table 4). Based on these results, the studied groups were not
independent, since significant correlation was observed by the chi-square test (P < 0.05) for
the first pair of canonical correlations (r = 0.602). The second pair of canonical correlations
was not significant by the chi-square test (P > 0.05), and therefore the estimates of canonical
coefficient were not expressed.

In relation to the first canonical pair, Jatropha accessions with higher grain yield
and higher oil yield presented greater number of branches and, regardless of plant age (at 12
or 40 months), were higher and presented greater canopy projection between the row. CPR
presented low estimates of canonical coefficients at both ages, which indicates absence of
association with the productive traits (group 1).

Table 4. Estimates of canonical correlation and coefficients for the first canonical pair between group 1, formed
by grain yield (GY) and oil yield (OY), and group 2 represented by plant height at 12 (PH12) and 40 (PH40)
months after planting; canopy projection on the row at 12 (CPR12) and 40 (CPR40) months after planting;
(CPB12) and 40 (CPB40) months after planting; and number of branches at 40 (NB40) months after planting.

Group 1 Productive traits
GY 0.354

[0)'¢ 0.621
Group 2 Morphological traits
PHI2 0.368
CPRI12 -0.014
CPBI2 0.131
NB40 0.219
PH40 0.358
CPR40 0.027
CPB40 0.470

R? 0.602*

d.f. 14

*Significant at 5% probability by the chi-square test, with 14 degrees of freedom (d.f.). R? - coefficient of
determination.

Path analysis

Table 5 shows the estimates of the direct and indirect effects of PH12, CPR12, CPB12,
NB40, PH40, CPR40, CPB40, and GY on the main dependent variable OY. The estimate of
the coefficient of determination was of high magnitude ( R? = 0.944), and the residual effect
was of low magnitude (0.238) (Table 5). These results indicate that almost all variation in OY
was explained by the auxiliary traits.

The highest direct effect on OY was obtained by GY (0.900), which is an estimate close
to the phenotypic correlation (Table 5). Thus, GY is the main determinant in the variation of OY,
and evidences the cause and effect relationship between these traits, i.e., the higher the grain yield,
the higher is the oil yield of the plant, confirming the results obtained in the previous analyses.

On the other hand, Table 5 shows that all the other direct and indirect effects of the
variables PH12, CPR12, CPB12, NB40, PH40, CPR40, and CPB40 on OY were low, and
these values (in module) are lower than the effect of the residual variable, except for indirect
effects via GY. All the traits had significant indirect correlation coefficients higher than the
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residual variable via GY, except for the NB40. Thus, the greatest indirect effects on OY via GY
occurred for CPB40 (0.448), PH40 (0.417), CPB12 (0.416), and CPR12 (0.401).

These results demonstrate that the auxiliary traits PH12, CPR12, CPB12, PH40,
CPR40, and CPB40 indirectly influenced the main variable via GY. Thus, practicing direct
selection on these traits to obtain gains in oil yield is not efficient, and indirect selection on GY
should be prioritized in order to select the traits that present the highest gains in grain yield.

Table 5. Estimates of the direct (main diagonal) and indirect effects between the traits plant height at 12 (PH12)
and 40 (PH40) months after planting; canopy projection on the row at 12 (CPR12) and 40 (CPR40) months
after planting; canopy projection between the row at 12 (CPB12) and 40 (CPB40) months after planting;
number of branches at 40 (NB40) months after planting; grain yield (GY) on the main productive variable, oil
yield (OY), evaluated in 67 Jatropha accessions.

Traits PHI12 CPBI2 CPBI2 NB40 PH40 CPR40 CPB40 GY Total
PHI2 0.031 0.007 0.000 -0.011 0.018 -0.002 0.014 0.398 0.456
CPR12 0.014 0.014 0.000 -0.001 0.012 -0.005 0.028 0.401 0.464
CPBI2 0.013 0.013 0.000 -0.001 0.012 -0.005 0.029 0.416 0.477
NB40 -0.018 -0.001 0.000 0.018 -0.010 0.000 -0.002 -0.081 -0.094
PG40 0.022 0.007 0.000 -0.007 0.025 -0.001 0.013 0.417 0.476
CPR40 0.006 0.007 0.000 0.000 0.004 -0.010 0.029 0.286 0.321
CPB40 0.010 0.009 0.000 -0.001 0.007 -0.007 0.044 0.448 0.513*
GY 0.014 0.006 0.000 -0.002 0.012 -0.003 0.022 0.900 0.993*
I 0.944

5, 0.238
*Significant at 5% probability, by the #-test, with 65 degrees of freedom.
DISCUSSION

ANOVA and estimates of genetic parameters

The population evaluated in this study has sufficient variability for selection of
genotypes of superior agronomic performance. This fact is important for being and essential
condition for the establishment of a breeding program. Cruz et al. (2012) report that
experimental precision is high when CVe estimates are lower than 20%, as observed in this
study for all morphological traits. Estimates of CVe higher than 20% for the productive traits
possibly occurred due to the existence of variation within each accession, being similar to
those repgrted in other studies with Jatropha, including this population (Laviola et al., 2010).

h? estimates obtained for the traits PH12, PH40, CPR40, GY and OY are considered
moderate (>50%), and are in accordance with the results reported by Laviola et al. (2010,
2012b). Peixoto et al. (2016), who evaluated productive traits in Jatropha, verified genetic
variability between Jatropha accessions of the germplasm bank of EMBRAPA Agroenergy,
and in this way, it is possible to obtain gain from selection on these traits.

CVg quantifies the proportion of genetic variability available for selection (Cruz et al.,
2012), and the desirable values are high. The ratio between this parameter and CVe results in
the CVr, which is an important variable for selection. According to Vencovsky et al. (1987),
when CVr is greater than 1, gain with selection is possible. Thus, values obtained from CVg
for plant height at all ages resulted in CVr superior to 1, which indicates favorable situation
for the selection of genotypes for this trait. This result is significant, since selection of short
Jatropha genotypes to facilitate fruitharvesting is one of the main objectives of the breeding
programs of this crop (Dias et al., 2007).
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Phenotypic correlations

Knowing the association between two traits is important for selection in breeding
programs, as it allows indirect gains, and guides the establishment of selection indices (Cruz
et al., 2012). The highest estimates of phenotypic correlations were obtained between the
same traits evaluated at different ages, e.g., CPR12 x CPR40, CPB12 x CPB40, and between
CPR12 x CPB40, CPR40 x CPB40, and GY x OY. These results are in accordance with
those of Laviola et al. (2010, 2012a,b). Correlation between the canopy projection on the
row and oil yield deserves attention, since it was moderate at both ages. The high correlation
found between GY and OY is of great importance for Jatropha-breeding program, since the
evaluation of OY is complex due to the process of oil extraction from the seeds, and to high-
cost equipment and labor (Silva Junqueira et al., 2016). Thus, indirect selection of accessions
with high OY value by selecting the best accessions for GY is recommended.

To facilitate the interpretation of phenotypic correlations between morphological and
productive traits, a phenotypic correlation network was used to detect complex phenotypic
patterns, which is difficult to be obtained with other techniques (Figure 1). In the phenotypic
correlation network, values of significant correlations by the #-test were highlighted with bold
edges, negative correlations were represented by red-colored lines, and positive correlations
were represented by green-colored lines. The efficiency of this innovative technique has
already been reported by Ursem et al. (2008), DiLeo et al. (2011), and Silva et al. (2016).
Phenotypic correlation networks facilitate the interpretation of the correlations between traits,
and thus make it easier to verify which traits can be used for indirect selection. For instance,
indirect selection of superior accessions for GY and OY via morphological traits will benefit
Jatropha-breeding program due to early selection of accessions, since morphological traits
can be measured a few months after planting. In addition, the cost with evaluation of the
productive traits will decrease, since these traits require high-cost labor and equipment, and
only begin to be measured 3 years after planting.

Canonical correlation analysis

By the interpretation of the first canonical pair, higher plants and greater canopy
projection on the row are the ones with higher grain yield and oil yield. These results reveal the
need to use these agronomic traits in the establishment of selection indices in order to obtain
genetic gain on the productive traits. Thus, early selection of Jatropha accessions aiming at
increasing oil yield could be carried out via morphological traits at the initial stages of growth.

As reported, the identification of short height genotypes is desirable, since this
oilseed plant can exceed 5 m in height (Dias et al., 2007). However, since plant height
correlated positively with oil yield, as confirmed by the canonical coefficients, some cycles
of recombination between the most productive accessions are necessary in order to break this
relation, and to enable the selection of genotypes with reduced size and high oil yield.

Path analysis
The main objective of the Jatropha-breeding program is the selection of accessions

with high oil yield. However, the genetic variability for OY between Jatropha accessions is
low, and this trait is greatly influenced by the environment (low heritability) (Silva Junqueira
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et al., 2016). Moreover, due to the high cost to evaluate oil yield, indirect selection for this
trait, via morphological traits, is interesting. To this end, path analysis is a promising strategy
for early selection.

In addition, besides being important, estimates of phenotypic correlations may lead
to mistakes regarding the relationship between two traits, which may be the result of the
effect that a third trait or a group of traits has on the pair of traits. Path analysis makes it
possible to study the cause and effect relationship between traits, which allows the accurate
establishment of the best criteria for indirect selection (Cruz et al., 2012). The estimate of R?
for the established path model was superior to that of studies that employed this analysis in
Jatropha (Spinelli et al., 2010; Reis et al., 2015; Teodoro et al., 2016).

The identification of traits that have high phenotypic correlation and high direct effect
in the same direction on the main trait is desirable, since the correlated response by means
of indirect selection can be effective. Therefore, indirect selection of genotypes with higher
grain yield aiming to increase oil yield is a promising strategy due to the cause and effect
relationship between these traits, as evidenced in this study.

Therefore, the selection of productive traits can be indirectly performed via
morphological traits due to the correlation between these two groups of traits. Families with
high performance for oil yield can be selected by means of grain production in order to reduce
costs with selection for this trait, showing that canonical correlations and path analysis are
two strategies that may be useful in Jatropha-breeding program, when the breeder intends to
indirectly select productive traits via morphological traits.
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