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ABSTRACT

The interspecific hybrid O x G of oil palm is a promising geno-
type whose cultivated area in Colombia has increased in recent
years due to its high productivity attributed to the formation of
parthenocarpic fruits and its outstanding diseases tolerance.
This study aimed to evaluate the effect of two forms of naph-
thaleneacetic acid, applied at different concentrations, on bunch
composition variables that explain the yield of oil palm hybrids.
A split-plot experimental design was employed, where the main
factor was the type of auxins and the subfactor was dosage. A
total of 31 bunch composition variables were evaluated through
correlation analysis, principal component analysis, and a pre-
dictive yield model. Oil production was primarily associated
with fruit set, bunch weight, and the weight of parthenocarpic
fruits. There was no significant correlation with normal fruit
traits such as seed weight or the kernel and seed-to-fruit ratio.
The proposed model successfully explains oil yield based on the
evaluated variables, which were influenced by the type and dose
of auxin. The optimal response was obtained with 450 mg L™
of sodium salt naphthaleneacetic acid (NAAS) and 1200 mg L™
of naphthaleneacetic acid (NAA). These treatments promoted
an ideal fruit set, increased parthenocarpic fruit weight, bunch
weight, and oil-to-bunch ratio, as reflected in yield. These find-
ings confirm the potential of auxins to enhance productivity
and offer valuable insights for genetic improvement and the
sustainability of oil palm cultivation.

Keywords: auxins, Elaeis oleifera (Kunth) Cortés x Elaeis
guineensis Jacq., oil palm hybrid, artificial pollination,
parthenocarpic fruits, oil production.

El hibrido interespecifico O x G de palma de aceite es un
genotipo promisorio cuya area de siembra en Colombia ha
aumentado en los ultimos afos debido a su elevada producti-
vidad atribuida a la formacién de frutos partenocarpicos y a
su sobresaliente tolerancia a enfermedades. Esta investigacion
tuvo como objetivo determinar el efecto de dos moléculas de
acido naftalenacético, aplicadas en diferentes concentraciones,
sobre las variables de composicion del racimo que explican el
rendimiento del hibrido de palma de aceite. Se emple6 un disefio
experimental de parcelas divididas, donde el factor principal
fue el tipo de auxinas y el subfactor fue la dosis. Se evaluaron
un total de 31 variables de composicion del racimo mediante
analisis de correlacion, andalisis de componentes principales y
un modelo predictivo de rendimiento. La produccion de aceite
se asocio principalmente con el cuajado, el peso del racimo y el
peso de los frutos partenocarpicos. No hubo correlacion signi-
ficativa con los rasgos normales de los frutos, como el peso de
las semillas o la relacion entre el grano y la semilla y el fruto.
El modelo propuesto explica con éxito el rendimiento de aceite
basandose en las variables evaluadas, que se vieron influidas por
el tipo y la dosis de auxina. La mejor respuesta se obtuvo con
450 mg L™ de sal sddica de dcido naftalenacético (SANA) y con
1200 mg L™! de 4cido naftalenacético (ANA), tratamientos que
promovieron el llenado de los frutos, incrementaron el peso de
los frutos partenocéarpicos y del racimo, asi como el porcentaje
de aceite en racimo, reflejandose en un mayor rendimiento.
Estos resultados confirman el potencial de las auxinas para
mejorar la productividad y aportan informacion clave para el
mejoramiento genético y la sostenibilidad del cultivo.

Palabras clave: auxinas, Elaeis oleifera (Kunth) Cortés x Elaeis
guineensis Jacq., hibrido de palma de aceite, polinizacién
artificial, frutos partenocarpicos, produccion de aceite.
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Introduction

Oil palm is one of the world’s most significant oil crops
due to its high productivity, its applications in industry,
as human food, animal feed, nutraceutical products, and
biofuel production. Global demand for palm oil is projected
to reach 156 million t by 2050 (Murphy et al., 2021; Pirker
etal., 2016). Increased oil production can be achieved with-
out requiring more land or additional water, energy and
fertilizers for crop cultivation, considering environmental
protection and climate change (Chew et al., 2021). Colombia
stands as the largest oil palm producer in Latin America
and the fourth worldwide, playing a key role in meeting the
growing global demand through sustainable intensification
practices (Corley & Tiker, 2015; Fedepalma, 2015; Fede-
palma, 2021). The primary source of commercial palm oil
production comes from the species Elaeis guineensis Jacq.,
the African oil palm (Corley & Tiker, 2015). However, in
recent years in Colombia, the O x G hybrid has emerged
as a productive alternative to achieve higher yields with-
out expanding the area of cultivated oil palm through the
induction of parthenocarpic fruits (PF) (Daza et al., 2020;
Nieto Mogollon et al., 2024; Romero et al., 2021).

O x G interspecific hybrids are derived from a cross be-
tween the two most notable species, the American oil
palm, Elaeis oleifera (Kunth) Cortés, and the African oil
palm Elaeis guineensis Jacq. (Arias et al., 2015). These
show intermediate characteristics between their parental
stock in certain agronomically interesting aspects, such
as their high-quality oil rich in oleic acid and exhibiting
high productivity potential (Avila et al., 2016; Montoya et
al., 2023). These hybrids are partially resistant to bud rot
disease, the most significant epidemiological threat to oil
palm worldwide, particularly in Colombia, where it severely
affects plantations of the African oil palm. This impactled
to a marked decline in productivity and triggered a severe
social and economic crisis, necessitating the implemen-
tation of an emergency plan to replace African oil palm
plantations with the hybrid, particularly in municipalities
such as Tumaco (Avila et al., 2016).

Nevertheless, under natural pollination conditions, hybrids
exhibit low fruit set, poor bunch formation, and a reduced
oil extraction rate. These limitations in bunch development
may be linked to factors such as limited production of male
inflorescences, low pollen viability, and germination capac-
ity, as well as the presence of indehiscent peduncular bracts
in female inflorescences, which complicate pollen entry,
making the oil potential lower than that of the African oil
palm. Assisted pollination emerged as a technique that,
while improving oil potential through enhancements in
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bunch size, weight, and fruit set, is a labor-intensive and
a costly activity with a very short application window, re-
ducing its effectiveness (Daza et al., 2020; Hormaza et al.,
2012; Mosquera-Montoya et al., 2023; Rincén et al., 2013).

Parthenocarpy is the mechanism of seedless fruit genera-
tion, which can occur with or without pollination or flower
fertilization. During the ovary’s development, this process
can be artificially stimulated for agricultural purposes
by applying natural or synthetic phytohormones, such as
gibberellins, cytokinins, and auxins (Azzeme et al., 2020).
The increase in hormonal levels and their interactions
induce ovary growth, resulting in the formation of seed-
less fruits, which translates into more outstanding flesh
content as the seeds and seed cavities are replaced by an
expanded mesocarp (Azzeme et al., 2020; Liu et al., 2018;
Mandal et al., 2022; Zhang et al., 2021). Developing parthe-
nocarpic fruits is a desirable strategy for improving palm
oil production. In the O x G hybrid, the accumulation of
oil relies on the development of both normal, fertile fruits
and parthenocarpic fruits, achieved by removing the kernel
and expanding the mesocarp, leading to more significant
oil accumulation within the fruits (Montoya et al., 2023;
Rincon et al., 2013).

Recent studies have shown that inducing parthenocarpy is
effective in increasing yield without affecting oil quality,
fruit development, or bunch components using the auxin
naphthaleneacetic acid (NAA) (Cayon Salinas et al., 2022;
Daza et al., 2020; Romero et al., 2021). However, there are
no studies explaining the effect of NAA on the behavior
of bunch composition variables that increase yield in the
hybrid, which would help to explain yield through the most
representative variables, considering that these phenotypic
traits related to bunch composition are of great interest in
oil palm breeding programs (Rios et al., 2018; Van Hintum
et al., 2000).

Taking into account the above, in recent years, the hybrid
has emerged as an alternative for oil palm production,
replacing much of African oil palm cultivation, especially
in Latin America (Avila et al., 2016; Rincén et al., 2013),
due to its tolerance to pests and diseases, as well as its
high yield per hectare per year with the use of NAA, and
a reduction of production costs without increasing the
planting area, thanks to the rise in oil extraction rate
(Romero et al., 2021; Ruiz et al., 2021). This study aimed to
determine the effect of two NAA molecules on the bunch
composition variables that explain the yield of the O x
G oil palm hybrid. The results precisely characterize the
key variables determining the performance of the O x G
hybrid, offering strategic insights that strengthen selection
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and agronomic improvement programs. The application of
auxins, particularly naphthaleneacetic acid in its sodium
salt form, positively affects bunch composition, enhancing
oil accumulation and significantly contributing to the pro-
ductivity and competitiveness of the oil palm agroindustry.

Materials and methods

Location and plant material

This experiment was conducted from October 2023 to
May 2024 in the Palmeiras commercial plantation in Tu-
maco, Narifio, Colombia (1°26°50.75” N, 78°42’12.83” W).
Climatic conditions during the experiment corresponded
to the typical rainy season of the region, characterized by
a bimodal rainfall pattern, with a cumulative rainfall of
840.5 mm during this period, an average relative air hu-
midity of 82.7%, mean temperature of 27.0°C, and a mean
daily light integral of 32.6 mol m™> d™". A nine-year-old
hybrid interspecific Elaeis oleifera (Coari-Brazil) x Elaeis
guineensis (La Mé-Ivory Coast) was used. The palms were
planted at a density of 115 trees per ha in an experimental
field with clay soil characterized by pH 4.6, EC0.14 dSm™,
and 2.67% organic matter.

Experiment design and treatments

The experiment followed a split-plot structure with a 2
x 3 factorial arrangement. The main factor consisted of
two types of auxin molecules: (1) 1-Naphthaleneacetic
acid (NAA) and (2) 1-Naphthaleneacetic acid, sodium salt
(NAAS). The secondary factor corresponds to the auxin

dose, with three treatments: (1) application at 450 mg L',
(2) application at 1200 mg L™, and (3) a control treatment
consisting of pollen (15 g talc + 1 g pollen per inflores-
cence). Female inflorescences were treated through liquid
application, using 200 ml of the corresponding solution
per inflorescence. NAA (product number N0640, Sigma)
and NAAS (product number S572896, Sigma) were used
as the auxin sources. For each treatment (subplot), three
replicates were established, each consisting of 10 palms
(each one considered as an experimental unit), from which
three bunches per palm were analyzed.

Isolation of inflorescences and treatment application

Female inflorescences were isolated beforehand at phe-
nological stage PS601, or pre-anthesis 1, as described by
Rosero et al. (2017); they were isolated with polyester bags to
prevent the entry of external pollen, ensuring that fruit de-
velopment resulted exclusively from the applied treatments,
while allowing gas exchange and supporting inflorescence
development under similar natural conditions. The pollen
used in this experiment was collected from selected pisifera
palms (Elaeis guineensis (La Mé)). The treatments were ap-
plied when the inflorescences reached phenological stage
PS607 of anthesis, when the flowers had receptive stigmas
(Hormaza et al., 2012). The application was made through
asprinkler, uniformly spraying each inflorescence with the
corresponding dose. Subsequently, the inflorescence was
sealed again. Three applications were made every eight days
with the above-mentioned solution, and the isolation bags
were removed 10 d after the last application.

TABLE 1. Analyzed variables from the bunch components of the (O x G) hybrid.

Abbreviation Description Abbreviation Description
BW Bunch weight E/F Endocarp-to-fruit ratio
SW Stalk weight K/F Kernel-to-fruit ratio
S/B Stalk-to-bunch ratio ASW Average seed weight
RN Rachillae number 0/Fnf Qil-to-fruit ratio in normal fruits
NAF Number of aborted fruits 0/DMpf QOil-to-dry-mesocarp ratio in parthenocarpic fruits
NNF Number of normal fruits M/Mnpf Moisture-to-mesocarp ratio in parthenocarpic fruits
NFW Normal fruit weight NFS Normal fruit set
NPF Number of parthenocarpic fruits PFS Parthenocarpic fruit set
WPF Weight of parthenocarpic fruits FS Fruit set (PFS + NFS)
WPNF Weight of parthenocarpic and normal fruits NFBO Qil contribution of normal fruits to the bunch
AWpf Average weight of parthenocarpic fruit PFBO 0il contribution of parthenocarpic fruits to the bunch
WFS Weight of seeds per fruit 0/B 0Oil-to-bunch ratio (NFBO + PFBO) or bunch oil percentage
WE Weight of endocarp LF Loose fruits
0/DMnf Qil-to-dry-mesocarp ratio in normal fruits 0C Qil content or yield (kg oil/bunch)
M/Mnf Moisture-to-mesocarp ratio in normal fruits DTM Days to maturity
M/nf Mesocarp-to-normal fruit ratio
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Response variables

The harvest and analysis of bunches were carried out
following Prada and Romero (2012), who established pa-
rameters for accurately quantifying all variables involved
in bunch analysis of the (O x G) hybrid, including those
related to bunch composition, structure, and oil productiv-
ity (Tab. 1). The harvest was performed when the optimum
harvest point was reached, approximately 175 d after
anthesis, between phenological stages PS807 and PS809
(Romero et al., 2025).

Data analysis

To determine the correlation between variables, we per-
formed a Pearson correlation analysis (P<0.05) (Pearson,
1900), presented as a colored heatmap using the ‘PROC
CORR’ procedure and the PROC TEMPLATE’ function.
We performed a principal component analysis (PCA) us-
ing PROC PRINCOMP’ to reduce the dimensionality of
the variables and explore the relationships and grouping
patterns among them (Jolliffe, 2002), helping to explain
yield. We performed a cluster analysis using the ‘CLUSTER’
procedure, applying the average linkage method based on
squared Euclidean distances: the analysis aimed to group
related variables (Jain, 1988). We generated a dendrogram
to visualize relationships, providing insights into potential
patterns within the dataset.

We proposed a model to explain the total oil yield through
the PROC REG procedure with the Oil Content (OC) as a
function of the bunch composition variables using a mul-
tiple linear regression equation as follows:

Y=ﬁ0+2?=1ﬂ1X1+£ (Eq 1)

where:

Y represents the yield through the oil content (OC) in
the bunch; 3, is the model intercept; f; are the regression
coefficients associated with each predictor variable; and X;
corresponds to the explanatory variables included in the
model, each representing an analyzed bunch composition
characteristic. The term € accounted for the random error,
capturing the variability not explained by the predictor
variables. The variables ultimately retained in the model
were selected based on statistical significance and their
explanatory contribution to model fit.

Finally, we analyzed the most essential variables in the
study using analysis of variance (ANOVA) with the PROC
MIXED’ procedure. We applied the residual maximum
likelihood (REML) estimation method. We used the
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following linear mixed model, considering hormone and
dose as fixed effects, and the replicate number as random
effects:

Yij/( = u + (041 + ﬁj + (aﬁ)ij + Uy + Eijk (Eq2)

where Yijk is the response variable observed for the k - th
experimental unit receiving the [ — th hormone and the
J — th dose, u is the overall mean, a; represents the fixed
effect of the I — th hormone, and f5j represents the fixed
effect of the j — th dose. The term (af3); corresponds to the
fixed effect of the hormone x dose interaction. The random
effect u, represents the k — th subject, which is assumed to
follow a normal distribution with mean zero and variance
03. Finally, € is the random error term, supposed to follow
anormal distribution with zero mean and variance . All
analyses were performed using SAS® statistical software
version 9.4 (SAS, Inc., 2013).

Results

We harvested the bunches when they ripened, identified
by an intense orange color, the presence of stretch marks
arranged in a circular pattern around the apical part of
the fruit, and the presence of fruit detachment. In most
bunches, fruit set (FS) exceeded 80%. Subsequently, each of
the 31 variables included in the bunch analysis was quanti-
fied immediately after harvest.

To identify associations, we performed a Pearson cor-
relation analysis among the 31 variables evaluated in this
study, represented through a heatmap (Fig. 1). Variables
that showed a statistically significant positive correlation
(P<0.05) included bunch weight (BW) and stalk weight
(SW) (r =0.82). We also observed associations among vari-
ables related to normal fruits, such as normal fruit set (NFS)
and the oil contribution of normal fruits to bunch (NFBO)
(r = 0.82), as well as between the number of normal fruits
(NNF) and their weight (NFW) (r = 0.89). Similarly, we
found a positive correlation between moisture and the oil-
to-fruit ratio in normal fruits (M/nf and O/Fnf) (r = 0.82).

We also detected significant associations between seed-
related variables, such as the weight of seeds per fruit (WES)
and the weight of endocarp (WE) (r = 0.90), as well as with
the endocarp-to-fruit ratio (E/F) (r = 0.82). Additionally,
we identified positive correlations among parthenocarpic
variables, such as weight of parthenocarpic fruits (WPF)
and the contribution of these fruits to the bunch oil percent-
age (PFBO) (r = 0.90). The latter was also highly correlated
with the oil-to-bunch ratio (O/B) (r = 0.80).

Agron. Colomb. 43(2) 2025



Most of the variables showing negative correlations cor-
respond to relationships between characteristics of normal
and parthenocarpic fruits. For instance, the number of
normal fruits (NNF) was negatively correlated with the
weight of parthenocarpic fruits (WPF) (r = -0.82), which,
in turn, was negatively correlated with the weight of normal
fruits NFW) (r = -0.91). The latter also negatively corre-
lated with the oil contribution of parthenocarpic fruits to
the bunch (PFBO) (r = -0.81).

Similarly, a negative correlation was observed between
fruit set (FS) and the number of aborted fruits (NAF) (r =
-0.94). Finally, the mesocarp-to-normal fruit ratio (M/nf)

BW 11.00

0.82 1.00

RN 4-0.67-0.57 1.00
-0.40-0.18 0.39 1.00
NNF 10.21 0.23 -0.17-0.12 1.00

0.24 0.32 -0.20-0.06 0.89 1.00
NPF 1-0.26-0.30 0.35 -0.09-0.57 -0.71 1.00
-0.17-0.30-0.11-0.17-0.82-0.91 0.69 1.00
WFS 10.13 0.12 -0.00-0.06 0.47 0.53 -0.26-0.56 1.00

0.11 0.12 0.04 0.08 0.44 050 -0.22-0.53 0.94 1.00

LF 1-0.04-0.10 0.01 0.06 -0.04 -0.12 0.09 0.08 0.08 0.08 1.00
-0.02-0.05 0.01 0.02 -0.20-0.04-0.05 0.06 0.00 0.02 0.11 1.00
S/B 10.12 -0.65-0.07 0.22 0.13 0.23 -0.17 -0.31 0.09 0.09 -0.11-0.06 1.00

0.20 0.08 -0.23-0.54 0.30 0.37 -0.16 0.05 0.02 0.01 -0.10 0.04 -0.14 1.00

AWpf 10.06 -0.06 -0.23 -0.08 -0.42 -0.37 -0.26 0.49 -0.39-0.40-0.03 0.13 -0.21 0.21 1.00
M/Mnf
E/F
ASW
0/DMpf
NFS
NFBO

0/B
0.75 0.52 -0.49-0.45-0.05-0.07 -0.06 0.25 -0.21-0.19-0.04 0.10 -0.09 0.40 0.36

FS 1036 0.12 -0.36-0.94 0.1 0.02 0.13 0.22 -0.05-0.09 -0.08 -0.06 -0.27 0.55 0.12 0.

0.12 0.05 -0.10-0.14-0.06 -0.08-0.13 0.09 -0.13-0.19 0.18 0.11 -0.06 0.00 0.26 1.00

10.15 0.09 -0.20 0.04 0.11 0.08 -0.07-0.17 0.17 0.14 -0.06 -0.07 -0.06 -0.19-0.09-0.29 1.00
-0.05-0.09-0.05-0.09-0.14 -0.16 -0.01 0.21 -0.69-0.55 0.10 0.00 -0.14 0.10 0.26 0.17 -0.151.00

10.05 0.06 0.10 0.11 0.15 0.17 0.05 -0.23 0.75 0.82 -0.14 0.00 0.10 -0.10-0.31-0.26 0.12 -0.86 1.00

0.04 0.04 -0.02 0.05 0.25 0.27 -0.14-0.31 0.72 0.38 -0.07 -0.05 0.05 -0.05-0.19-0.01 0.13 -0.70 0.43 1.00

10.08 0.14 0.05 0.20 0.09 0.35 -0.25-0.40 0.79 0.68 -0.17 0.14 0.17 -0.05-0.20-0.12 0.08 -0.80 0.69 0.66 1.00
-0.01-0.04-0.04-0.16-0.20 -0.22 0.00 0.30 -0.71-0.62 0.20 0.08 -0.07 0.14 0.33 0.54 -0.56 0.82 -0.74-0.63 -0.64 1.00
10.29 0.20 -0.29-0.21-0.13-0.14-0.07 0.17 -0.12-0.14 0.01 0.20 -0.04 0.06 0.27 0.56 -0.15-0.11-0.17 -0.67 -0.67 -0.67 -0.67

0.06 -0.03-0.11-0.04 -0.00 -0.00 0.04 -0.04-0.02 0.02 0.00 -0.25-0.14-0.10-0.08 -0.32 0.44 -0.02-0.01-0.00 0.14 -0.14 -0.34 1.00

10.34 0.33 -0.34-0.29 0.92 0.89 -0.70-0.78 0.43 0.37 -0.09-0.13 0.13 0.40 -0.21 0.00 0.13 -0.11 0.08 0.25 0.13 -0.15-0.04 0.02 1.00

0.09 -0.12-0.07 -0.68 -0.55-0.62 0.62 0.77 -0.35-0.35-0.01 0.04 -0.34 0.23 0.26 -.10 -0.08 0.13 -0.14 -0.8 -0.29 0.21 0.19 0.09 -0.44 1.00

10.20 0.28 -0.16-0.10 0.81 0.90 -0.07 -0.79 0.25 0.26 -0.04 0.01 0.21 0.40 -0.24 0.15 -0.16 0.12 -0.11 0.02 0.08 0.18 -0.01-0.10 0.82 -0.55 1.00
-0.13-0.28 0.09 -0.17-0.71-0.81 0.59 0.90 -0.48-0.45 0.04 0.0 -0.34 0.07 0.47 0.12 -0.20 0.18 -0.18-0.25-0.36 0.25 0.33 -0.33-0.67 0.67 -0.71 1.00
1-0.01-0.16-0.01-0.33-0.31-0.38 0.24 0.60 -0.46-0.42 0.03 0.15 -0.30 0.44 0.46 0.30 -0.41 0.35 -0.35-0.34-0.44 0.49 0.45 -0.55-0.25 0.48 -0.15 0.80
0.30 -0.15 0.20 -0.19-0.19-0.23 0.32

was negatively correlated with seed-related variables, such
as average seed weight (ASW) (r =-0.80) and the endocarp-
to-fruit ratio (E/F) (r = -0.86). The above suggests that
oil production in the O x G hybrid is favored by a higher
fruit set, which is reflected in increased bunch weight. In
this context, parthenocarpic fruits, lacking the structural
components typical of normal fruits, may allocate more
resources to oil content, thereby increasing the bunch oil
percentage (O/B).

The PCA revealed two principal components that together
explained 47.24% of the total variability in the dataset
(Fig. 2). The first principal component (PC1) accounted

0.5

0.0

Pearson correlation

r-0.5

1.00

0.51 -0.30 0.08 0.35 0.06 0.42 0.64 1.00

o

0

0.05 -0.09-0.00-0.21 0.1 0.

7 0.11 0.29 0.73 0.03 0.2

0.32 0.44 1.00
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FIGURE 1. Heatmap of Pearson correlations among the composition variables of oil palm bunches in the (O x G) hybrid.

variables is provided in Table 1.
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for 29.55%, and the second principal component (PC2)
contributed 16.73% to the total variance (Fig. 2A). The
results, represented in the biplot, show a clear separation
and differential clustering of the evaluated variables. In
the upper left quadrant, variables related to fruit set (FS),
mesocarp weight, and oil content—both in normal fruits
(O/Fnf, M/nf, O/DMnf) and parthenocarpic fruits (AWpf,
O/DMpf)—are grouped. These variables exhibit strong as-
sociations with one another and contribute positively to the
bunch oil percentage (O/B). This indicates that mesocarp
development and accumulation efficiency in both fruit
types are key to overall bunch oil yield.

In contrast, the lower right quadrant contains variables
with an opposite correlation pattern, notably the number
of aborted fruits (NAF), moisture content in the mesocarp
of normal and parthenocarpic fruits (M/Mnf, M/Mnpf),
and seed-related traits in normal fruits: weight of seeds
per fruit (WES), average seed weight (ASW), weight of
endocarp (WE), endocarp-to-fruit ratio (E/F), and kernel-
to-fruit ratio (K/F). These variables negatively correlate
with oil percentage, suggesting that increased development
of reproductive structures (such as seeds and endocarp) or
higher mesocarp moisture content may be associated with
reduced oil yield per bunch.

A
1.0
0.8 oc
o BW NEBO
0.6 WPNF o SW O "ONFS
O/Fﬂf g o
o (O/DMpf OFS NNFo o NFW
04 0B G o
o 0/DMnf
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S 00 hrg b Y Wikt
S o LF o WE
a -02 K/F OOWFS
o o ©
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The hierarchical clustering analysis (Fig. 2B) enabled the
classification of variables into four main groups with dis-
tinct characteristics, facilitating a clearer understanding of
the factors influencing bunch formation in the O x G hy-
brid. Group I includes variables related to structural growth
and reproductive biology, such as fruit set, parthenocarpic
fruit set, number of aborted fruits, and loose fruits, which
directly reflect reproductive performance. Group II com-
prises variables associated with bunch architecture, such
as bunch weight, peduncle weight, and the proportion
of normal fruits, including the number of normal fruits,
which directly reflect structural development and produc-
tive potential. Group III brings together key variables for
oil production efficiency, such as the bunch oil percentage
(O/B), oil content in the mesocarp of both normal and
parthenocarpic fruits (O/DMnf and O/DMpf), and the
average weight of parthenocarpic fruits (AWpf). This group
is identified as the most relevant for yield optimization,
given its strong contribution to final oil content.

Finally, Group IV includes variables that do not directly
contribute to oil yield, such as those related to seed struc-
ture (average seed weight, endocarp weight, kernel and
endocarp-to-fruit ratio) and fruit moisture content. These
variables negatively or marginally influence the hybrid’s
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FIGURE 2. Principal component analysis of highly correlated bunch composition variables of the O x G hybrid (A) and dendrogram of their cluster

grouping (B). The description of the variables is provided in Table 1.
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productive efficiency. This analysis reveals that bunch
formation in the O x G hybrid is primarily influenced by
fruit set and mesocarp oil content in normal and parthe-
nocarpic fruits.

A regression model was developed to determine which
variables analyzed in this study significantly influenced the
oil content in the O x G hybrid. The resulting regression
model showed an excellent fit to the data, with a coefficient
of determination (R*) 0f 0.9635 and an adjusted R* 0f 0.9599,
indicating that approximately 96% of the variability in oil
content (OC) can be explained by the independent vari-
ables included in the model. The root mean square error
(RMSE) was 328.29, reflecting high prediction accuracy.
The mean oil content value was 5.29 kg of oil/bunch, and
the coefficient of variation (CV) was 6.19%, indicating low
relative dispersion of the data around the mean and sug-
gesting consistency in the measurements. Furthermore, the
model yielded an F-statistic of 266.93 with a P < 0.0001,
confirming that the model is statistically significant and
that at least one of the predictor variables had a statistically
significant effect on oil content.

All variables included in the model showed a significant
effect (P<0.05) on oil content, with bunch weight (BW)

TABLE 2. Regression analysis of variables affecting yield (OC): model
estimates and fits statistics.

Variable P:;E::::gr Sl::\r%arrd t-value P-value VIF
Intercept ~ -10043.0 929.12 -10.81 <0.0001 -

AWpf 123.73 46.36 2.67 0.0090 1.67
0/Fnf 34.97 417 8.38 <0.0001 1.26
0/DMpf 54.75 9.0 6.09 <0.0001 1.44
M/Mnpf -61.55 5.05 -10.22 <0.0001 1.24
BW 0.31 0.01 29.43 <0.0001 1.86
RN 31.95 9.05 3.53 0.0007 2.05
NNF 4.21 1.68 2.51 0.0137 5.69
NFW 1.68 0.26 6.45 <0.0001 a7
WPF 3.23 0.23 14.0 <0.0001 7.63

VIF: Variance inflation factor.

identified as the most influential predictor (Tab. 2). The
analysis revealed that increases in oil content in partheno-
carpic fruits and the number of rachillae (RN) are positively
associated with oil yield. Overall, the developed regression
model proved to be a robust and accurate tool for explaining
and predicting oil yield in the Elaeis oleifera x E. guineensis
(O x G) hybrid, providing key information for decision-
making in breeding and genetic selection programs.

We performed an ANOVA to evaluate the individual and
combined effects of auxin (hormone) application and its
different doses on key variables related to oil content. This
analysis included the variables previously identified in the
regression model and others relevant to oil palm productiv-
ity, as presented in Table 3. The ANOVA results revealed
significant effects of hormone, doses, and interaction on
several analyzed variables. Auxin application had a sig-
nificant impact on increasing bunch oil percentage (O/B)
and the average weight of parthenocarpic fruits (AWpf)
(Figs. 3A and 3B).

On the other hand, the dose factor significantly affected
most of the evaluated variables, except M/Mnpf and RN,
indicating that the level of auxin application directly in-
fluenced bunch formation and composition. Moreover, the
hormone x dose interaction (H x D) was significant for
multiple key variables, including BW, S/B, O/B, OC, AWpf,
and O/Fnf. This effect was evident in variables such as oil
content (OC), oil-to-fruit ratio in normal fruits (O/Fnf),
and the weight of parthenocarpic fruits (WPF). Notably,
although the highest dose of NAA (1200 mg L) showed
a prominent effect, the intermediate dose of NAAS (450
mg L) presented very similar values, since it increased
both BW and O/B (Figs. 3A and 3C), clearly reflected in
the oil content (OC) (Fig. 3D). Additionally, fruit set (Fig.
3E) was equally effective with auxin application (artificial
pollination) and the control treatment (assisted pollina-
tion). These results indicated that the hormone effect on
these variables depended on the applied dose, reflecting a
differential response among the evaluated variables.

TABLE 3. ANOVA Type Il F-values for the effects of hormone, dose, and their interaction.

Effects df BW 0/B 0c AWpf 0/Fnf 0/DMpf  M/Mnpf RN NNF NFW WPF
Hormone 1 1.88 2.16 411” 0.04 5.87" 0.04 0.03 2.88 0.83 3.47 0.25 1.94
Dose 2 0.78* 2.56” 15.80" 5.35% 12.19* 3.48” 3.14* 2.65 0.17 15.54* 41.54* 34.10"
HxD 2 1.27* 1.60~ 416* 4.25* 0.37* 3.49% 0.65 1.69 2.68 0.21 0.17 0.74

df (degrees of freedom), BW (bunch weight), S/B (stalk-to-bunch ratio), 0/B (oil-to-bunch ratio), OC (oil content), AWpf (average weight of parthenocarpic fruit), O/Fnf (oil-to-fruit ratio in normal
fruits), O/DMpf (oil-to-dry-mesocarp ratio in parthenocarpic fruits), M/Mnpf (moisture-to-mesocarp ratio in parthenocarpic fruits), RN (rachillae number), NNF (number of normal fruits), NFW
(normal fruit weight), WPF (weight of parthenocarpic fruits). *P<0.05.
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Discussion

The agronomic management of the interspecific hybrid (O
x G) presents significant challenges for oil palm growers,
particularly due to its low natural pollination rate (Corley
& Tiker, 2015). This limitation has led to the widespread
adoption of artificial pollination using NA A as a key strat-
egy to ensure commercial production (Mosquera-Montoya
et al., 2023). In this context, understanding the factors that
influence the hybrid’s agronomic performance is essential
for optimizing its management and productivity.

Results of this study identified the key variables that de-
termine the hybrid’s agronomic performance, providing
strategic information useful for strengthening selection
and breeding programs. In particular, the traits that
showed a significant and positive correlation with oil yield
were especially relevant, as their variation in the same
direction represented a strategic factor for yield optimi-
zation (Krualee et al., 2013; Rios et al., 2018; Singh et al.,
2014). These variables included FS, BW, WPNF, and O/B,
particularly when associated with parthenocarpic fruits
(O/DMpf, PFBO). Altogether, these traits explained the
productive behavior of the hybrid, since adequate fruit set
enables subsequent fruit development (Socha et al., 2019),
increasing fruit weight and, consequently, bunch weight.
This enhances the fruit-to-bunch and oil-to-bunch ratios
(Henson & Dolmat, 2004; Socha et al., 2019; Swaray et al.,
2021).

Similarly, the PCA and cluster analysis enabled the identi-
fication of the variables with the most significant influence
on oil yield (OC), namely the oil content in the mesocarp
of normal fruits (O/DMnf) and parthenocarpic fruits (O/
DMpf), as well as the average weight of parthenocarpic
fruits (AWpf). In contrast to these yield-promoting vari-
ables, mesocarp moisture content and seed-related traits
negatively impacted performance. An increase in moisture
content is typically associated with a lower oil-to-mesocarp
ratio, which also does not favor yield and is often associ-
ated with a decline in oil quality during storage (Basyuni
et al., 2017; Romero et al., 2025). Likewise, the presence
of seeds and endocarp in normal fruits is also considered
disadvantageous, as noted by several authors (Rios et al.,
2018; Tanya et al., 2021), since their absence allows for a
greater proportion of the fruit to be composed of fleshy
mesocarp, thereby enhancing the actual production of
marketable oil (Corley & Tiker, 2015; Htwe et al., 2022) in
spite of constraints on palm kernel oil production.

The results described above were consistent with the
developed regression model (Tab. 2), in which the most

statistically significant variables were bunch weight and
those primarily associated with parthenocarpic fruits.
Thus, parthenocarpic fruits and related variables emerge
as the most critical factors for optimizing oil production
in the hybrid. Several studies have demonstrated that the
induction of parthenocarpic fruits through auxin applica-
tion is a practice that not only ensures fruit formation but
also significantly enhances crop profitability by increasing
yield (Hormaza Martinez et al., 2010; Mosquera-Montoya
et al., 2023; Romero et al., 2021).

Our results revealed significant effects of the hormone,
dose, and interaction on several analyzed variables. In
particular, auxin application had a significant effect on
bunch weight (BW), oil-to-bunch ratio (O/B), and the aver-
age weight of parthenocarpic fruits (AWpf). Similar results
with auxin application are reported by Caydn Salinas et
al. (2022), Romero et al. (2021), and Daza et al. (2020),
who demonstrate that auxin use enhances the oil-to-dry
mesocarp ratio, oil-to-bunch ratio, bunch weight, and fruit
set (FS). The latter (FS) showed values exceeding the ideal
fruit set threshold (> 80%) as reported by Mohd Haniff
and Mohd Roslan (2002). It is essential to highlight that,
although the highest dose of NAA (1200 mg L) exhibited
outstanding effects on OB and OC—also reported by
Romero et al. (2021)—the sodium salt form of 1-naphthale-
neacetic acid (NAAS) at an intermediate dose (450 mg L™)
proved to be similarly effective in this study, which may
be attributed to their solubility and transport properties.
NAAS, being more soluble, might be absorbed more effi-
ciently, leading to distinct physiological responses. These
treatments not only increased fruit and bunch biomass but
also enhanced oil production efficiency, with a clear effect
on oil yield (OC) (Fig. 3). Thomas et al. (1973) report that
in oil palms, auxins are the group of hormones primarily
responsible for inducing parthenocarpic fruit formation.
More recent evaluations, in which other hormones such as
gibberellins and an ethylene precursor were tested, confirm
that auxins were the most effective in inducing partheno-
carpy, with a direct impact on yield (Cayoén et al., 2022;
Daza et al., 2020). Auxins promote optimal fruit develop-
ment through hormonal signaling that triggers the trans-
formation of the ovary into fruit, enhances fruit set, and
stimulates cell division (Montoya et al., 2023; Pandolfini et
al.,2007; Socha et al., 2019; Somyong et al., 2018). This hor-
mone regulates key cell cycle transitions and facilitates cell
elongation by acidifying the extracellular space, activating
proteins such as expansins and xyloglucan endotransglu-
cosylase/hydrolases. These proteins relax the cell wall and
enable cell expansion by allowing water influx into the cell
(Campanoni & Nick, 2005; Perrot-Rechenmann, 2010), and
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auxins can also increase sink activity. Collectively, these
processes support growth and biomass accumulation in
the mesocarp (Bennett & Leyser, 2014; Romero et al., 2021;
Zhang et al., 2021). These findings open opportunities for
further research involving the use of this molecule as a
potential sustainable intensification strategy, understood
as productivity improvement through efficient input use
(Lerner et al., 2017; Sekaran et al., 2021).

Altogether, the results reaffirm the ability of auxins to en-
hance yield and profitability, considering the cost-benefit
trade-off when compared to assisted pollination, due to the
increase in oil output, making it a highly beneficial strategy
for oil palm growers (Mosquera-Montoya et al., 2023).

An interesting response was observed with the highest dose
of NAAS (1200 mg L™), which led to a decrease in bunch
weight and oil content. This effect was likely due to the
disruption caused by supra-optimal doses on hormonal ho-
meostasis and growth regulation. At high concentrations,
auxins can become toxic, and when applied exogenously,
synthetic auxins are less susceptible to homeostatic control
mechanisms, such as degradation, conjugation, transport,
or sequestration, compared to natural auxins (Mellor et al.,
2016; Taiz et al., 2017). This underscores the importance of
applying appropriate doses when inducing parthenocarpic
fruit formation.

These findings help clarify the behavior of the variables
that explain oil yield in the hybrid in response to auxin
application, highlighting their role in bunch formation
and architecture, biomass accumulation, and improving
oil production efficiency. This supports the progressive
replacement of oil palm plantations in recent years in Co-
lombia (Avila et al., 2016; Rincén et al., 2013; Romero et al.,
2021), due to the hybrid’s direct impact on productivity, as
well as its high profitability and sustainability.

Conclusions

The variables derived from the analysis of bunch composi-
tion effectively explained the productive performance of the
interspecific hybrid O x G. The developed model identified
key variables that, collectively, provided valuable insights
for genetic improvement programs targeting this hybrid.
Applying auxins significantly enhanced crop productiv-
ity, primarily by promoting fruit set, in a similar manner
to assisted pollination, and by increasing bunch biomass,
especially through the induction of parthenocarpic fruits.
These fruits, lacking seeds and endocarp, have a higher
mesocarp proportion, resulting in increased oil content

10

per bunch. The optimal doses were 450 mg L™ of NAAS
and 1200 mg L™ of NAA, highlighting the importance of
using appropriate concentrations to induce parthenocarpy
effectively. These findings confirmed the potential of aux-
ins as a strategy to boost oil production, with significant
economic implications that enhance crop profitability and
strengthen the sustainability of the oil palm sector.

Acknowledgments

We acknowledge the help of Juan Cuasquer, researcher at
the International Center for Tropical Agriculture (CIAT),
for his assistance in data analysis. This research was made
possible because of the financial support provided by
Palmeiras Colombia S.A.S. We express our sincere grati-
tude for this support, which was essential to successfully
complete this study.

Conflict of interest statement

The authors declare that there is no conflict of interests
regarding the publication of this article.

Author’s contributions

KAML and ALBO designed and conducted field experi-
ments. JEPD, KAML, and DMAM contributed to data
analysis. KAML, DMAM, and HEBL prepared the draft
of the manuscript. All authors reviewed and approved the
final version.

Literature cited

Arias, D., Gonzélez, M., Prada, F., Ayala-Diaz, I., Montoya, C., Daza,
E., & Romero, H. M. (2015). Genetic and phenotypic diversity
of natural American oil palm (Elaeis oleifera (H.B.K.) Cortés)
accessions. Tree Genetics & Genomes, 11(6), Article 122. https://
doi.org/10.1007/sl1295—015—0946—‘y

Avila-Diazgranados, R. A., Daza, E. S., Navia, E., & Romero, H. M.
(2016). Response of various oil palm materials (Elaeis guineen-
sisand Elaeis oleifera x Elaeis guineensis interspecific hybrids)
to bud rot disease in the southwestern oil palm-growing area
of Colombia. Agronomia Colombiana, 34(1), Article 53760.
https://doi.org/10.15446/agron.colomb.v34n1.53760

Azzeme, A. M., Abdullah, S. N. A, Aziz, M. A., & Megat Wahab, P.
E. (2020). Overexpression of oil palm EgDREBI in tomato de-
creased fruit size and produced parthenocarpic fruits. Biologia
Plantarum, 64(1), 58—67. https://doi.org/10.32615/bp.2019.084

Basyuni, M., Amri, N., Putri, L. A. P.,, Syahputra, I., & Arifiyanto,
D. (2017). Characteristics of fresh fruit bunch yield and the
physicochemical qualities of palm oil during storage in North
Sumatra, Indonesia. Indonesian Journal of Chemistry, 17(2),
182-190. https://doi.org/10.22146/ijc.24910

Bennett, T., & Leyser, O. (2014). The auxin question: A philosophical
overview. In E. Zazimalov4, J. PetrdSek, & E. Benkova (Eds.),
Auxin and its role in plant development (pp. 3—19). Springer.
https://doi.org/10.1007/978-3-7091-1526-8_1

Agron. Colomb. 43(2) 2025


https://doi.org/10.1007/s11295-015-0946-y
https://doi.org/10.1007/s11295-015-0946-y
https://doi.org/10.15446/agron.colomb.v34n1.53760
https://doi.org/10.32615/bp.2019.084
https://doi.org/10.22146/ijc.24910
https://doi.org/10.1007/978-3-7091-1526-8_1

Campanoni, P., & Nick, P. (2005). Auxin-dependent cell division
and cell elongation. 1-naphthaleneacetic acid and 2,4-dichlo-
rophenoxyacetic acid activate different pathways. Plant Physi-
ology, 137(3), 939-948. https://doi.org/10.1104/pp.104.053843

Cayon Salinas, D. G., Ligarreto Moreno, G. A., Magnitskiy, S.,
Rosero, G., & Leguizamén, O. (2022). Application of naph-
thalene acetic acid and gibberellic acid favours fruit induction
and development in oil palm hybrid (Elaeis oleifera x Elaeis
guineensis). Experimental Agriculture, 58, Article e35. https://
doi.org/10.1017/s001447972200031x

Chew, C.L.,Ng,C.Y.,Hong, W. 0., Wu, T. Y,, Lee, Y.-Y., Low, L. E,,
Kong, P. S., & Chan, E. S. (2021). Improving sustainability of
palm oil production by increasing oil extraction rate: a review.
Food and Bioprocess Technology, 14(4), 573-586. https://doi.
0rg/10.1007/s11947-020-02555-1

Corley, R. H. V., & Tiker, P. B. (2015). The origin and development
of the oil palm industry. In R. H. V. Corley, & P. Tinker (Eds.),
The oil palm (pp. 1-29). John Wiley & Sons Ltd. https://doi.
org/10.1002/9781118953297.ch1

Daza, E., Ayala-Diaz, I, Ruiz-Romero, R., & Romero, H. M. (2020).
Effect of the application of plant hormones on the formation of
parthenocarpic fruits and oil production in oil palm interspe-
cific hybrids (Elaeis oleifera Cortes x Elaeis guineensis Jacq.).
Plant Production Science, 24(3), 354-362. https://doi.org/10.1
080/1343943X.2020.1862681

Fedepalma. (2015). Anuario estadistico 2015: la agroindustria de la
palma de aceite en Colombia y en el mundo 2010-2014. https://
publicaciones.fedepalma.org/index.php/anuario/article/
view/11721

Fedepalma. (2021). Anuario estadistico 2021: principales cifras de la
agroindustria de la palma de aceite en Colombia y en el mundo
2016—-2020. https://publicaciones.fedepalma.org/index.php/
anuario/issue/view/1556

Henson, I. E., & Dolmat, M. T. (2004). Seasonal variation in yield and
developmental processes in an oil palm density trial on a peat
soil: 2. Bunch weight components. Journal of Oil Palm Research,
16(2), 106—120. https://jopr.mpob.gov.my/seasonal-variation-
in-yield-and-developmental-processes-in-an-oil-palm-densi-
ty-trial-on-a-peat-soil-2-bunch-weight-components

Hormaza Martinez, P. A., Forero Herndndez, D. C., Ruiz Romero,
R., & Romero Angulo, H. M. (2010). Fenologia de la palma
de aceite africana (Elaeis guineensis Jacq.) y del hibrido in-
terespecifico (Elaeis oleifera [Kunt] Cortes x Elaeis guineen-
sis Jacq.). Cenipalma. https://repositorio.fedepalma.org/
handle/123456789/80999

Hormaza, P., Mesa Fuquen, E., & Romero, H. M. (2012). Phenology
of the oil palm interspecific hybrid Elaeis oleifera x Elaeis
guineensis. Scientia Agricola, 69(4), 275-280. https://doi.
0rg/10.1590/50103-90162012000400007

Htwe, Y. M., Shi, P,, Zhang, D., Li, Z., Xiao, Y., Yang, Y., Lei, X,,
& Wang, Y. (2022). Programmed cell death may be involved
in the seedless phenotype formation of oil palm. Frontiers
in Plant Science, 13, Article 832017. https://doi.org/10.3389/
fpls.2022.832017

Jain, A. K. (1988). Algorithms for clustering data. Prentice Hall.

Jolliffe, I. T. (2002). Principal component analysis for special
types of data. In I. T. Jolliffe (Ed.), Principal component
analysis (2nd ed., pp. 338-372). Springer. https://doi.
org/10.1007/0-387-22440-8_13

Krualee, S., Sdoodee, S., Eksomtramage, T., & Sereeprasert, V. (2013).
Correlation and path analysis of palm oil yield components
in oil palm (Elaeis guineensis Jacq.). Agriculture and Natural
Resources, 47(4), 528—533. https://1i01.tci-thaijo.org/index.php/
anres/article/view/243092

Lerner, A. M., Zuluaga, A. F,, Chard, J., Etter, A., & Searchinger, T.
(2017). Sustainable cattle ranching in practice: moving from
theory to planning in Colombia’s livestock sector. Environ-
mental Management, 60(2), 176—-184. https://doi.org/10.1007/
$00267-017-0902-8

Liu, J., Zhai, R,, Liu, F,, Zhao, Y., Wang, H., Liu, L., Yang, C., Wang,
Z.,Ma, F.,, & Xu, L. (2018). Melatonin induces parthenocarpy
by regulating genes in gibberellin pathways of ‘Starkrimson’
pear (Pyrus communis L.). Frontiers in Plant Science, 9, Article
946. https://doi.org/10.3389/fpls.2018.00946

Mandal, N. K., Kumari, K., Kundu, A., Arora, A., Bhowmick, P.
K., Iquebal, M. A., Jaiswal, S., Behera, T. K., Munshi, A. D., &
Dey, S. S. (2022). Cross-talk between the cytokinin, auxin, and
gibberellin regulatory networks in determining parthenocarpy
in cucumber. Frontiers in Genetics, 13, Article 957360. https://
doi.org/10.3389/fgene.2022.957360

Mellor, N., Band, L. R., Pénc¢ik, A., Novak, O., Rashed, A., Holman,
T., Wilson, M. H., Vo83, U., Bishopp, A., King, J. R., Ljung,
K., Bennett, M. J., & Owen, M. R. (2016). Dynamic regula-
tion of auxin oxidase and conjugating enzymes AtDAOI and
GH3 modulates auxin homeostasis. Proceedings of the Na-
tional Academy of Sciences, 113(39), 11022-11027. https://doi.
org/10.1073/pnas.1604458113

Mohd Haniff, H., & Mohd Roslan, N. (2002). Fruit set and
oil palm bunch components. Journal of Oil Palm Re-
search, 14(2), 24-33. https://jopr.mpob.gov.my/fruit-set-
and-oil-palm-bunch-components

Montoya, C., Mejia-Alvarado, F. S., Botero-Rozo, D., Ayala-Diaz,
I. M., & Romero, H. M. (2023). Parthenocarpy-related genes
induced by naphthalene acetic acid in oil palm interspecific O
x G [Elaeis oleifera (Kunth) Cortés x Elaeis guineensis Jacq.]
hybrids. Frontiers in Genetics, 14, Article 1099489. https://doi.
org/10.3389/fgene.2023.1099489

Mosquera-Montoya, M., Camperos, J. E., Ruiz, E., Hernandez, D.,
Garcia, A., Vargas, L. E., Mesa, E., Munévar, D., & Sinisterra,
K. (2023). Evidence of sustainable intensification in the produc-
tion of palm oil from crops planted with Elaeis oleifera x Elaeis
guineensis in Colombia. Frontiers in Sustainable Food Systems,
7, Article 1217653. https://doi.org/10.3389/fsufs.2023.1217653

Murphy, D. J., Goggin, K., & Paterson, R. R. M. (2021). Oil palm in
the 2020s and beyond: challenges and solutions. CABI Agri-
culture and Bioscience, 2(1), Article 39. https://doi.org/10.1186/
$43170-021-00058-3

Nieto Mogollon, D. I, Venturini, O. J., Ocampo Batlle, E. A., Mar-
tinez Gonzdlez, A., Munar-Florez, D. A., Ramirez-Contreras,
N. E., Garcia-Nunez, J. A., Borges, P. T., & Silva Lora, E. E.
(2024). Environmental and energy issues in biodiesel produc-
tion using palm oil from the interspecific hybrid OxG and
Elaeis guineensis: a case study in Colombia. Oilseeds and fats,
Crops and Lipids-OCL, 31, Article 25. https://doi.org/10.1051/
0cl/2024020

Pandolfini, T., Molesini, B., & Spena, A. (2007). Molecular dissection
of the role of auxin in fruit initiation. Trends in Plant Science,
12(8), 327-329. https://doi.org/10.1016/j.tplants.2007.06.011

Miguez-Lopez, Balaguera-Lopez, Pacheco-Diaz, Bolivar-Ortiz, and Arias-Moreno: Influence of naphthaleneacetic acid on the yield and bunch composition 1

of the interspecific O x G hybrid of oil palm


https://doi.org/10.1104/pp.104.053843
https://doi.org/10.1017/s001447972200031x
https://doi.org/10.1017/s001447972200031x
https://doi.org/10.1007/s11947-020-02555-1
https://doi.org/10.1007/s11947-020-02555-1
https://doi.org/10.1002/9781118953297.ch1
https://doi.org/10.1002/9781118953297.ch1
https://doi.org/10.1080/1343943X.2020.1862681
https://doi.org/10.1080/1343943X.2020.1862681
https://publicaciones.fedepalma.org/index.php/anuario/article/view/11721
https://publicaciones.fedepalma.org/index.php/anuario/article/view/11721
https://publicaciones.fedepalma.org/index.php/anuario/article/view/11721
https://publicaciones.fedepalma.org/index.php/anuario/issue/view/1556
https://publicaciones.fedepalma.org/index.php/anuario/issue/view/1556
https://jopr.mpob.gov.my/seasonal-variation-in-yield-and-developmental-processes-in-an-oil-palm-density-trial-on-a-peat-soil-2-bunch-weight-components/
https://jopr.mpob.gov.my/seasonal-variation-in-yield-and-developmental-processes-in-an-oil-palm-density-trial-on-a-peat-soil-2-bunch-weight-components/
https://jopr.mpob.gov.my/seasonal-variation-in-yield-and-developmental-processes-in-an-oil-palm-density-trial-on-a-peat-soil-2-bunch-weight-components/
https://repositorio.fedepalma.org/handle/123456789/80999
https://repositorio.fedepalma.org/handle/123456789/80999
https://doi.org/10.1590/S0103-90162012000400007
https://doi.org/10.1590/S0103-90162012000400007
https://doi.org/10.3389/fpls.2022.832017
https://doi.org/10.3389/fpls.2022.832017
https://doi.org/10.1007/0-387-22440-8_13
https://doi.org/10.1007/0-387-22440-8_13
https://li01.tci-thaijo.org/index.php/anres/article/view/243092
https://li01.tci-thaijo.org/index.php/anres/article/view/243092
https://doi.org/10.1007/s00267-017-0902-8
https://doi.org/10.1007/s00267-017-0902-8
https://doi.org/10.3389/fpls.2018.00946
https://doi.org/10.3389/fgene.2022.957360
https://doi.org/10.3389/fgene.2022.957360
https://doi.org/10.1073/pnas.1604458113
https://doi.org/10.1073/pnas.1604458113
https://jopr.mpob.gov.my/fruit-set-and-oil-palm-bunch-components
https://jopr.mpob.gov.my/fruit-set-and-oil-palm-bunch-components
https://doi.org/10.3389/fgene.2023.1099489
https://doi.org/10.3389/fgene.2023.1099489
https://doi.org/10.3389/fsufs.2023.1217653
https://doi.org/10.1186/s43170-021-00058-3
https://doi.org/10.1186/s43170-021-00058-3
https://doi.org/10.1051/ocl/2024020
https://doi.org/10.1051/ocl/2024020
https://doi.org/10.1016/j.tplants.2007.06.011

Pearson, K. (1900). I. Mathematical contributions to the theory of
evolution. — VII. On the correlation of characters not quan-
titatively measurable. Philosophical Transactions of the Royal
Society of London. Series A, Containing Papers of a Math-
ematical or Physical Character, 195(262-273), 1-47. https://doi.
org/10.1098/rsta.1900.0022

Perrot-Rechenmann, C. (2010). Cellular responses to auxin: Division
versus expansion. Cold Spring Harbor Perspectives in Biology,
2(5), Article a001446. https://doi.org/10.1101/cshperspect.
a001446

Pirker, J., Mosnier, A., Kraxner, F., Havlik, P., & Obersteiner, M.
(2016). What are the limits to oil palm expansion? Global
Environmental Change, 40, 73-81. https://doi.org/10.1016/j.
gloenvcha.2016.06.007

Prada, C., F., & Romero, H. M. (2012). Muestreo y andlisis de raci-
mos en el cultivo de la palma de aceite. Tecnologias para la
agroindustria de la palma de aceite: guia para facilitadores.
Javegraf, Bogota, Colombia. https://repositorio.fedepalma.
org/handle/123456789/107697

Rincén, S. M., Hormaza, P. A., Moreno, L. P., Prada, E., Portillo, D.
J., Garcia, J. A., & Romero, H. M. (2013). Use of phenological
stages of the fruits and physicochemical characteristics of the
oil to determine the optimal harvest time of oil palm inter-
specific OxG hybrid fruits. Industrial Crops and Products, 49,
204-210. https://doi.org/10.1016/j.indcrop.2013.04.035

Rios, S. A., Cunha, R. N. V,, Lopes, R., Barcelos, E., Rocha, R. N.
C., & Lima, W. A. A. (2018). Correlation and Path analysis
for yield components in Dura oil palm germplasm. Industrial
Crops and Products, 112, 724-733. https://doi.org/10.1016/j.
indcrop.2017.12.054

Romero, H. M., Daza, E., Ayala-Diaz, I., & Ruiz-Romero, R. (2021).
High-oleic palm oil (hopo) production from parthenocarpic
fruits in oil palm interspecific hybrids using naphthalene acetic
acid. Agronomy, 11(2), Article 290. https://doi.org/10.3390/
agronomy11020290

Romero, H. M., Ruiz-Romero, R., Caicedo-Zambrano, A. F., Ayala-
Diaz, I, & Rodriguez, J. L. (2025). Determining the optimum
harvest point in oil palm interspecific hybrids (OxG) to
maximize oil content. Agronomy, 15(4), Article 887. https://
doi.org/10.3390/agronomy15040887

Rosero, G., Santacruz, L., & Carvajal, S. (2017). Influencia del destape
delainflorescencia en la polinizacion asistida del hibrido OxG.
Palmas, 38(1), 49-62. https://publicaciones.fedepalma.org/
index.php/palmas/article/view/12044

Ruiz-Alvarez, E., Daza, E. S., Caballero-Blanco, K., & Mosquera-
Montoya, M. (2021). Complementing assisted pollination
with artificial pollination in oil palm crops planted with in-
terspecific hybrids O x G (Elaeis guineensis x Elaeis oleifera):
Is it profitable? Oilseeds and fats, Crops and Lipids - OCL, 28,
Article 27. https://doi.org/10.1051/0cl/2021014

SAS - Statistical Analysis Software Institute Inc. (2013). The sta-

tistical analysis software (SAS®) version 9.04. SAS Institute
Inc., Cary.

12

Sekaran, U., Lai, L., Ussiri, D. A. N., Kumar, S., & Clay, S. (2021). Role
of integrated crop-livestock systems in improving agriculture
production and addressing food security - A review. Journal
of Agriculture and Food Research, 5, Article 100190. https://
doi.org/10.1016/j.jafr.2021.100190

Singh, R., Low, E.-T. L., Ooi, L. C.-L., Ong-Abdullah, M., Nookiah,
R., Ting, N.-C., Marjuni, M., Chan, P.-L., Ithnin, M., Manaf,
M. A. A, Nagappan, J., Chan, K.-L,, Rosli, R., Halim, M. A,,
Azizi,N., Budiman, M. A, Lakey, N., Bacher, B., Van Brunt, A,
..., & Sambanthamurthi, R. (2014). The oil palm VIRESCENS
gene controls fruit colour and encodes a R2R3-MYB. Nature
Communications, 5(1), Article 4106. https://doi.org/10.1038/
ncomms5106

Socha, J., Cayon, D,, Ligarreto, G., & Chaves, G. (2019). Effect of
pollen doses on fruit formation and oil production in two
hybrid palm genotypes (Elaeis oleifera H.B.K. Cortes x Elaeis
guineensis Jacq.). Agronomia Colombiana, 37(1), 12-17. https://
doi.org/10.15446/agron.colomb.v37n1.75313

Somyong, S., Walayaporn, K., Jomchai, N., Naktang, C., Yody-
ingyong, T., Phumichai, C., Pootakham, W., & Tangphat-
sornruang, S. (2018). Transcriptome analysis of oil palm
inflorescences revealed candidate genes for an auxin signaling
pathway involved in parthenocarpy. Peer], 6, Article €5975.
https://doi.org/10.7717/peerj.5975

Swaray, S., Amiruddin, M. D., Rafii, M. Y., Jamian, S., Ismail, M.
F., Jalloh, M., Eswa, M., Marjuni, M., Akos, I. S., & Yusuff, O.
(2021). Oil palm inflorescence sex ratio and fruit set assess-
ment in dura X pisifera biparental progenies on fibric peat
soil. Agronomy, 11(7), Article 1380. https://doi.org/10.3390/
agronomyl11071380

Taiz, L., Zeiger, E., Moller, I. M., & Murphy, A. S. (2017). Fisiologia
e desenvolvimento vegetal (6th ed.). Artmed.

Tanya, P., Hadkam, Y., Taeprayoon, P., & Srinives, P. (2013). Esti-
mates of repeatability and path coefficient of bunch and fruit
traits in Bang Boet Dura oil palm. Journal of Oil Palm Re-
search, 25(1), 108-115. https://jopr.mpob.gov.my/wp-content/
uploads/2013/10/joprv25april2013-Patcharinl.pdf

Thomas, R. L., Seth, A. K., Chan, K. W., & Ooi, S. C. (1973). In-
duced parthenocarpy in the oil-palm. Annals of Botany, 37(3),
447-452. https://doi.org/10.1093/oxfordjournals.aob.a084711

Van Hintum, Th. J. L., Brown, A. H. D., Spillane, C., & Hodgkin,
T. (2000). Core collections of plant genetic resources (Technical
Bulletin No. 3). International Plant Genetic Resources Institute
IPGRI. Rome, Italy. https://research.wur.nl/en/publications/
core-collections-of-plant-genetic-resources

Zhang, S., Gu, X, Shao, J., Hu, Z., Yang, W., Wang, L., Su, H., &
Zhu, L. (2021). Auxin metabolism is involved in fruit set and
early fruit development in the parthenocarpic tomato “R35-
P”. Frontiers in Plant Science, 12, Article 671713. https://doi.
org/10.3389/fpls.2021.671713

Agron. Colomb. 43(2) 2025


https://doi.org/10.1098/rsta.1900.0022
https://doi.org/10.1098/rsta.1900.0022
https://doi.org/10.1101/cshperspect.a001446
https://doi.org/10.1101/cshperspect.a001446
https://doi.org/10.1016/j.gloenvcha.2016.06.007
https://doi.org/10.1016/j.gloenvcha.2016.06.007
https://repositorio.fedepalma.org/handle/123456789/107697
https://repositorio.fedepalma.org/handle/123456789/107697
https://doi.org/10.1016/j.indcrop.2013.04.035
https://doi.org/10.1016/j.indcrop.2017.12.054
https://doi.org/10.1016/j.indcrop.2017.12.054
https://doi.org/10.3390/agronomy11020290
https://doi.org/10.3390/agronomy11020290
https://doi.org/10.3390/agronomy15040887
https://doi.org/10.3390/agronomy15040887
https://publicaciones.fedepalma.org/index.php/palmas/article/view/12044
https://publicaciones.fedepalma.org/index.php/palmas/article/view/12044
https://doi.org/10.1051/ocl/2021014
https://doi.org/10.1016/j.jafr.2021.100190
https://doi.org/10.1016/j.jafr.2021.100190
https://doi.org/10.1038/ncomms5106
https://doi.org/10.1038/ncomms5106
https://doi.org/10.15446/agron.colomb.v37n1.75313
https://doi.org/10.15446/agron.colomb.v37n1.75313
https://doi.org/10.7717/peerj.5975
https://doi.org/10.3390/agronomy11071380
https://doi.org/10.3390/agronomy11071380
https://jopr.mpob.gov.my/wp-content/uploads/2013/10/joprv25april2013-Patcharin1.pdf
https://jopr.mpob.gov.my/wp-content/uploads/2013/10/joprv25april2013-Patcharin1.pdf
https://doi.org/10.1093/oxfordjournals.aob.a084711
https://research.wur.nl/en/publications/core-collections-of-plant-genetic-resources
https://research.wur.nl/en/publications/core-collections-of-plant-genetic-resources
https://doi.org/10.3389/fpls.2021.671713
https://doi.org/10.3389/fpls.2021.671713

