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Abstract: The low annual growth rate of the stipe in oil palm progenies is desirable to increase
these crops’ productive and economic life. Recurrent reciprocal selection (R.R.S.) has allowed the
development of oil palm populations through several breeding cycles with an increased frequency
of favorable alleles associated with traits of interest. The present study evaluated families derived
from Deli dura x African dura crosses. For 12 years, the yield, vegetative characteristics, and the
amount of oil in seven dura progenies were assessed to estimate, from the information collected, the
genetic parameters, heritability, and phenotypic correlations among quantitative genetic traits of
high-yielding dwarf progenies. The analysis was carried out using analysis of variance, followed
by a comparison of means for all estimated traits. The effect of the progenies was highly significant
(p < 0.01) for most traits. The yield values, expressed in fresh fruit bunches (FFB) for the progenies,
ranged from 165 to 208 kg per palm per year. The oil-to-bunch ratio (O/B) ranged from 17% to 19%,
with an overall average of 18%. One of the essential characteristics in this study was the vertical
growth of the stipe. Progenies P6 and P7 were identified as those with the lowest annual increase
in height, with values of 0.29 and 0.33 m year~!. The values indicate that these are slow-growing
cultivars with a high FFB yield and O/B. The highest heritabilities were found for the vegetative trait
height (71.62%) and the number of leaflets (46.64%). The development of dura parents with slow
growth characteristics in combination with a high bunch and oil production allows extending the
productive life of the crop to more than 35 years, providing added value to obtaining differentiated
cultivars of oil palm.

Keywords: introgression; heritability; genetic traits; reduced growth; oil palm

1. Introduction

The oil palm (Elaeis guineensis Jacq.) is a perennial oilseed crop grown in humid
tropical regions. The agronomic importance of oil palm is the result of its high capacity
to produce oil, producing between 3 and 10 t ha~! in optimal conditions [1]. It is the
second-largest source of vegetable oil globally after soy, and more than 23 million hectares
are cultivated globally. Latin America is one of the continents called upon to satisfy the
global demand for oils. It has enough additional hectares of land suitable for oilseed crops
like oil palm.

In 2050, it is estimated that production will reach 240 million tons [2]. One of the
reasons for increasing palm oil production is the high demand for vegetable oils and
biofuels. Colombia ranks fourth worldwide, behind Indonesia, Malaysia, and Thailand,
and the first in Latin America in oil production [1].

In oil palm, there are three fruit forms: dura, pisifera, and tenera, the latter being an
intraspecific hybrid between palms with dura x pisifera-fruits forms [3]. The fruit types that
define the thickness or absence of the endocarp or shell are encoded by the Sh gene [4,5].
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Commercial cultivars are of the tenera type because they have higher mesocarp contents in
the fruit than the dura type and, therefore, higher oil contents per hectare [6,7].

To produce commercial seeds, the female parent is always dura [8]. Genetic breeding
programs in oil palm, including the MPOB (Malaysian Palm Oil Board) in Malaysia, CIRAD
(La Recherche Agronomique pour de Developement) in France, A.S.D. (oil palm seeds
and clones) in Costa Rica, and others located in Ecuador and Colombia, have carried out
collections or exchanges of oil palm germplasm as an essential resource for developing
new cultivars [8]. In this sense, the development of progenies plays a vital role in identify-
ing high-yield genotypes with high genetic variability and an opportunity to introgress
desirable traits in a breeding program [9].

The Colombian oil palm research center, Cenipalma, has a dura-type progeny test
from Asian and African genotypes. Originally, Deli dura palm genotypes were introduced
to the agricultural station of Lancetillas in Honduras in Central America from Southeast
Asia around the 1940s [10]. Subsequently, selected progenies were taken to Colombia by
the Instituto de Fomento Algodonero (IFA) to the plantations of Patuca and Pepilla in
the Colombian Caribbean, where the best families were crossed with African genotypes.
They gave rise to the first commercial plantations of oil palm in Colombia in the 1960s
with dura-IFA cultivars. Unlike the current plantations around the world that are tenera
type, they were cultivars with dura fruits. Thus, new processes of genetic breeding with
evaluations and selections of the best individuals for their yield components and vegetative
characteristics such as the slow growth of the stipe were performed. Elite dura progenies
were generated from the best selections, introducing slow growth characteristics with high
bunch yields and oil potential. The selected palms were established in the field in 2005 and
are known as the slow-growing dura population or dwarf dura progenies of Cenipalma.

In oil palm, recurrent reciprocal selection (R.R.S.) allows the breeding of two different
populations, independent of the traits of interest. The populations are later combined to
evaluate and select the best for a new breeding cycle, maintaining a high degree of genetic
variation. The cultivation cycle of oil palm is between 25 and 30 years of productive life,
which can be exceeded if reduced growth cultivars with high yields and other characteristics
of interest are generated [11].

The estimates of genetic parameters of the populations under breeding are of great
importance for the breeder since they allow us to know the genetic structure of the pop-
ulations and the genetic control of the characteristics of interest. Furthermore, they are
essential to assess the genetic variability of the populations and guide the selection of the
appropriate breeding method to maximize genetic gains [12-15]. Thus, the objective of this
research was to estimate the behavior of genetic parameters of the main traits of interest
in dwarf oil palm dura populations to optimize the selection and breeding processes of
highly productive cultivars with a longer economic life of the crop.

2. Materials and Methods
2.1. Plant Material

The dwarf dura- or slow-growing population of Cenipalma is made up of seven
progenies of full sibs (FS) from recurrent selection processes of dura-IFA populations
and African dura from Eala in Congo (Former Zaire) [10]. The dura-IFA populations
characterized by high oil production and bunches were crossed with slow-vertical growing
parents, identified in the present study as P1 to P7. The produced progenies were in
the nursery for 12 months and were subsequently transplanted to the final site in 2005.
A randomized block design (RBD) was used with three blocks and 12 plants for each
experimental unit. The measurements were made between 2008 and 2020. In the study
area, the climatic conditions recorded annual rainfalls between 2194 and 4005 mm year’l,
with an average of 3115 mm. The management and agronomic practices were performed
under the plantation standards of the El Palmar de la Vizcaina Experimental Field. They
included balanced fertilization in kilograms per plant of N (1.23), P (0.50), K (2.51), Mg.
(0.34), S (0.21), and B (0.05) according to foliar and soil analysis [16].
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2.2. Data Collection

The data were collected from years three to twelve after planting in the field. The yield
components fresh fruit bunches (FFB), bunch number (BN), and average bunch weight
(BW) were recorded for each palm in all experimental units of the trial two and three
harvest cycles per month.

The values of these performance components were obtained as follows:

n
FFB (kg palm ' yr™') = Y BWTi 1)
i—1

n
BN (bunches palm ! year!) = ) BNi
i1

_ FFB
" BN

Note. n represents the number of harvesting rounds and BWT the total bunch
weight (kg).

Five rounds of vegetative measurements were performed between 2009 and 2020.
The frond production (FP), petiole cross-section (PCS), rachis length (RL), leaflet length
(LL), leaflet width (LW), leaflet number (LN), leaf area (LA), leaf area index (LAI), and the
palm trunk diameter (DI) were calculated using the methodology proposed by Corley and
Breure [16]. To calculate the annual height increase (HT), the palm height was measured
from ground level to the base of leaf 41 according to the palm phyllotaxis [17]. Then HT
was calculated using the formula:

BW (kg)

HT per year (height increase/year) = (height in year t)/(t — 2)

where t is the age of the palm in years from planting date to the time of a given measurement.
The leaf area (LA) was calculated using the equation proposed by [18]:

LA=b X (n x lw)

where:

LA: The leaf area (m?)

n: leaflet number

Iw: leaflet width X leaflet length (cm)

b: correction factor (0.55)

The leaf area index (LAI) is defined as the proportion of leaf area per unit of land area.
It is considered an essential factor in the ability of the crop to capture solar energy [19]. The
LAI was calculated using the following formula:

LAI =LA x FP x planting density /10,000

where:

LA: Leaf area

FP: Frond production (total leaves per palm)

The methodologies proposed before [19,20], modified by Prada and Romero [21], were
used to calculate the oil content and bunch components. Two to three bunches of each
palm were sampled between 2008 and 2020. To avoid seasonal variation over time, mature
bunches (at least five loose fruits on the ground) were sampled at least three months after
the previous sampling of the same palm. The oil traits calculated were mean fruit weight
(M/FW.), spike bunch ratio (S.B.), oil-to-dry mesocarp ratio (ODM), oil-to-fresh mesocarp
ratio (O/FM), oil-to-bunch ratio (O/B), normal fruit-to-bunch ratio (NF/B), fruit set (FS),
mesocarp-to-fruit ratio (M/F), kernel-to-fruit ratio (K/F), and shell-to-fruit ratio (S/F).
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2.3. Statistical Analysis

The data collected were subjected to an analysis of variance (ANOVA) under a gener-
alized linear model, detailed in Table 1, using GENES software and R package version 4.1.1.
Due to the perennial characteristic of cultivation, the years were considered environments
for the linear model. The linear model is presented below:

Yijk =u+ Gi + Bk + A]+ GEI] + sijk

where:
Yjj: is the phenotype of the kth palm of the ith progeny and the jth replicate.
u: is the general average.
G;: is the effect of the ith progeny.
By: is the effect of the kth block.
Aj: is the effect of the jth year.
GEjj: is the interaction between progeny and year.
gijk: is the residual error resulting from environmental contributions.

Table 1. Outline of ANOVA and expected mean squares (EMS) for full-sib progeny analysis.

Scheme df MS EMS
Replicates (R) (r—1) MS1 o2 e + 02 ga+ o%r
Progenies (G) (g—-1) MS2 0% e + 02 ga+ o? g

Year (E) (a—1) MS3 0% e + 02 ga+ oZa

GxE (g—1) (a—1) MS4 o?e+0’ga
Error o%e

o? g = genotype variance, o? ga = interaction between genotype and year variance and 02 e = error.

The averages were compared using the HSD test (honestly significant difference) or
Tukey’s test. The correlation coefficient of class or heritability in the broad sense (H?) was
used to estimate heritability in all the evaluated traits [22].

H2 — o’g
(o2g + o2ga+ o’e)

where:

02 g: genotype variance.

02 ga: interaction between genotype and year variance.

02 e: environment variance.

For the multiple correlations, the Pearson correlation coefficient was used to measure
the degree of association of the quantitative genetic traits of the studied progenies.

3. Results and Discussion
3.1. Yield Component Traits

The mean squares of the analysis of variance for the characteristics FFB, BN, and BW
are presented in Table 2. The progeny and the year effects were significant for all the yield
components. In the same way, significance was found for the G x E interaction in the BN
and BW components but not in FFB, reflecting a consistent behavior of FFB in the years of
evaluation. Nevertheless, although significant differences in the G x E were found, the
variance component for G X E was low compared with the progenies and the reps. The
high significance found (p < 0.01) in FFB, BN, and BW in the evaluated progenies and the
years of evaluation show a high genetic variation that offers a wide selection margin to
explore and advance in the acquisition of highly productive progenies. Arolu et al. [23]
reported similar results in cultivars from Deli dura x Nigeria pisifera. They found high
significance for the effect of the progenies on the yield components (FFB, BN, BW) of the
oil palm crop. Likewise, studies carried out in Indonesia for 23 dura x pisifera progenies
showed significant differences between the years of evaluation [24].
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Table 2. Mean square and variance components for yield traits of dura x dura progenies.
Source of
. o df FFB BNO ABW
Variation
Replicates (R) 2 5329.40 15.29 4.72
Progenies (G) 6 7739.85 ** 47.99 ** 50.45 **
Year (E) 9 29,154.64 ** 782.39 ** 533.39 **
G xE 54 808.50 ns 10.54 ** 3.00 **
Error 138 854.14 3.66 2.02
Variance
components
2 G 231.05(21.5) § 1.25(18.2) 1.58 (40.7)
o2 G.E. ~13.04 (—1.2) 1.96 (28.6) 0.28 (7.2)
o’e 854.14 (79.7) 3.66 (53.3) 2.02 (52.0)

FFB: Fresh fruit bunch (kg/palm~!), BNO: Bunch number (bunches/ %Jalm’l), ABW: Average bunch weight
(kg/bunch), 0>G: progeny variance, 6> GE: progeny by year variance, 0° e error variance, § variance component
as percentage of total variance. ** p < 0.01; non-significant (ns) p > 0.05.

The comparison of means using the Tukey test showed that the FFB trait ranged
between 165 and 208.4 kg palm ™!, with progenies P3 (208.4) and P1 (192.6) standing out,
which were significantly different from the others. The BN component was between 11.04
and 14.25 bunches palm~!. The progenies P5 and P3 were significantly different from the
others and had the highest values with 14.25 and 13.99 bunches palm~!. The values for
the BW were between 15.30 and 18.75 kg bunch !, with outstanding progenies such as P1
(18.75 kg) and P6 (18.15 kg) (Table 3). Noh et al. [25] reported BN values between 5.9 and
11 and BW values between 18 kg and 28.1 kg in Nigerian dura x Deli dura progenies, which
are lower comparing the BN values, and in BW they are above those recorded in this study.

Table 3. Progeny means yield component traits.

Progenies FFB BN ABW
P1 192.62b 11.52 bc 18.75a
P2 173.07 cd 11.75bc 16.71b
P3 208.44 a 13.99 a 1740 b
P4 165.02 d 12.17b 15.30 ¢
P5 182.50 be 14.25a 15.86 c
P6 169.34 cd 11.04 ¢ 18.15a
pP7 166.27 cd 11.64 bc 15.81 ¢
Trial mean 179.61 12.34 16.85
CV (%) 8.94 10.25 7.69
Years after Planting (Y.A.P.)
Y.AP3 185.07 ¢ 20.80 b 915¢g
Y.AP 4 221.70 a 2328 a 955¢g
Y.AP5 206.65 ab 15.87 ¢ 13.02 f
Y.AP.6 193.49 be 13.13d 14.72 e
Y.AP7 175.87 ¢ 9.05 f 19.51 ¢
Y.A.P. 10 207.77 ab 11.76 e 17.71d
Y.AP 11 176.01 ¢ 8.95f 19.76 c
Y.A.P. 12 186.44 ¢ 9.67 £ 19.37 ¢
Y.AP. 13 154.39 d 707 g 21.96Db
Y.AP 14 88.69 e 3.78 h 23.78 a
Young stage mean (A.Y.P. 3-5) 204.47 19.98 10.57
CV (%) 9.00 18.88 20.13
Adult stage mean (Y.A.P. 6-14) 168.95 9.05 19.54
CV (%) 23.13 33.68 14.84
Trial mean 179.61 12.34 16.85
CV (%) 20.75 49.48 29.90

FFB: fresh fruit bunch (kg/palm~1), BN bunch number (bunches/palm~1), ABW average bunch weight (kg/bunch), CV: coefficient of
variation. Means followed by the same letter within the same column are not significantly different at p < 0.05 by Tukey (n = 252).
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For the years of evaluation, the Tukey test showed significant differences (Table 3).
In the first productive years or young stage, the evaluated progenies show a high BN
(between 15 and 20 bunches palmfl) and a low BW (9 to 13 kg bunch™1), in contrast to
the following years when the plant is more adult. The BN values were lower (between 7
and 13 bunches palm’l), and the values increased in the BW (14 to 23 kg bunch~1). This
behavior was typical for the crop, and the values agreed with those reported in commercial
tenera cultivars [16]. The year 14 after planting presented the lowest values for the FFB and
BN traits, mainly due to climatic effects that impacted the crop yield in the CEPV where the
trial was located. The behavior of the precipitation had a decrease of more than 300 mm of
rainfall compared with previous years, with the aggravate, this particular year presented
five months of water deficit with monthly records less than 150 mm (optimal value for
the crop).

3.2. Vegetative Traits

The mean squares for the vegetative characteristics can be observed in Table 4. The
influence of the progenies was highly significant (p < 0.01) in almost all the traits, except in
the DI. In the same way, the effect of the year showed high significance in the vegetative
characteristics, except for the HT This information is essential in determining the growing
stability of the progenies. Since this characteristic presents more than 71% of the genetic
variance, it should have low environmental influence. Studies carried out in dura x pisifera
oil palm progenies showed that the genetic variance component for these vegetative traits
varied between 35.2 and 82.5%. The height characteristic was the most significant genetic
influence [26]; information that contrasts with the results in this study where the most
important genetic effect is for the HT trait, with values from 12% to 71%. Significant
differences were also found for the LAI across progenies and years of evaluation. Recent
works in Elaeis guineensis germplasm record significant directions for this characteristic. [27].

Table 4. Mean square and variance component for vegetative traits of dura x dura progenies.

Source of
Source of af FP PCS RL LL W LN HT LA LAI DI
Replicates (R) 2 50.280 0.100 0.020 119.870 0410 35.200 0.019 0.656 0.495 0.000
Progenie (G) 6 91480 * 0200%  0.640* 520360 ** 3.080 * 410760  0061* 2200 1213%  0.005ns
Year (E) 4 3269.880* 102300  7.610* 27410430  154850* 3276130  0.003ns 58512  13218%  0.347*
GxE 24 2720ms 0.060ns  0.060 ns 75.260 * 0.840 ** 29610ns  0002ns  0454ns  0300ns  0.003 **
Error 68 23880 0.070 0.050 44.380 0.180 28.860 0.002 0.284 0.252 0.000
Variance
components
2 G 4584 (16.3) § 82%9) &g?zg) 20673 (35.8)  0.149 (28.8)  25.410 (46.6) 97'(1)%4) (02'513.196) (015671) 8'2960)
02 GE. ~0331 (-12) (‘9'39%3 ‘2'39%3 8823(10.6)  0.189(364) 0214 (0.4) %9%’ (01'8%9) 0.014 (4.3) %g%l)
o2e 23.880 (84.9) (09'%(; %2?6‘)) 44380 (535)  0.180(348)  28.860 (53.0) ?2'3972) ((’6'?34) (075512) ?3'3_98

FP: Frond production (number of leaf palms ™), PCS: Petiole cross-section (cm?), RL: Rachis length (cm), LL: Leaflet length (cm), LW: Leaflet

width (cm), LN: Leaflet number, HT: Annual palm height (m year‘l), LA: Leaf area (cm?), LAIL: Leaf area index, DI: Diameter of palm trunk

(m), 02 G = progeny variance, o G.E. = progeny by replicate variance, o e = error variance, Negative estimate of variance is considered

zero, § variance component as a percentage of the total variance.* Significant at p < 0.05; ** Significant at p < 0.01; ns non-significant at
p>0.05.

The genotype and year effect showed highly significant differences (p < 0.01) for
the RL characteristic. Arolu. [22] showed significance in the genotype, replicate and
genotype x replicate interaction in this characteristic (RL) traits for dura x pisifera pro-
genies. On the other hand, Myint et al. [27] reported highly significant differences for
the effect of families, populations, and families x populations interaction for the RL trait
in the germplasm of Elaeis guineensis from Senegal. In general, the environmental effect
significantly contributes to the less stable vegetative characteristics, which change with the
years of plant development, as in the specific case of the diameter of the plant stipe

Alvarado and Henry [28] reported that 4 to 5 cycles of cultivation (60 years of field
tests) are necessary to fix the genetic trait of a compact phenotype with acceptable yield
values. The present study recorded values for the different genetic traits of two breeding
cycles with very promising progenies in the compact plant trait and high yields. The
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differences found in this study show a wide variability present among the study progenies,
which will allow progress in obtaining slow-growing cultivars. The slow growth is a vital
characteristic to increase the economic life of oil palm plantations, changing the stage
of replanting close to 25 years. Thus, an increase of 35% more productive life for palm
cultivation could be predicted.

Table 5 shows the vegetative traits of the evaluated progenies and the comparison
between each year of evaluation. The FP averages ranged from 40.74 to 46.67. Only the
progenies P1 and P7 were significantly different (p < 0.01) for this trait. For the PCS trait,
the progenies P3 and P4 were significantly different from the others, with values of 26.32
and 22.68, respectively. The other progenies were similar.

Table 5. Progeny means for vegetative traits.

Progenies FP PCS RL LL w LN HT LA LAI DI
P1 46.67 a 24.16 ab 4.68a 93.78 a 8.71a 157.71a 047 a 7.35a 549 a 0.33a
P2 45.90 ab 23.87 ab 434b 75.09 ¢ 7.62 ¢ 150.49 b 0.43 ab 6.59 cd 5.09 ab 0.33a
P3 41.33 ab 26.32a 476 a 85.46 b 8.57 a 156.98 a 0.42b 7.19 ab 5.17 ab 0.30 be
P4 46.21a 22.68 b 428b 78.68 bc 7.56 ¢ 144.08 ¢ 0.43 ab 6.40d 512b 0.32 ab
P5 43.06 ab 24.01 ab 4.68 a 82.54b 7.86 bc 157.38 a 0.39b 6.54d 472b 0.29 ¢
P6 42.33 ab 24.81 ab 4.69 a 84.57b 8.28 ab 15842 a 029d 7.17 abc 5.43 ab 0.29 ¢
pP7 40.74b 23.50 ab 434b 81.55 bc 7.92 be 154.01 ab 0.33¢ 6.63 bed 5.09b 0.30 ¢
Trial mean 43.75 24.19 454 83.09 8.07 154.15 0.39 6.84 5.16 0.31
CV (%) 5.64 4.72 4.56 7.09 5.61 3.39 16.14 5.60 4.93 5.65
Years after
planting (Y.A.P.)
YAP 4 63.05 a 9.96 d 428 ¢ 103.60 b 5.62d 135.00d 0.38 a 476 e 430Db 0.25a
YAP 6 48.04b 11.84 ¢ 4.77b 11474 a 6.12 ¢ 150.28 ¢ 0.40 a 591d 4.02b 0.26 a
YAP 8 3043 d 40.54b 3.60 d 47.65 ¢ 11.10a 15723 b 041a 6.76 ¢ 294 c 0.25a
YAP 10 37.68 ¢ 12.39 ¢ 4.96 ab 109.41 a 6.58 b 160.03 b 0.40 a 7.61b 4.06 b 0.25a
Y.AP 14 39.53 ¢ 65.66 a 5.06 a 40.07 d 10.96 a 168.23 a 0.39 a 9.16 a 5.16a N.A.
Trial mean 43.75 28.08 454 83.09 8.08 154.15 0.40 6.84 4.10 0.25
CV (%) 28.53 87.34 13.27 43.48 33.66 8.10 2.88 24.43 19.37 1.98

FP: Frond production (number of leaves palm~!), PCS: Petiole cross-section (cm?), RL: Rachis length (m), LL: Leaflet length (cm), LW:
Leaflet width (cm), LN: Leaflet number, HT: Annual palm height (m ~1), LA: Leaf area (cm?), LAI: Leaf area index, DI: Diameter of palm
trunk (m), CV: coefficient of variation. Means followed by the same letter within the same column are not significantly different at p < 0.05
by Tukey (1 = 252).

For the RL trait, two significantly different groups were formed; the progenies P1, P3,
P5, and P6 with values ranging between 4.68 and 4.76, and the progenies P2, P4, and P7
with lower values ranging between 4.28 and 4.34.

For the LL and LW traits, the P1 progeny with values of 93.78 and 8.71 were signifi-
cantly different from the other progenies and stood out for presenting the highest values
for these characteristics of vegetative development. In different Deli dura x AVROS pisifera
progenies, the overall averages for LL and LW were 94.89 and 5.57, respectively [24], values
comparable with this study. The LN was a vegetative trait that did not present a wide
statistical variation between the progenies. Progenies P1, P3, P5, and P6, were grouped
in the same group within the comparisons, and P2 and P7 were in another group. The P4
progeny was significantly different, with the lowest value. LA varied between 6.40 m?
in the P4 progeny and 7.35 m? for the P1 progeny, with a general average for the entire
population of 6.84 m?.

There were significant differences in the evaluated progenies for the LAL The P1
progeny had the highest value (5.49), and the P5 progeny had the lowest (4.72). A range
between 5 and 5.5 has been considered an optimal value for oil palm after ten years of
planting [18,29], which can be achieved through an optimal planting density.

A maximum yield per hectare for commercial 0il palm cultivars could be achieved
with an LAl ranging between 5.5 and 6 [30]. The LAI values presented in this study refer to
year 14 after sowing (last measurement of this characteristic) with a general average for the
entire population of 5.16. The progenies P1 and P6 had LAI values close to 5.5, the optimal
for achieving maximum yields.

The comparisons in the evaluation years show a normal development described for
the crop, where, as the plant grows, some of the vegetative traits also do so, such as LL,
LW, LN, LA, and LAI These vegetative traits define the architecture of the plant, which is
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very important for implementing agronomic practices to reduce labor costs and improve
harvest mechanization [31].

The annual increase in height varied between 0.29 m year~! in the P6 progeny and
0.47 m year~! in the P1 progeny, with a general average of 0.39 m year~! for the entire pop-
ulation evaluated. We also compared this growth rate with commercial cultivars planted
in the same experimental station, under similar soil and management, where the dwarf
dura progenies of Cenipalma showed lower values than the most common cultivars grown
around the world, such as Deli x AVROS, Deli x La Mé and Deli x Yanganbi (Figure 1).
Arolu et al. [22] reported the characteristics of compact Deli dura x Nigeria pisifera culti-
vars, with height increases between 0.22 m year ! and 0.34 m year~! in different tenera
progenies. Studies performed on commercial oil palm cultivars from Deli x AVROS, and
Deli x Ghana recorded annual growth in stem height from 0.90 to 1.20 m [32], values much
higher than those recorded in these Cenipalma dura progenies. In contrast, studies with
interspecific OxG hybrids (Elaeis oleifera x Elaeis guineensis) showed annual increases
in plant height of an average of 0.41 m year !. It ranged between 0.23 m year ! and
0.65m year’1 [33], similar to the results obtained for this study. However, despite the stem
growth rate in our study being highly repeatable (H?) across years, with low GxE, it may
be different when we compare with other locations/environments due to different soil
fertility, water availability, and agronomic management.

From the results obtained in the dura x dura progenies, it is possible to select the best
families and the best palms per family using the family and individual palm selection-FIPS
methodology [34]. The best individuals could be used to develop new dwarf progenies
in a new R.R.S. cycle. For this purpose, individuals growing below 0.20 m year_1 were
identified to create commercial slow growth cultivars and prolong the crops’ economic and
productive life, increasing profitability.

3.3. Bunch Quality Traits

The mean squares of the bunch conformation traits are presented in Table 6. The effect
of the evaluated progenies was highly significant (p < 0.01) for most oil characteristics,
except for ODM, NF/B, and FS These differences indicate great genetic diversity in these
oil traits, broadening the opportunity to select progenitors with good oil characteristics
and advancing in the oil palm breeding program. Studies by Marhalil et al. [35] reported
highly significant differences in these oil characteristics in the evaluated progenies in
germplasms from Nigeria, Zaire, and Cameroon. The influence of the years evaluated
showed highly significant differences (p < 0.01) for all traits considered. The effect of the
interaction between GxE did not present significant differences in ANOVA, except for the
S.B. characteristic (p < 0.05).

Table 6. Mean square and variance component for bunch quality traits of dura x dura progenies.

Source of
Variation df MFW SB ODM OFM OB NFB FS MF K/F S/F
Replicates (R) 2 5.51 3.6 15.52 60.32 18.69 88.1 45.63 18.56 2.53 9.05
Progenies (G) 6 11.62 ** 21.21* 5.86 ns 68.96 ** 20.14 * 158.12 ns 83.51 ns 114.52 ** 47.48 ** 32.74 **
Year (E) 5 42.24 ** 9.00 ** 76.46 ** 94.4 ** 61.26 ** 1037.93 ** 1782.49 ** 98.99 ** 51.7 ** 50.32 **
G xE 30 1.47 ns 1.90 * 7.54 ns 11.78 ns 6.01 ns 85.18 ns 4493 ns 11.83 ns 3.1ns 5.67 ns
Error 82 1.99 1.04 4.84 11.44 5.79 58.35 52.44 11.88 3.07 5.22
2 0.56 1.07 0.09 3.18 0.79 4.05 2.14 5.71 247 1.50
o (23.44) § (45.49) (—1.69) (21.59) (11.83) (5.78) (4.09) (32.47) (44.47) (21.95)
2 GE —0.15 0.25 0.77 0.10 0.06 7.67 -2.15 —0.01 0.01 0.13
o (—6.18) (10.42) (13.98) (0.66) (0.95) (10.94) (—4.09) (—0.08) (0.15) (1.88)
5 1.99 1.04 4.84 11.44 5.79 58.35 52.44 11.88 3.07 5.22
o-e (82.73) (44.10) (87.71) (77.75) (87.23) (83.28) (100) (67.61) (55.37) (76.18)

MFW: Mean fruit weight (gr), SB: Spikes bunch ratio (%), ODM: Oil to dry mesocarp ratio (%), OFM: Oil to fresh mesocarp ratio (%), OB:
Oil to bunch ratio (%), NFB: Normal fruit to bunch ratio (%), FS: Fruit set (%), MF: Mesocarp to fruit ratio (%), KF: Kernel to fruit ratio
(%), SF: Shell to fruit ratio (%), o2 G = progeny variance, 0> GE = progeny by year variance, 6 e = error variance, 6> ga = progeny x year
variance, Negative estimate of variance is considered zero, § variance component as a percentage of the total variance. * Significant at
p < 0.05; ** Significant at p < 0.01; ns non-significant at p > 0.05
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Figure 1. Annual height increment of seven dura x dura progenies and three commercial tenera
cultivars. The red point corresponds to the general average of the progenies or cultivars and the
horizontal line to the median. DxA: Deli x AVROS, DxL: Deli x La Mé, DxY: Deli x Yangambi, and
P1 to P7: dura x dura dwarf progenies.

The genetic variation found in the progenies of this study for bunch components and
oil quantity will allow the introgression of new traits, which would broaden the scope of
the selection of female dura-type parents. O/B is one of the most critical characteristics in
crop breeding programs. With the results obtained in this research, it is possible to advance
in creating new progenies that maintain high oil extraction values and fruit components
traits such as the relationship between M/F, S/F, and K/F The results found for these traits
are promising for the generation of progenies that introgress more than one trait of high
agronomic value for the cultivation of oil palm and complement both the O/B and the
FFB The results of the studies by Marhalil et al. [35] highlight the importance of finding a
wide variability and genetic diversity of these characteristics for the appropriate selection
of parents in oil palm cultivation. Knowledge about the genetic parameters in oil palm
materials is strategic to improve selection. For the O/B trait, there is wide variation, and
research carried out in African oil palm germplasm presents values that oscillate between
19.51% and 5.61%, which favors the selection for this characteristic [36].

Table 7 shows the Tukey test’s comparison for the traits of bunch components in the
progenies and the years under evaluation. The progenies presented an average of 9.88 g
for this trait, and the S.B. trait ranged between 88.97% and 91.81%, with an overall average
of the progenies understudy of 90.48%. For the M/FW. trait, the P5 and P2 progenies
were classified with the lowest and highest values of 8.53 g and 10.94 g, respectively. The
values were between 78% and 79.62% for the ODM trait, and the O/FM trait ranged from
50.68% to 55.12%. P5 obtained the highest values of the entire population for these two
genetic traits.

The O/B trait showed the P4 progeny with the highest value at 19.02%, followed by
the P5 and P2 progenies with 18.98% and 18.96%, respectively, and the general population
presented an average value of 18.25%. The population of Deli dura palms of the A.S.D.
genetic breeding program in Costa Rica shows O/B contents average 20% [28], values
comparable with this study. On the other hand, research made in different tenera progenies
showed O/B values between 21% and 23% [35]. However, the appropriate combination of
dura palms with pisifera palms can considerably increase the O/B content, as reported by
the records of different dura X pisifera progenies evaluated in Malaysia with O/B contents
ranging between 25% and 29% [22].
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Table 7. Progeny means of bunch quality traits.

Progenies MFW SB ODM OFM OB NFB FS MF KF SF
P1 10.42 ab 90.54 bc 78.77 a 51.19b 1851 a 67.46 a 74.09 a 57.30 ab 13.81 be 28.89b
P2 10.94 a 91.81a 7842 a 53.32 ab 18.96 a 65.86 a 76.35 a 56.04 abc 14.82Db 29.13b
P3 10.08 ab 89.78 cd 78.38 a 52.03 ab 16.84 a 61.03 a 69.98 a 52.89 cd 14.68 b 3242 a
P4 9.67 abc 91.49 ab 78.00 a 55.07 a 19.02a 66.39 a 7471 a 53.97 bed 15.27b 30.75 ab
P5 8.53 ¢ 88.97d 79.62 a 55.12a 18.98 a 68.67 a 7244 a 54.55 bed 15.18b 30.27 ab
P6 10.29 ab 89.50 d 78.29 a 50.68 b 16.61 a 65.34 a 71.92 a 51.87d 17.82a 30.31 ab
P7 9.25 be 91.23 ab 7921 a 5521 a 18.84a 61.17 a 71.60 a 59.04 a 1248 ¢ 28.48 b
Trial mean 9.88 90.48 78.67 53.23 18.25 65.13 73.01 55.10 14.87 30.04
CV (%) 8.13 1.20 0.73 3.68 5.80 4.55 2.95 4.58 10.92 4.49
Years after
planting (Y.A.P.)
YAP 3 8.70d 9149 a 79.55 a 51.34 ¢ 17.93b 74.88 a 8713 a 53.28 ¢ 16.6 a 30.12a
YAP 5 9.18 cd 90.85 ab 7494 b 51.47 be 15.61 ¢ 68.51 ab 79.72b 52.95 ¢ 15.54 ab 31.51a
YAP 7 11.85a 89.95 bc 79.48 a 54.48 ab 17.82b 5493 d 62.77 e 54.10 ¢ 1493 b 30.98 a
YAP 9 11.12 ab 89.80 ¢ 80.25a 56.88 a 20.86 a 63.62 be 70.38 cd 58.16 a 11.96 ¢ 29.87 a
Y.AP 11 10.21 be 90.71 abc 79.23 a 52.89 bc 18.96 ab 68.51 ab 73.32 be 54.71 bc 14.66 b 30.63 a
YAP 14 8.25d 90.05 be 78.57 a 52.32 be 18.31b 60.33 cd 64.75 de 57.37 ab 15.52 ab 27.11b
Trial mean 9.89 90.48 78.67 53.23 18.25 65.13 73.01 55.10 14.87 30.04
CV (%) 14.35 0.72 2.43 3.98 9.36 10.79 12.62 3.94 10.55 5.15

Where; M/FW.: Mean fruit weight (gr), S.B.: Spikes bunch ratio (%), ODM: Oil-to-dry mesocarp ratio (%), O/FM: Oil-to-fresh mesocarp
ratio (%), O/B: Oil-to-bunch ratio (%), NF/B: Normal fruit-to-bunch ratio (%), FS: fruit set (%), M/F: Mesocarp-to-fruit ratio (%), K/F:
kernel to fruit ratio (%), S/F: Shell-to- fruit ratio (%), CV: coefficient of variation. Means followed by the same letter within the same column
are not significantly different at p < 0.05 by Tukey (1 = 252).

The Tukey test did not show significant differences for the NF/B and FS traits. Their
values were found in 65.13% for NF/B, and 73.01% for FS These characteristics define the
efficiency of entomophilous pollination, where the insect Elaeidobius kamerunicus is the most
efficient pollinator in the cultivation of oil palm. Studies carried out by Swaray et al. [26] in
different dura x pisifera progenies show the population dynamics of these insects between
different cultivars, with good percentages of FS that ranged between 70% and 75%. The
M/F trait showed the highest values in the P7 progeny with 59.04%, followed by the P1
and P2 progeny with 57.30% and 56.04%, the P6 progeny with 51.87% presented the lowest
value for this trait.

M/F is one of the most desirable traits to be introgressed in breed progenies of oil
palm. Since the oil is stored in the fruit’s mesocarp, the genetic variability found in this
study will allow breeding and advancement in selecting good female progenitors that
present this characteristic. In dura progenies of Nigerian origin, M/F values between 52.5%
and 61.2% have been reported [9], which coincide with the values found in this research.
M/F, K/F, and S/F define the composition of the fruits, and the P7 progeny presented the
lowest values of K/F and S/F with 12.48% and 28.48%, respectively. Additionally, within
the best families and later the best individuals, following the F.I.S. strategy, we identify
parentals with M/F between 60% and 70% like the values reported in the Deli dura of
Southeast Asia that are between 58 and 68% [18].

On the other hand, the P6 progeny showed the highest K/F value with 17.82%, and
the P3 progeny had the highest S/F value with 32.42%. These results could be because
S/F is reduced at the expense of the M/F when progenies are generated between dura and
pisifera. Therefore, the adequate selection of parents and the evaluation of progenies for
their combinatorial ability is decisive in selecting the best progenies.

3.4. Heritability and Genetic Parameters

In general, estimating and finding genetic variability and heritability in oil palm
progenies ensures profit in future generations and, therefore, continuous progress in
breeding programs [37]. The heritability and genetic parameters of the 25 analyzed traits
are presented in Table 8. The highest H? was recorded in HT (71.62%), followed by LN
(46.64%) and S.B. with 45.49%. For the K/F trait, H?g was 44.47%, for RL 42.25%, and
40.73% for BW Swaray et al. [26] measured 82.56% heritability for height, showing the high
heritability of this genetic trait. On the other hand, research conducted by Myint et al. [27]
in MPOB-Senegal germplasm planted ex-situ reported values of 22.41% of H?g for the
genetic trait of HT A record that contrasts with the high values reported in dura x pisifera
and dura x dura progenies, as in the case of this research.
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Table 8. Variance components and genetic parameters of quantitative traits.

Trait o’g o2ge o’e ) H2g (%)
FFB 231.0452 —13.0404 854.1390 1072.14 21.55
BNO 1.2485 1.9637 3.6625 6.87 18.16
ABW 1.5816 0.2805 2.0212 3.88 40.73
FP 4.5840 -0.3314 23.8800 28.13 16.29
PCS 0.0093 —0.0029 0.0700 0.08 12.20
RL 0.0387 0.0029 0.0500 0.09 42.25
LL 29.6733 8.8229 44.3800 82.88 35.80
Lw 0.1493 0.1886 0.1800 0.52 28.83
LN 25.4100 0.2143 28.8600 54.48 46.64
HT 0.0039 0.0000 0.0015 0.01 71.62
LA 0.1164 0.0486 0.2840 0.45 25.93
LAI 0.0609 0.0139 0.2516 0.33 18.65
DI 0.0001 0.0006 0.0004 0.00 12.60
MFW 0.5639 —0.1486 1.9900 241 23.44
SB 1.0728 0.2457 1.0400 2.36 45.49
ODM 0.0933 0.7714 4.8400 5.52 1.69
OFM 3.1767 0.0971 11.4400 14.71 21.59
OB 0.7850 0.0629 5.7900 6.64 11.83
NFB 4.0522 7.6657 58.3500 70.07 5.78
FS 2.1433 —2.1457 52.4400 52.44 4.09
MEF 5.7050 —0.0143 11.8800 17.57 3247
KF 2.4656 0.0086 3.0700 5.54 44.47
SF 1.5039 0.1286 5.2200 6.85 21.95

crzg = progeny variance, 0% = ge progeny by year variance, o2 e = error variance, o> p = variance phenotypic,

H?g = Broad sense heritability (%), FFB: fresh fruit bunch (kg/palm~'), BNO: bunch number (bunches/palm~1),
ABW: average bunch weight (kg/bunch), FP: frond production (number of leafs palm~! ), PCS: petiole cross
section (cm?), RL: Rachis length (cm), LL: leaflet length (cm), LW: leaflet width (cm), LN: Leaflet number,
HT: Annual palm height (m year‘1 ), LA: Leaf area (cm?), LAL leaf area index, DI: diameter of palm trunk (m),
MFW: mean fruit weight (gr), SB: spikes bunch ratio (%), ODM: Oil to dry mesocarp ratio (%), OFM: Oil to
fresh mesocarp ratio (%), OB: oil to bunch ratio (%), NFB: normal fruit to bunch ratio (%), FS: fruit set (%),
ME: Mesocarp-to-fruit ratio (%), KF: kernel-to-fruit ratio (%), SF: Shell-to-fruit ratio (%).

The value of H?p obtained for the HT trait confirms the good selection of the parents
that are part of the pedigree of the progenies used in the present study. In addition,
this characteristic envisions good results in future breeding cycles. The lowest H?g was
presented in ODM with 1.69%, followed by FS with a value of 4.09% and NF/B with 5.78%.
These last two traits were highly influenced by factors external to the genotype, such as the
work of entomophilous pollination [18]. In interspecific OxG hybrid, FS heritability is very
low (4.9%) [33], comparable to this study’s results.

3.5. Analysis of Agronomic Traits

The correlation analysis for the yield traits was separated by crop development stage,
young stage, and adult stage. Similar behaviors in the analysis for the entire crop cycle was
observed between the yield traits with high Pearson’s correlation between FFB and BN
(r=0.70, p <0.01), FFB and BW (—0.41), and a high correlation between BN and BW with
a value of —0.86 with a (p < 0.01). These values suggest that the positive increase in BN
and BW will significantly improve the performance of FFB (Figure 2). Marhalil et al. [35],
in different genetic genotypes derived from Nigeria, Congo (Zaire), and Cameroon, found
similar correlations to those in this study for FFB and BN (r = 0.58) and FFB and BW
(r = 0.21). In dura-type accessions of the E. guineensis germplasm of Embrapa (Brazil),
phenotypic correlation analyses showed high and positive values for the FFB and BN traits,
withr=0.78 at p < 0.01 [38].



Agronomy 2021, 11, 2581 12 of 15
A FrB S5k % ¢ B FEe ‘ % % -
Al | 960 S ,rrrrﬂ( a O e E
= = L8 i _ 8
- kkk

L
g
e
1
o
[e)]
O
*
*
%
%g@
p
1
(@)
-\l
w

e ®

T
15 2 2

s
R

,ﬂ
i
N nc%
w2
o
e
.
‘8
g
»)
g |
Sro

T T ? T T T T T r T
100 150 200 280 WD g 10 12 14 18 S0 w0 10 200 250 15 2 2

s 150 2%

020 @

50 10 150 200 250 300 w15 2w 2%

Figure 2. Pearson correlations for yield traits in dura x dura progenies. (A): Young stage. (B): Adult
stage and (C): All crop cycle. FFB: Fresh Fruit Bunches, BN: Bunch Number, and BW: Average bunch
weight. *** Highly significant correlations (p < 0.01).

For the main vegetative traits of interest, the Pearson correlation coefficients showed
correlation values of (r = 0.10, p < 0.01) between HT and LA, and a low association between
HT and LAI with 0.13 (p < 0.01). In contrast, a significant correlation between LA and LAI
with r = 0.54, p < 0.01 was achieved (Figure 3). Thus, the knowledge of the association of
the different genetic traits in oil palm is fundamental for the selection of progenies with
direct genetic gains [39].
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Figure 3. Pearson correlations for vegetative traits in Dura x Dura progenies. HT: Annual palm
height (m year_l), LA: Leaf area (cm?), LAL leaf area index. *** Highly significant correlations
(» <0.01).

For the oil characteristics, strong and positive correlation coefficients were presented
between ODM and OB (r = 0.61, p < 0.01), followed by the correlation between MF and OB
(r=0.51, p £0.01) and between OB and SF, (r = —0.41, p < 0.01) and between OB and NFB
(r =0.18, p < 0.01). Finally, between M/F and S/F, there was a correlation coefficient of
r=—0.84 (p <0.05), it was the highest found between the different comparisons analyzed
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(Figure 4). The high and positive correlations found for O/B with other genetic traits of
interest increase the possibility of increasing the oil contents in the next breeding progenies.
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Figure 4. Pearson correlations for bunch quality traits in Dura X Dura progenies. Where: ODM:
Oil to dry mesocarp ratio (%), O/B: oil to bunch ratio (%), NF/B: normal fruit to bunch ratio (%),
M/F: Mesocarp-to-fruit ratio (%), S/F: Shell-to-fruit ratio (%). * Significant correlations (p < 0.05).
*** Highly significant correlations (p < 0.01).

Research carried out in different materials derived from Nigeria, Congo (Zaire), and
Cameroon showed the advantages and perspectives of having these high correlations in
genetic traits that strengthen oil palm selection and genetic progress [35].

4. Conclusions

The development of commercial oil palm cultivars with a productive and economic
life of more than 35 years is possible by identifying dura dwarf progenies with high yields,
allowing increased profitability and the sustainability of oil palm crops.

According to the results obtained for the genetic traits of yield, vegetative parameters,
and bunch components, there is wide variability in the progenies of the studied Cenipalma
slow-growth population, which will direct an adequate selection of female parents in
oil palm. For the trait of increase in height, the P6 progeny stands out with the lowest
annual growth rate of 0.29 m year !, positioning it as one of the selected candidates for the
production of commercial cultivars. On the other hand, the heritability in the broad sense
for this trait was the highest, with 72% being a trait with low environmental influence,
allowing the future development of dwarf progenies in different environments. On the
other hand, the LAI found in the P1 progeny with 5.49 and in the P6 progeny with 5.43
highlight other genetic traits of interest in palm cultivation for future improved progenies.
The yield of FFB in the evaluated progenies ranged between 165 and 208 kg per palm
per year. The latter value identified in the P3 progeny makes it a candidate to increase
the selection of plants with high yields that can be combined with other genetic traits. In
general, the yield performance of these progenies was similar to cultivars improved from
Deli dura with values for the FFB and BN that ranged between 180 and 210 kg per palm per
year and 6 to 11 bunches per palm per year [9].

New populations of female parents, developed from the R.R.S., will allow the intro-
gression of genetic traits of interest to add value to the new cultivars. This is the case
of the dwarf dura population of Cenipalma, which would be used to advance in new
breeding cycles, maximizing the genetic gains. In addition to dwarf and highly productive
palms, traits such as disease resistance, tolerance to abiotic factors, and improvement of oil
quality could be introgressed to generate differentiated cultivars in the subsequent crop
breeding cycles.
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