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Abstract Due to the narrow genetic base of both
Deli and AVROS populations used in Malaysian
commercial planting materials, exotic germplasm
from Nigeria has been introduced into existing breed-
ing populations. This study was conducted to select
the best families from 38 dura X pisifera (D X P) fami-
lies for the development of new high-yielding plant-
ing materials. The families were planted at the MPOB
Research Station Hulu Paka, Terengganu, Malaysia,
in 2007, in a randomised complete block design with
three replications. Bunch yield recording, bunch qual-
ity components estimations, and vegetative meas-
urements were analysed using analysis of variance,
followed by comparisons between family means, her-
itability estimates, and cluster analysis. Highly sig-
nificant genetic variation was observed for all traits
among the 38 DXP families. Families PK 4044,
ECP HP 496, ECP HP 500, and ECP HP 502 exhib-
ited excellent yield-related traits such as fresh fruit
bunch (FFB) yield, bunch number (BNO), oil yield
(0Y), total economic product (TEP), and total oil
content (TOT). Although the broad-sense heritability
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estimates were low for FFB yield (15.8%), moder-
ate for TEP (53.8%) and TOT (55.2%), the estimates
were high for BNO (80.9%) and OY (62.7%). The
families clustered into three main clusters with sev-
eral sub-clusters, whereby the high-yielding four fam-
ilies (PK 4044, ECP HP 496, ECP HP 500, and ECP
HP 502) were clustered together. Using these families
as commercial planting materials may potentially
increase the national oil yield, which has stagnated
for a few decades, and subsequently contribute to the
advancement of the oil palm industry in the future.

Keywords Bunch yield - Cluster analysis -
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Introduction

In 2021, oil palm (Elaeis guineensis Jacq.) was
the main contributor from the agriculture sec-
tor to Malaysia’s Gross Domestic Product (GDP) at
35.2%, followed by other agriculture (29.3%), live-
stock (16.7%), fisheries (11.3%), forestry and logging
(5.2%), as well as rubber (2.3%) (DOSM 2022). In the
same year, the area of oil palm plantations in Malay-
sia reached 5.7 million hectares, an increase of 54,000
hectares from 1960 (MPOB 2022), indicating the
remarkable growth of the industry. Moreover, global
demand for vegetable oils is expected to increase to
240 million tonnes by 2050 (Barcelos et al. 2015). As
the highest productivity oil crop among cultivated oil
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crops, the oil palm industry worldwide strives to meet
this increasing demand.

The dura fruit form from the Deli breeding stock
was the first commercial oil palm planting material
in Malaysia in 1917. Discovery of the monogenic
shell thickness by Beirnaert and Vanderweyen (1941)
showed the importance of the tenera fruit form of the
dura X pisifera (D X P) hybrid. Compared to the dura,
the tenera contains a higher proportion of oil-bearing
mesocarp, which results in a higher oil yield. Thus,
the Malaysian Department of Agriculture (DOA)
began production of the country’s first D X P planting
material in 1953, and the oil palm industry responded
by switching to DX P planting materials a few years
later (Kushairi et al. 1999). Switching from the dura
to the fenera (DXP) planting materials improved
yields by up to 30% in the country (Kushairi 2009).

Since the Algemene Vereniging van Rubberplant-
ers ter QOostkut van Sumatra (AVROS) pisifera has
shown good general combining ability (GCA) with
the Deli dura, the Deli dura x AVROS pisifera (D X P)
has been the common commercial planting material
in Malaysia and worldwide (Kushairi et al. 1999).
The Deli populations in Malaysia are descended from
four dura seedlings planted in Bogor Botanical Gar-
den, Indonesia in 1848, while AVROS pisifera origi-
nated from the “Djongo” palm found in Eala Botani-
cal Garden, Zaire. Although, the performance of
Deli durax AVROS pisifera families has been exten-
sively studied to identify superior families in order to
increase oil productivity (Noh et al. 2010), the narrow
genetic base of the existing Deli and AVROS popu-
lations would be a setback for yield improvement,
as both populations are descended from a limited
number of palms. This drawback led to a series of
expeditions conducted in Africa and Latin America
to search for E. guineensis and E. oleifera genetic
materials, respectively (Rajanaidu 1994; Rajanaidu
et al. 2017; Rajanaidu and Rao 1988). These germ-
plasm collections were then field-planted, evaluated,
and utilised in several ways for crop improvement.
One of them is to develop elite D X P planting materi-
als through the introgression of elite palms from the
germplasm collections into current breeding material
(Rajanaidu et al. 2017).

Development of new high-yielding planting mate-
rials is much needed as the national yield perfor-
mance has stagnated at 3.7 t ha™! for a few decades
(Parveez 2019). Due to land scarcity, increasing
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plantation areas is not an option to boost yields.
Therefore, the most effective and sustainable way to
increase oil yield is by utilising planting materials
from high-yielding genetic bases. Generally, devel-
opment of new and improved planting materials
relies greatly on populations of dura and pisifera. In
Malaysia, the modified recurrent selection (MRS) is
the most widely practised scheme by oil palm breed-
ers, involving inter-crossing between selected parents
from both dura and pisifera populations with the aim
to exploit heterosis (Kushairi and Mohd Din 2020).
Selected families derived from the inter-crosses
would be planted to improve bunch and oil yields.
Hence, the objective of this study was to select the
best families from a set of 38 dura X pisifera crosses
for the development of new high-yielding planting
materials.

Materials and methods
Materials

A total of 38 DX P families were derived from inter-
crosses between 31 Deli dura palms and 11 pisifera
palms (four AVROS, four MPOB-Nigeria and three
MPOB-Nigeria X United Plantations) (Table 1). The
Deli dura palms were from several sub-populations,
such as Banting, Highlands Estate, Ulu Remis, Johor
Labis, Highlands Estate X Elmina, Ulu Remis X High-
lands Estate, and Ulu Remis X Elmina. The AVROS
pisifera male parents were from the fifth cycle of
MPOB’s teneralpisifera breeding populations, which
is the descendant of BM 119 from Oil Palm Research
Station (OPRS), Banting. The MPOB-Nigeria pisif-
era palms were from the second generation of Nige-
ria germplasm in MPOB, while the MPOB-Nige-
riaxX United Plantations pisifera palms were derived
from a collaborative crossing programme with the
industry known as BK 20: United Plantations (UP)
Nigeria Crossing Programme. The 38 DX P families
were planted in Trial 0.491 at MPOB Research Sta-
tion Hulu Paka, Terengganu, in 2007 in a randomised
complete block design (RCBD), in three replications,
with 16 palms per family per replicate at a planting
density of 148 palms ha~!. Annual rainfall ranged
from 2,545 to 6,176 mm year‘l, with a mean rainfall
of 3,948 mm year™! from 2007 to 2018.
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Table 1 DuraX pisifera
families in Trial 0.491,
MPOB Research Station
Hulu Paka

H. Est. = Highlands Estate,

UP = United Plantations

Data collection

No Dura X Pisifera Origin Family Pedigree

(Female X Male)
1 Deli Banting X AVROS ECP HP 414  0.279/242x0.394/456
2 Deli Banting x AVROS ECP HP 415 0.279/24x0.394/456
3 Deli Banting x AVROS ECP HP 550 0.279/24x0.337/147
4 Deli Banting X AVROS ECPHP 617 0.281/74x0.394/24
5 Deli Banting Xx MPOB-Nigeria ECP HP 626 0.279/48x0.337/535
6  Deli Banting x MPOB-Nigeria ECP HP 633 0.279/26x0.337/94
7  Deli Banting x MPOB-Nigeria ECP HP 635 0.281/74x0.337/94
8  Deli Banting x (MPOB-Nigeria x UP) PK 4039 0.212/101 x0.292/353
9  Deli Banting X (MPOB-Nigeria x UP) PK 4152 0.212/444x0.292/1218
10 Deli Banting X (MPOB-Nigeria x UP) PK 4159 0.212/438x0.292/1218
11 Deli Banting X (MPOB-Nigeria x UP) PK 4160 0.212/441x0.292/1218
12 Deli Banting X (MPOB-Nigeria x UP) PK 4169 0.212/441x0.292/1250
13 Deli Banting X (MPOB-Nigeria x UP) PK 4176 0.212/39x0.292/1250
14 Deli H. Est. x (MPOB-Nigeria x UP) PK 4044 0.212/6x0.292/353
15 Deli H. Est. x (MPOB-Nigeria x UP) PK 4161 0.212/466x0.292/1218
16  Deli H. Est. x (MPOB-Nigeria x UP) PK 4181 0.212/466x0.292/1250
17  Deli Johor Labis X AVROS ECP HP 428 0.278/318x0.394/24
18  Deli Johor Labis X AVROS ECP HP 437 0.281/57x0.394/222
19  Deli Ulu Remis X AVROS ECP HP 423  0.338/304x0.394/24
20 Deli Ulu Remis X AVROS ECP HP 425 0.338/56x0.394/24
21  Deli Ulu Remis X AVROS ECP HP 449 0.338/373x0.394/222
22 Deli Ulu Remis X AVROS ECP HP 450 0.338/389x0.394/222
23 Deli Ulu Remis X AVROS ECP HP 452 0.338/264 % 0.394/222
24 Deli Ulu Remis X AVROS ECP HP 456 0.338/84x0.394/222
25 Deli Ulu Remis X AVROS ECP HP 466 0.338/422x0.394/234
26  Deli Ulu Remis x MPOB-Nigeria ECP HP 496 0.338/360%0.337/552
27  Deli Ulu Remis x MPOB-Nigeria ECP HP 500 0.338/361x0.337/552
28  Deli Ulu Remis x MPOB-Nigeria ECP HP 502 0.280/65x%0.337/552
29  Deli Ulu Remis x MPOB-Nigeria ECP HP 504 0.338/89x0.337/552
30 Deli Ulu Remis x MPOB-Nigeria ECP HP 519 0.338/300x0.337/147
31 Deli Ulu Remis x MPOB-Nigeria ECP HP 529 0.338/84x0.337/147
32 Deli Ulu Remis x MPOB-Nigeria ECP HP 531 0.338/360x0.337/147
33 Deli Ulu Remis x MPOB-Nigeria ECP HP 630 0.338/427x0.337/535
34 Deli (H. Est. x Elmina) X (MPOB-Nigeria x UP) PK 4032 0.212/714%0.292/353
35 Deli (H. Est. X Elmina) x (MPOB-Nigeria x UP) PK 4144 0.212/273x0.292/1218
36 Deli (Ulu Remis X Elmina) Xx AVROS ECP HP 593 0.281/44x0.394/234
37  Deli (Ulu Remis X Elmina) x AVROS ECPHP 618 0.281/44x0.394/234
38 Deli (Ulu Remis x H. Est.) x (MPOB-Nigeriax UP) PK 4189 0.212/496x0.292/1218

Data collection from the 38 D X P families was car-
ried out for vegetative measurements, bunch yield,
and bunch quality components. Bunch yield was
recorded for each palm at two harvest rounds per

month starting at 36 months after field planting by
recording the bunch weight (BWT) and bunch num-
ber (BNO). Fresh fruit bunch (FFB) yield, BNO and
average bunch weight (ABW) were calculated based

on the following formulae;
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FFB yield (kg palm™! year™) = Z?_] BWTi

BNO (no. palm™ year™!) = z; BNOi

ABW (kg) = FFB/BNO

where n is the number of harvest rounds, and i is the
number of palm.

The bunch yield record between January and
December was summarised for each year, and
the average over four consecutive recording years
(2014-2017) was used for data analysis. In addition,
two to five bunches from each palm were sampled
from 2011 to 2018 to determine the bunch quality
components using the bunch analysis method (Blaak
et al. 1963; Rao et al. 1983). The bunch quality com-
ponents include bunch weight (BWT), mean fruit
weight (MFW), mean nut weight (MNW), partheno-
carpic to bunch (P/B), mesocarp to fruit (M/F), ker-
nel to fruit (K/F), shell to fruit (S/F), oil to dry mes-
ocarp (O/DM), oil to wet mesocarp (O/WM), fruit
to bunch (F/B), oil to bunch (O/B), kernel to bunch
(K/B), moisture content (MC), oil to fibre (O/F), oil
yield (OY), kernel yield (KY), total economic prod-
uct (TEP), and total oil (TOT). In 2015, one round of
vegetative measurements using the non-destructive
method by Corley and Breure (1981) was carried out
for each palm. The vegetative characters measured
were frond production (FP), petiole cross-section
(PCS), rachis length (RL), leaflet length (LL), leaflet
width (LW), leaflet number (LN), trunk height (HT),
leaf area (LA), leaf area index (LAI), and trunk diam-
eter (DIA). In terms of height, the oil palm stem is not
visibly apparent in the first two years of growth and is
not considered in the annual trunk height increment
(HTi) estimation (Breure and Powell 1988). There-
fore, the annual HTi in this study is the height of the
palm at year eight after field planting, divided by
six. Physiological traits such as vegetative dry mat-
ter (VDM), bunch dry matter (BDM), total dry mat-
ter (TDM), and bunch index (BI) were derived using
bunch yield and vegetative measurements (Table 2).

Statistical analysis

All data were analysed on an individual-palm basis,
where simple statistics such as mean and coefficient
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of variation (CV) were determined for each trait. The
analysis of variance (ANOVA) for all traits was per-
formed using the Statistical Analysis Software (SAS
9.4) programme, where the general linear model
(PROC GLM) was used due to the unequal number
of palms from the families studied. The family mean
comparison was conducted using Fisher’s least sig-
nificant difference (LSD) at a 5% level of probabil-
ity. Broad-sense heritability (h’y) of all traits in fami-
lies was estimated using variance components from
ANOVA as follows;
Broad - sense heritability (hZB) = 2(6; / aé + G; + 0'62)
where ng =family variance, ngr =interac-
tion between family and replication variance and
626=Within palms variance. The sum of ng, 62, and
o7, is phenotypic variance (Gzp).

The minimum variance method (Ward 1963) was
used to cluster the families into groups, which was
analysed using SAS 9.4.

gar

Results and discussion
Bunch yield and its components

A previous study by Noh et al. (2010) revealed lim-
ited genetic variability among 40 Deli dura X AVROS
pisifera progenies planted in MPOB Research Sta-
tion Keratong, Pahang, in terms of FFB yield and
BNO, which could be a hindrance to future selec-
tion and breeding. However, 38 DXP families in
this study and 34 DXP families studied by Arolu
et al. (2017) proved otherwise, where analysis of
variance (ANOVA) showed highly significant differ-
ences for bunch yield and its components. A signifi-
cant difference was also detected for the interaction

Table 2 Mean squares for bunch yield and its components in
38 D x P families

Source of variation  df FFB BNO ABW
Replications (r) 2 114.9" 105.5%*  136.4%*
Families (g) 37 10,638.9%* 238 4%* 19(0.7%*
gxr 74 4432 .9%* 18.2%*%  21.4%%*
Within palms (e) 1452 1513.5 7.0 7.2

**, ns=significant at P<0.01 and non-significant, respectively.
FFB = fresh fruit bunch yield, BNO = bunch number, ABW
= average bunch weight
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effect between family and replicate (g Xr), suggesting
inconsistencies in bunch yield and its components
across the three replicates in this study.

The performance of 38 DXP families in terms
of bunch yield and its components is presented in
Table 3. Family PK 4044 from the Deli Highlands
Estate X (MPOB-Nigeriax UP)  cross  produced
the highest FFB yield at an average of 214.4 kg
palm™! year™!. However, no difference was observed
in the FFB yields from families PK 4144, PK 4159,
PK 4189, ECP HP 496, ECP HP 500, ECP HP 502,
ECP HP 504, ECP HP 519, ECP HP 529, and ECP
HP 449 based on Fisher’s LSD. The majority of these
families were from the Deli Ulu Remisx MPOB-
Nigeria cross. In contrast, family PK 4039 from the
Deli Banting X (MPOB-Nigeriax UP) cross, was
ranked the lowest in terms of FFB yield, at 149.4 kg
palm™' year™!. Fisher’s LSD indicated no significant
difference between family PK 4039 and four other
families, namely ECP HP 415, ECP HP 617, ECP
HP 626 and PK 4169. The results also showed that
families with the highest (PK 4044) and lowest (PK
4039) FFB yields had comparable ABW means at
14 kg. However, a higher BNO for family PK 4044
(a mean of 15.3 bunches palm~" year™!) than for fam-
ily PK 4039 (a mean of 10.6 bunches palm~! year™")
may have contributed to the differences in their FFB
yields. Moreover, FFB yield is one of the require-
ments listed in the Malaysian Standard of Oil Palm
Seeds for Commercial Planting (MS 157) by the
Department of Standards Malaysia. Based on the cur-
rent standard, MS 157:2017, the tenera in the progeny
test should meet the minimum requirement of FFB
yield at 170 kg palm~! year™' (DOSM 2017). In this
study, the majority of the families, i.e. 33 of 38 fami-
lies representing 87%, had higher FFB yields than the
value listed in the MS 157:2017 standard, demon-
strating the effectiveness of the parental selection.

In terms of the number of fruit bunches produced
per family, the highest BNO was recorded in family
ECP HP 496 from the Deli Ulu Remis x MPOB-Nige-
ria cross at 20.2 bunches palm™! year™!, though it had
the lowest ABW of 10.3 kg. These values were signif-
icantly different from the corresponding mean values
for BNO and ABW of other families through Fisher’s
LSD analysis. Conversely, family ECP HP 550 from
the Deli Banting X AVROS cross had the lowest BNO
but highest ABW at 8.2 bunches palm™' year™!' and
22.2 kg, respectively. These observations suggested

Table 3 Family means for bunch yield and its components
from the 38 DX P families

No Family FFB BNO ABW

1 PK 4044 214.4* 15.3¢ 14.3"4
2 ECP HP 502 212.6™ 14.6°7¢ 14.7%°
3 PK 4144 209.3%°¢ 13.0" ™ 16.57
4 PK 4189 208.1*4 14,17 15.0°
5 ECP HP 496 207.4*¢ 20.22 10.3"

6 ECP HP 500 205.5%° 14.8F 14.0°°
7 PK 4159 205.3%° 13.1h-m 15.97k
8 ECP HP 529 204.4%¢ 15.0c~f 13.9°°"
9 ECP HP 519 203.7%¢ 15.5¢ 13.207
10 ECP HP 504 199.6*F 17.0° 11.8
11 ECP HP 449 197.2%¢8 12.0mP 16.74-¢
12 ECP HP 456 196.20-2 13.0" 15.4i-"
13 ECP HP 531 195.1°7¢8 13.587 14.7'-P
14 ECP HP 450 192.7" 11.8™F 16.6°°"
15 ECP HP 635 192.65°h 11.8™F 16,740
16 PK 4161 192.2¢7" 13.8 14.1°79
17 ECP HP 452 191.7¢-h 12.3 15.9¢

18 PK 4032 191.24-h 13.30k 14.9°
19 ECP HP 425 191.14-h 13.2h! 14.6mP
20 PK 4160 189.47 14.24-h 13.6P7F
21 ECP HP 633 186.3" 11.4°° 16.84-2
22 ECP HP 593 186.3 10.777¢ 17.7¢¢
23 PK 4181 185.7" 15.2¢¢ 12.4st
24 PK 4152 185.4" 12.1-p 15.5hm
25 ECP HP 466 185.0™ 107970 17.6¢
26 ECP HP 428 184.9™ 10.357Y 18.4%
27 ECP HP 423 184.1™ 11.7°°" 16.05
28 ECP HP 550 180.987 8.2% 22.2°
29 ECP HP 437 180.3¢7k 10.2%Y 17.9%-¢
30 ECP HP 618 177.8" 11377 15.9"!
31 PK 4176 173.1-™ 11.9m79 14.817°
32 ECP HP 414 1717 10.1% 17.6°°¢
33 ECP HP 630 170.41—" 11.4°7 153"
34 ECP HP 617 163.25-° 9.4vv 17.8%7¢
35 ECP HP 626 161.0° 9.6 17.14-F
36 PK 4169 158.8m~° 12.5° 12.8"t
37 ECP HP 415 155.6™ 8.3Wx 19.0°
38 PK 4039 149.4° 10.6" 14.3m-4
Trial mean 188.8 12.7 154
CV (%) 22.9 28.6 22.8

Means with the same letter are not significantly different at
p<0.05 based on Fisher’s Least Significant Difference (LSD).
Figures in bold within the mean column are minimum and maxi-
mum values. FFB = fresh fruit bunch yield (kg palm™" year™),
BNO = bunch number (no. palm™' year™'), ABW = average
bunch weight (kg), CV = coefficient of variation
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a negative relationship between BNO and ABW.
The negative correlation between BNO and ABW
in oil palm is widely known (Tanya et al. 2013). As
oil yield (OY) is an important trait for productivity
improvement, relationships between OY and yield
components have been studied. The BNO and ABW
exhibited by the MPOB-Senegal germplasm were
moderately and positively correlated to OY produc-
tion, while FFB yield was highly and positively corre-
lated to OY (Myint et al. 2019). Four families derived
from the MPOB-Nigeria and MPOB-Nigeria X United
Plantations male parents, namely PK 4044, ECP HP
502, PK 4144, and PK 4189 were the top FFB yield-
ers, with comparable ABW (14.3 to 16.5 kg) and
higher BNO (13.0 to 15.3 bunches palm™!' year™)
than the trial means. The results thus suggest that
moderate ABW with high BNO traits should be con-
sidered for high FFB yield production. The findings
also agreed with Arolu et al. (2016), who suggested
that Nigeria pisifera male parents may have contrib-
uted to higher FFB yield in their 34 Deli dura x Nige-
ria pisifera families.

Bunch quality components

There were highly significant differences (P<0.01)
among the families for all bunch quality component
traits (Table 4). As bunch quality components con-
sist of major economic traits such as OY, TEP, and
TOT, significant genetic variation detected among
families would assist in the selection programme for

improvements of these traits. The gXxr interaction
was also highly significant for the majority traits such
as BWT, P/B, K/F, O/DM, O/B, O/F, OY, TEP, and
TOT, while significant for MFW and K/B. This sug-
gests inconsistencies in the bunch quality component
traits across the replicates. Mhanhmad et al. (2011)
found that F/B, K/B, and O/B were significantly
higher in the dry season (January to April 2008) com-
pared to the wet season (July to October 2007) in
Pathio district, Chumphon province, Thailand. Never-
theless, non-significant differences in the gXxr inter-
action were observed for MNW, M/F, S/F, O/WM,
F/B, MC, and KY, implying consistencies in the per-
formance of families for these traits across replicates.

The performance of bunch quality components
for 38 DX P families is presented in Table 5. Bunch
weight (BWT) ranged from 9.4 kg to 24.7 kg, with a
trial mean of 13.2 kg. Family ECP HP 550 from the
Deli Banting X AVROS cross with the highest BWT,
or 86% higher than the trial mean, was significantly
different from all the other families. In contrast, fam-
ily ECP HP 496 from the Deli Ulu Remis x MPOB-
Nigeria cross with the lowest BWT was not signifi-
cantly different from families PK 4169, PK 4181,
ECP HP 500, ECP HP 504, PK 4176, PK 4039,
and ECP HP 502. Meanwhile, four families, namely
ECP HP 630, ECP HP 425, ECP HP 414, and ECP
HP 450, were found to have the highest MFW of
152 g, 14.3 g, 14.0 g, and 13.8 g, respectively. Their
BWT means were not significantly different based on
Fisher’s LSD. On the other hand, eight families (PK

Table 4 Mean squares for bunch quality components in 38 D X P families

Source of variation  df BWT MFW MNW M/F K/F S/F O/DM O/WM
Replications (r) 2 158.2%* 36.4%+  (0.3™ 138.8%* 16.7" 10.8% 1.7% 13.9% 9.6™
Families (g) 37 123.0%* 134.6%*  8.4%* 81.7#%  311.2%*%  70.4%*  137.0%  56.2%%  201.0%*
gxr 74 23.4%* 6.4* 0.3™ 21.7%* 21.6™ 4.7%% 79 5.2%% 12.1™
Within palms (e) 791 10.5 4.7 0.3 12.1 16.4 3.1 7.3 35 12.3
Source of variation  F/B O/B K/B MC O/F oY KY TEP TOT
Replications (r) 55.4™ 11.2™ 8.0%* 4.8"™ 4476.8™ 227.6™ 16.7" 240.6™ 237.5™
Families (g) 149.7%%  191.5%*  232%%  [72.0%*  26,276.0%*  1536.1**  754%+  1375.0%*  1398.0%*
gxr 18.0™ 12.4%% 2.1% 10.4" 2601.1%* 215.6%* 7.7 219.1%* 218.1%*
Within palms (e) 16.3 8.1 1.5 11.7 1650.9 107.3 7.5 118.7 116.5

¥, ** ns=significant at P<0.05, P<0.01 and non-significant, respectively. BWT = bunch weight, MFW = mean fruit weight, MNW
= mean nut weight, P/B = parthenocarpic to bunch, M/F = mesocarp to fruit, K/F = kernel to fruit, S/F = shell to fruit, O/DM = oil
to dry mesocarp, O/WM = oil to wet mesocarp, F/B = fruit to bunch, O/B = oil to bunch, K/B = kernel to bunch, MC = moisture
content, O/F = oil to fiber, OY = oil yield, KY = kernel yield, TEP = total economic product, TOT = total oil
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Table 5 Family means for bunch quality components from the 38 D X P families

No  Family BWT MFW MNW  P/B M/F K/F S/F O/DM O/WM
1 ECPHP 550  24.7° 10.6% 22tm  5qe! 78.0k~™m 9.5%¢ 12.5¢7 77.9'-P 46.8m-°
2 PK 4152 19.8° 12.0°7F 2778 3.67" 77.3-° 9.54¢ 13.3¢1 75.8% 46.2m
3 ECPHP 626  17.6° 13.3>¢ 23m 468" 82.8°f 6.85° 10.5m-° 74.0 41.47
4 ECPHP 452  16.2% 12.7°¢ 3.0°¢ 5.1 75.7mP 9.9% 14,55 785" 494!
5 ECPHP415 159 13.0°F 2.5t 9.4 79.7¢7! 8.4°7¢ 11.98m 785" 494!
6 ECPHP617  15.65F 12.9>F 3.3° 6.4c7h 73.5P 10.6* 15.9% 76.8P7° 47210
7 ECPHP 593 154" 13.3%° 2.3 7.2b-¢ 81.9ch 7.48m 10.8'° 79.87¢  48.9iM
8 ECPHP 428  15.3¢f 12.3¢h 230 6.7°7¢ 80.5°7K g.34-h 1.2k 78.417° 50.17%
9 ECPHP 618  15.19°8 11.20 1.8"P 534K 82.8°f 7487 9.8 79.5¢7 49311
10 ECPHP 437  15.09™" 117t 2.6 7.4b-¢ 77.41-° 9.1b-° 13.59-h 77479 481k
11 ECPHP 633  14.8¢™" 11.30 2311 4,58 79.587! 7.07" 13.59-h 78.1x° 51,197
12 ECPHP 449  14.7¢1 11.48 2,55 4.8t 77.95™ 9.6"¢ 12.5¢7 78.7¢™ 495!
13 ECPHP 466  14.4% 13.6°¢ 2.6 5.8 80.897 7.2h-m 12.00™  80.5*° 52.6°°¢
14 ECPHP 630  14.1°7% 15.22 2.9°-¢ 7.9 80.4k 6.5"P 13.147 76.297 45.6°
15 ECPHP 450  13.9°7! 13.8%°¢ 2487k 10.82 82.1°7¢8 6.7"P 11.2kn 80.2¢F 51.9¢h
16 ECPHP 456  13.7" 1320 2.7 8.0 7871 7.6 13.79-¢ 7929k 530078
17 ECPHP423  13.6™  134b—< 2740 7 f 79.687! 8.1 12.3¢7 81.1% 52.30f
18 PK 4189 13.6™ g2 2.0 3.8 75.1"P 7.8k 17.1* 77.6™P 49787k
19 PK 4144 13.6™  7.9°74 2.0 3.0k 74.8°P 7.9%7k 17.3* 772077 47.95°
20 ECPHP 414  13.1#™" 140  3]%® 7.6°¢ 77.31° 9.4 13.39- 78.4i° 50.4¢7
21 ECPHP635  12.8"° 99! 22 23" 77.67" 8.65°" 13.8F 76.17 47.8k°
22 ECPHP 425  12.7° 14.3%® 3.0 534k 79.17! 8.1 12.84°K 7929k 5240
23 ECPHP519 125 11487 1.1 4.2 90.0? 3.8 6.2P 81.12 53.6%¢
24 PK 4159 12.4i-p 8.1"4 1.6°79  4.9fm 79.8¢7! 6.5 13.74F 79.1°7! 5134
25 ECPHP 529 124/ 11.2" 1.8"P 554 83.8" 5.8°7 10.4m-° 80.0°" 53,13
26 PK 4032 12.37P 9.3k° 1.8 30k 80.3k 59" 13.8°F 79.6°71 53,284
27 PK 4160 12.317P 6.84 1497 30k 7920 7.0" 13.74F 77.4™P 49 0™
28 PK 4044 12.1%9  7.0M 14977 23" 79.98! 6.2m4 13.9°¢ 793¢k 5.8+
29 PK 4161 12.09 80" 1.om—° 32 75.7mP 7.6 16.6* 78.41° 51.044
30 ECPHP531  11.774 12490 18P 544 85.4° 5.5 9.0° 80.1°~F 5408
31 ECPHP502  11.5™" 79" 1.3% 2.8 84.1% 4.3% 11.6™ 79.0! 52.067¢
32 PK 4039 11.4 8.4m-P 2.0k ggme 75.0"P 8.0 17.0° 78.317° 49.6"*
33 PK 4176 10.8°°F 8.4m-P 1.5, 32 81.5¢ 597 12,57 8044 540
34 ECPHP 504  10.7°°" 8.5mP 1497 370 83.5% 52078 11.3™ 80.3%¢ 547
35 ECPHP500  10.5°"  9.gk™m 1.6°79 468" 83.4>¢ 3.7 12.94°k 79.7°" 55,07
36 PK 4181 1057 9.1° 20" 36" 77.6" 6.9 15.64¢ 79.8°8  52.6%°
37 PK 4169 9.99 7.2P4 1.3978 2.7m0 81.9°™" 5.9nF 12.20°™ 7924 531
38 ECPHP 496  9.4° 9.4k-n 1.5 3.6 83.2b~¢ 5.0 11.8" ™ 7850 5240
Trial mean 13.2 10.9 2.1 49 80.2 7.0 12.8 78.8 50.8
CV (%) 30.6 29.3 37.0 80.8 6.7 34.7 27.8 3.0 8.8
No  Family F/B O/B K/B MC O/F oY KY TEP TOT
1 ECPHP 550  64.4°7! 234-m 588 40.0° 358.65"  49.00™m  11.9% 56.2fm 550
2 PK 4152 64.2F" 22.9km  5.gd 39.2b¢ 316.0P 48.48°" 12.3% 55.7¢™ 54,580
3 ECPHP 626  63.1°P 21.6™ 4.0h! 44.3° 291.61 35.44 6.6"" 39.4 38.7°
4 ECPHP 452  64.18™ 240! 5.92 37271 371.98m  47.1° 11.33¢ 53.9P 52.8m°
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Table 5 (continued)

No  Family F/B O/B K/B MC O/F 0)'¢ KY TEP TOT
5 ECPHP 415  69.2% 27240 512 370 36820 4320 8.44-h 482" 474
6 ECPHP 617  61.9"P 21.6™ 5.9 3874 3376 36.2M 10.0°7° 422 4129
7 ECPHP 593  64.3%7! 258 4.3tk 38974 402.3F 5140k g7de 56.6°7! 55.7"!
8 ECPHP 428 658" 265t 50 36.15h  367.8™  504¢k 934t 56.06e™  55.1&™
9 ECPHP 618  64.64%  264°¢  44°7 38.0>° 3934 50.0°7! 8.74-¢ 55200 544870
10 ECPHP 437 659"  245Mk 543 3800  3474™°  454%°  10.0°° 51459 504
11 ECPHP 633  62.8P 25.5M 4.1t 34787 36120 48.9¢m 79! 53.6P 52.8m°
12 ECPHP 449  64.6%% 24987 5.8 37.2¢f 374.7¢7 54.65°h 12.42 62.1°7 60.8"7¢
13 ECPHP 466  66.9°T 284« 4,57 34.887! 419.9¢ 53547 8.44-1 58.5¢7k 5769k
14 ECPHP 630  65.2¢7 24.0! 3.8™  40.2° 324.8° 4189  6.67° 45797 45.0P°F
15 ECPHP 450  63.78™  27.3%f 3.65™ 3540k 415.0¢7¢ 59.8°-¢ g 0! 64.5"¢ 63,704
16 ECPHP 456  66.9"f 27.49-F 4541 34.4M-m 386,67 55.1¢7¢ 9.0%-f 60.57 59.65°h
17 ECPHP 423  69.7% 29.1°-¢  5713¢ 35.5M 440.3% 56.4¢¢ 9.7¢f 622" 61.3%¢
18 PK 4189 61.0°09  2209kMm 457 36.2¢°h 3542 4770 93¢ 53.317P 52.4h—0
19 PK 4144 61.6m4  222m 4.6h 38.1°—¢ 346.7m° 451k 954 50.8'9 49 g!-p
20 ECPHP 414  63.78° 2478k 543 35.9¢-1 369.9" ™ 43 5!-° 9.3¢-f 49.1™7T  482md
21 ECPHP 635  59.14 21.9™ 4.9°¢ 37.3f 324.4°p 412079 94 46.7pr  45.8°"
22 ECPHP 425  69.7° 28.9%4 5.327¢ 34.0" " 386.7°7 54.04 10.1°¢ 60.0°7 59.0°7
23 ECPHP 519  64.05"  30.9% 2.3p 33.9M1 438.2% 63.6° 4.8° 66.5%7° 66.0*¢
24 PK 4159 6225 255 3.8m 3530k 386.4°7 53,747 8.0t 5854k 5774k
25 ECPHP 529  66.3°7% 29.5%°¢ 3.5km 3370 406.0°f 58.7°-4  7.1&m 63.07¢  62.3"f
26 PK 4032 60.5P4 25.81 3.4n 33.2k°  396.2¢h 509k 6.8 55.0° 54.38n
27 PK 4160 61.5"9 240" 4.1¢7! 36.897¢ 3489 46.91-° 8.1tk 51.7%9  50.9%P
28 PK 4044 61.6m9 260" 37im 335 388.34 58.8°-¢ g3 63.8°¢ 63.0°°
29 PK 4161 61.9'P 24.0"! 4,541 35.1K 37140 478 9qdf 53.317P 52.4i—°
30 ECPHP 531  67.0"° 31.0° 3.4n 32.4m°  409.3°F 6034 g5i° 64.2-¢ 63,50
31 ECPHP 502  65.65~" 28.7%4 27"P 343h-m  38p 7tk 61.2% 5.7m° 64.3-¢ 64,004
32 PK 4039 65.347 2440k 500-f 36.847¢  369.1 ™  426mP  g79¢ 47.8°°" 46.9°79
33 PK 4176 67.2%7¢ 29.7%°¢ 3.8m 327 417.0°° 55.8F 7.28™m 60.1°7 59.4°
34 ECPHP 504  64.3™™  29.4%¢ 3.2m° 32.0m 412.4%  597°¢ 610 633" g2
35 ECPHP500  68.1°°  31.2% 2.4% 31.1° 398.8°7¢  70.0° 5.2m° 73.1° 72.6
36 PK 4181 63.6"° 259N 42! 341 402.8F 51.8°7% 8.3 56.7°7! 55.9¢7
37 PK 4169 65.5°7" 28.0°¢ 3™ 3430m 385.8°7 48.9Fm g4k 52.859 521
38 ECPHP 496  66.0°™" 28.8%4 3.1m° 333 369.8" ™ 64.5% 7.087" 68.6° 67.9%
Trial mean 64.6 26.4 42 35.6 379.8 52.0 8.2 57.0 56.1
CV (%) 7.3 15.1 36.9 12.0 13.8 254 39.3 23.4 23.7

Means with the same letter are not significantly different at p <0.05 based on Fisher’s Least Significant Difference (LSD). Figures in
bold within the mean column are minimum and maximum values. BWT = bunch weight (kg), MFW = mean fruit weight (g), MNW
= mean nut weight (g), P/B = parthenocarpic to bunch (%), M/F = mesocarp to fruit (%), K/F = kernel to fruit (%), S/F = shell to
fruit (%), O/DM = oil to dry mesocarp (%), O/WM = oil to wet mesocarp (%), F/B = fruit to bunch (%), O/B = oil to bunch (%), K/B
= kernel to bunch (%), MC = moisture content (%), O/F = oil to fiber (%), OY = oil yield (kg palm~' year™"), KY = kernel yield (kg
palm™! year™!), TEP = total economic product (kg palm™! year™), TOT = total oil (kg palm™~! year™"), CV = coefficient of variation

4160, PK 4044, PK 4169, PK 4144, ECP HP 502, PK Families ECP HP 617 (Deli Banting x AVROS) and
4161, PK4159, and PK 4189) had the lowest MFW ECP HP 519 (Deli Ulu RemisxMPOB-Nigeria)
and were not significantly different from each other. had contrasting results in terms of MNW, M/F, and
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K/B. Family ECP HP 617 had the highest MNW
(3.3 g) and K/B (5.9%), while having the low-
est M/F (73.5%). On the contrary, due to its lowest
MNW (1.1 g) and K/B (2.3%), family ECP HP 519
had the highest M/F at 90.0%, or 12% higher than the
trial mean, with significant variation from the other
families. Some 17 families representing 45%, had a
higher M/F than the trial mean and were mostly from
the Deli Ulu Remis X MPOB-Nigeria cross. Shell to
fruit (S/F) ranged from 6.2% to 17.3%, with a trial
mean of 12.8%. Family PK 4144 from the Deli (H.
Est. X Elmina) X (MPOB-Nigeria X UP) had the high-
est S/F and was not significantly different from fami-
lies PK 4189, PK 4039, PK 4161, ECP HP 617, and
PK 4181. The lowest S/F, which was 48% lower than
the trial mean, was recorded by family ECP HP 519,
with significant variation from all the other families.
Kushairi et al. (2003) suggested that high M/F and
low S/F determine a high O/B, whereby an increase
in mesocarp content would reduce the shell content
without changing the kernel size. Family ECP HP
519 had a mean O/B of 30.9%, the third highest after
families ECP HP 500 and ECP HP 531. These three
families were from the Deli Ulu RemisxMPOB-
Nigeria cross and were not significantly different for
O/B. Kernel to fruit (K/F) ranged from 3.70% by fam-
ily ECP HP 500 to 10.6% by family ECP HP 617,
where both families also showed contrasting results
for O/B at 31.2% and 21.6%, respectively.
Meanwhile, P/B varied from 2.3% for family ECP
HP 635 (Deli Bantingx MPOB-Nigeria) to 10.8%
for family ECP HP 450 (Deli Ulu Remis X AVROS).
Family ECP HP 635 also had the lowest F/B at
59.1%. However, its lowest P/B and F/B means were
not significantly different from families PK 4032,
PK 4189, PK 4160, PK 4144, and PK 4044, derived
from the MPOB-Nigeriax UP male parents. Fam-
ily ECP HP 626 (Deli Bantingx MPOB-Nigeria)
had the lowest O/DM (74.0%) and O/WM (41.4%),
which were 6% and 19% lower than the trial means,
respectively, with significant variation from the other
families based on Fisher’s LSD. On the contrary, the
highest O/DM was found for family ECP HP 519 at
81.1%, while family ECP HP 500 had the highest O/
WM of 55.0%. Moisture content (MC) varied from
31.1% to 44.3%, with a trial mean of 35.6%. Fam-
ily ECP HP 626 with the highest MC (or 24% higher
than the trial mean) showed no significant difference
from the other families. The high MC reflected a

negative influence on the oil-related traits such as O/F
(291.6%), OY (35.4 kg palm_1 year™!), TEP (39.4 kg
palm™! year™!), and TOT (38.7 kg palm™' year™").
Meanwhile, family ECP HP 500 with the lowest
MC had the highest OY (70.0 kg palm™' year™!),
TEP (73.1 kg palm™! year '), and TOT (72.6 kg
palm™! year™). Oil yield (OY) is a derived trait,
of which O/B and FFB yield are its main compo-
nents. Thus, the high OY of family ECP HP 500 was
associated with the highest mean of O/B. Based on
Fisher’s LSD, OY, TEP, and TOT means of family
ECP HP 500 did not differ significantly from ECP
HP 519, with the highest M/F and the lowest S/F.
This suggests that the selection of palms for high
oil production should also consider the M/F and S/F
traits as selection criteria. KY varied from 4.8 kg
palm~! year™! to 12.4 kg palm™' year™!, with a trial
mean of 8.2 kg palm™! year~!. Family ECP HP 449
from the Deli Ulu Remis X AVROS had the highest
KY and was not significantly different from fami-
lies PK 4152, ECP HP 550, and ECP HP 452. These
progenies, with KY at least 38% higher than the trial
mean are potential candidate for multi-location evalu-
ation in efforts to develop varieties with kernel oil.
Family ECP HP 626 displayed the worst perfor-
mance in bunch quality components, having the low-
est means of O/DM, O/WM, O/F, OY, TEP, and TOT.
However, all 38 DxP families in this study had OY
exceeding 35 kg palm™! year™ or 5 t ha™! year™!,
which is above the 2021 average national OY of 3.1
t ha=! (MPOB 2022). This suggests the potential use
of these families in this study to improve the perfor-
mance of national oil production. In the meantime,
factors underlying the gap between potential and
actual results are important to understand. According
to Woittiez et al. (2017), yield-reducing factors such
as unsuitable cropland as well as pests and disease
infections have an impact on actual yields. Besides
that, factors underlying bunch production would
require further studies, especially regarding sex deter-
mination and the failure of bunches to form. In the
current Malaysian Standard, MS 157:2017, the mini-
mum requirements for bunch quality components for
the tenera in progeny tests are an O/B of 25%, K/B of
3%, and OY of 42.5 kg palm™' year™! (DOSM 2017).
A total of 18 families representing 47%, namely ECP
HP 423, ECP HP 425, ECP HP 428, ECP HP 450,
ECP HP 456, ECP HP 466, ECP HP 593, ECP HP
618, ECP HP 496, ECP HP 504, ECP HP 529, ECP
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HP 531, ECP HP 633, PK 4032, PK 4044, PK 4159,
PK 4176, and PK 4181, fulfilled these minimum
requirements, including FFB yields of more than
170 kg palm™' year™!. Half of these families were
from the Deli Ulu Remis female parents, which could
be selected for future breeding programmes.

Vegetative and physiological traits

ANOVA results showed highly significant dif-
ferences between families for all vegetative and
physiological traits (Table 6), demonstrating the
presence of variability in these traits. In addition,
the ANOVA also revealed that the performance
in the vegetative and physiological traits was
inconsistent across the replicates. This was sup-
ported by the significant gXr interaction effect
obtained. Frond production (FP) ranged from 21.7
fronds palm™' year~! to 29.1 fronds palm~! year™,
with a trial mean of 24.8 fronds palm~! year™!
(Table 7). Family ECP HP 502 from the Deli Ulu
Remis X MPOB-Nigeria cross had the highest
means of FP, or 17% higher than the trial mean.
It was significantly different from all the other
families. Typically, palms with a high number of
fronds would potentially produce a higher FFB
yield as bunches are produced at the frond axils
(Noh et al. 2010). This study has also proven this
assertion where family ECP HP 502 was the sec-
ond highest FFB yielder after family PK 4044
(Table 3) with an FP of 26.9 fronds palm™' year™'.
As such, FP should be considered in the selection

of high-yielding planting materials. Family ECP
HP 437 from the Deli Johor Labis X AVROS cross
had the highest PCS (35.8 cm?), while family ECP
HP 496 had the lowest PCS (23.8 cm?). This is
advantageous because palms with narrow PCS
allow for easier frond cutting during FFB harvest-
ing. On the other hand, short RL is a selected trait
for high-density planting at 180-200 palms ha~!
(Barcelos et al. 2015), compared to 136—-160 palms
ha™! in standard commercial plantings. For breed-
ing for compactness, palms with an RL shorter
than 5 m are desirable (Norziha et al. 2020). In
this study, PK 4144 was the only family with
an RL less than 5 m. It was however, not signifi-
cantly different from three other families from the
Deli Ulu Remis X AVROS cross, namely ECP HP
450 (5.1 m), ECP HP 449 (5.1 m), and ECP HP
452 (5.0 m). Family PK 4169 from the Deli Bant-
ing X (MPOB-Nigeria X UP) cross had the highest
RL at 5.9 m, with no significant difference from
families ECP HP 633 (5.8 m) and ECP HP 529
(5.8 m). Trunk height (HT) varied from 1.7 m (PK
4039) to 2.6 m (ECP HP 500), with a trial mean of
2.2 m. HT of less than 1.8 m (or HTi lower than
0.3 m year™!) is also a selection criterion for com-
pactness besides RL (Norziha et al. 2020). Fur-
thermore, low HT is a critical trait of interest for
oil palm breeders as it increases the ease of FFB
harvesting and the economic lifespan (Marhalil
et al. 2014). In this study, families PK 4039, ECP
HP 496, and ECP HP 504 had the lowest HT (or an
average HTi of 0.3 m year™!), with no significant

Table 6 Mean squares for vegetative and physiological traits in 38 D X P families

Source of variation df FP PCS RL LL LW LN HT LA
Replications (r) 2 368.4%* 2256.0%* 4.4%% 338.7%* 14.5%%* 2133.2%* 16.8%%* 57.2%%
Families (g) 37 101.8** 459.0%* 2.1%% 607.7%* 3.0%* 671.0%* 2.3%* 19.5%%*
gxr 74 8.9%* 123.8%* 0.7%% 110.1%* 0.7%%* 205.2%% 0.7%% 7.2%%
Within palms (e) 1476 4.7 33.5 0.2 57.3 0.3 72.6 0.2 22
Source of variation LAI DIA VDM df BDM TDM BI
Replications (r) 20.1%%* 0.1%* 697 4% 2 33.8™ 1002.5%* 0.1%*
Families (g) 6.8%* 0.0%* 100.3%%* 37 69.7%* 193.6%* 0.1%*
gxXr 2.5%* 0.0%* 23.5%% 74 61.7%* 127.4%* 0.0%%*
Within palms (e) 0.8 0.0 7.3 1473 21.5 359 0.0

**, ns=significant at P<0.01 and non-significant, respectively. FP = frond production, PCS = petiole cross-section, RL = rachis
length, LL = leaflet length, LW = leaflet width, LN = leaflet number, HT = trunk height, LA = leaf area, LAl = leaf area index, DIA
= trunk diameter, VDM = vegetative dry matter, BDM = bunch dry matter, TDM = total dry matter, B/ = bunch index
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Table 7 Family means for vegetative and physiological traits from the 38 D X P families

No Family FP PCS RL LL LW LN HT LA
1 ECP HP 502 29.12 30.34-¢ 5.7%¢ 85.6"™m 5.4°°¢ 172.1¢7 2.3¢7¢8 9.24-
2 ECP HP 496 27.5° 23.8° 5.2m-p 81.3M 4.7 166.4° 1.7mn 7.3¢
3 ECP HP 500 27.2% 26.77" 5.7%4 90.9%~¢ 4.9P78 171.4°! 2.6* 8.8M°
4 PK 4044 26.9>¢ 30.07h 5.697¢8 86.187! 5.7%7¢ 173.9b-¢ 2.0h % 9.7%7¢
5 ECP HP 504 26.6°¢ 25.5° 5.697¢8 82.6m4 4.8° 171.7¢7% 1.8 7.7%
6 ECP HP 452 26.4°7¢ 26.7" 5.09" 85.5"—m 497 165.5P7¢ 2.1 7.8°7"
7 ECP HP 519 26.0%F 28.087 5.5¢7 80.89 5.3t 170.57" 2.3 8.20d
8 ECP HP 550 26.047¢ 34.7% 5.5tk 86.487K 5.2iP 168.3%s 2.3 8.6°
9 ECP HP 415 25.9°°h 33.3%°¢ 5.7°4 81.8"4 5.1 171.5¢! 2.5% 8.20d
10 ECP HP 450 25771 27.0! 5.1p7" 90.1°°F 5.1%9 164.8% 2.2¢°h 8.7¢7°
11 ECP HP 414 25.45 31.5¢F 5.20P 85.4h-m 5.1m" 169.21—P 2.4%¢ 8.5
12 PK 4152 253k 30.1¢°h 5.587k 88.64°h 5.3t 174.0b-¢ 22078 9.34-h
13 ECP HP 423 252 27.7" K 5.4h-m 85.4h—m 5.3¢7! 170.9°°™ 2.4b-° 8.9mn
14 PK 4039 25.1m 23.8° 5.3mp 84.51P 5.287° 165.397 1.7 8.3"4
15 PK 4159 25,187 25.717° 5.4i-m 89.0°7¢ 5.6*¢ 170.487" 22078 9.7%¢
16 ECP HP 449 25.0M" 26.217° 5.19 90.6°¢ 4,997 165.27 22078 8.5k
17 PK 4032 25.0M° 28.7¢71 5.647 83.9574 5.4¢h 168.57 2.0k 8.887°
18 ECP HP 529 24.9°P 28.087% 5.80¢ 84.41P 5.6%4 179.9 2.3 9.7%¢
19 ECP HP 428 24.87P 32.7°74 564 9].5%° 5.20-° 1725 2.6° 9.4t
20 PK 4176 24.67P 26.00° 5647 91.5%¢ 5.287° 167.8"° 2.0 9,24~
21 PK 4160 24.617P 24.7"° 5557k 84.5P 5.1k 168.9" 1.9 8.4m4
22 PK 4161 24.417P 25.4k-° 5.4in 89.9¢F 5.0" 174.2~¢ 20"k 9.0
23 ECP HP 425 24.4kp 26.9™ 5.3 92.1%¢ 5.0" 166.7" 2.4 8.9
24 PK 4181 24.31-p 243" 5.4in 88.24-1 5.3em 167.5m 2,187 g8.9mm
25 ECP HP 617 24.3mP 33.2% 5.597 91.2%¢ 5.7%¢ 172.0°7% 2.3b¢ 10.2°
26 ECP HP 531 24.2m4 31.9<F 5.597 3.1 5.7%® 175.0b4 22078 9.4t
27 PK 4144 24.1"4 26.00° 5.0° 88.2¢7 5.3em 163.1* 22078 8.7"°
28 ECP HP 633 241" 33.1% 5.8% 84.7° 5.44-h 175.1% 2.5% 9,24
29 PK 4189 24.0° 27.7"k 5.207d 91.4%¢ 5.27p 167.9" 22078 9.1
30 ECP HP 618 24.0P7 33.48¢ 5.3k 81.5°7d 5.49- 169.174 2.6° 8.5k
31 ECP HP 456 24.0P7 272k 5.5 90.3°F 5.287° 169.0'79 2.4b-d 9.157k
32 PK 4169 2330 26.6" 5.9° 89.9¢f 5.5 174.2>F 2.4 9.8+7d
33 ECP HP 593 232 31.6F 5401 82.3md 5.497 168.9'F 2.6% 8.6°
34 ECP HP 635 23.1st 32.67¢ 5.5 84.9in 5.8% 177.0% 2.24-h 10.0°—¢
35 ECP HP 466 22.7% 31.3¢ 5.64°h 87.217 5.3¢7k 171341 2.5% 9.157k
36 ECP HP 437 22.7% 35.8° 5.5 94.0° 5.5%¢ 170.0h° 2.3b-¢ 10.12
37 ECP HP 630 21.9% 24 4™ 5.50k 93.6% 5.007 173.1¢h 2.1 9.3°78
38 ECP HP 626 21.7" 30.1¢" 5.6 93.6% 5.2ip 179.4% 1.9k-m 10.0%
Trial mean 24.8 28.6 5.5 87.4 53 170.6 22 9.0
CV (%) 11.2 24.8 9.0 9.8 12.1 5.9 22.7 18.9
No Family LAI DIA VDM BDM TDM BI
1 ECP HP 502 5.4 0.8? 17.5% 16.4%7¢ 33.9% 0.5
2 ECP HP 496 4.3" 078" 12.8-P 16.327¢ 29,167k 0.6*
3 ECP HP 500 5.287° 0.8% 15.7>-4 16.327¢ 32.0%¢ 0.5"%
4 PK 4044 5.7%f 0.8 15.8°7¢ 17.4% 33.20b 0.5
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Table 7 (continued)

No Family LAI DIA VDM BDM TDM BI
5 ECP HP 504 4.6% 078" 13.3n 16.4%¢ 2974 0.6*°
6 ECP HP 452 4.6P7 0.7°7" 13.7¢7 14,94 28.6k 0.5¢7k
7 ECP HP 519 4.9°74 0.74-h 14,740 16.2¢°F 30.9°f 0.54-
8 ECP HP 550 5.1 0.74- 17.3 15.24 32.5%7¢ 0.5m"
9 ECP HP 415 4.9°7d 0.7-° 16.7% 12.2m 28.9¢k 0.4°
10 ECP HP 450 5.2h° 0.7hn 13.9! 14.84°k 28.7¢7k 0.5"*
11 ECP HP 414 5.01P 0.7¢™ 15.7%74 14.84°% 30.4f 0.55™
12 PK 4152 5.54-h 0.74-¢ 15.0°f 14.947 29.9¢7 0.5k
13 ECP HP 423 5.38™" 0.7%° 14.07k 15.3¢7 29.3°7 0.54-
14 PK 4039 4.9 0.7¢f 11.8P 12.8k™ 24.7° 0.5k
15 PK 4159 5.737¢ 0.7i° 13.0i? 16.0*f 29.0°°k 0.5
16 ECP HP 449 5.0k 0.6 12.9%P 17.6* 30.8>F 0.6*
17 PK 4032 5.2h° 0.7¢¢ 1415 14.6%7% 28.8°7K 0.5¢7k
18 ECP HP 529 5.7%7¢ 0.7¢ 14.0t% 17.3%¢ 31.3%°¢ 0.6°F
19 ECP HP 428 5.6°7¢8 0.7¢4°k 16.1% 14.4° 30.4°f 0.5
20 PK 4176 5.54 0.7¢" 12.7"-p 13.9"—m 26.657° 0.5
21 PK 4160 4.9m-4 0.7 12.0°74 15.3¢7 27.31° 0.6:¢
22 PK 4161 5.3 0.7%° 12.4"P 16.0*°¢ 28.3! 0.6%
23 ECP HP 425 5.287° 0.7° 13.31" 14.2fm 27.5hn 0.5k
24 PK 4181 5.3em 0.75P 12.0°79 14.08™™ 25.9'-° 0.5%7h
25 ECP HP 617 6.0* 0.7°7% 15.8°7¢ 13.50m 293¢ 0.5™n
26 ECP HP 531 5.6°7¢8 0.7 " 14,790 15.5% 30.3¢°¢ 0.5
27 PK 4144 5.1h° 0.6 12.4m-p 15.3¢7 27.7¢7! 0.6¢F
28 ECP HP 633 5447 0.7k 15.6°7¢ 13.4im 29.07X 0.5™
29 PK 4189 5.4¢7! 0.7¢-h 13.6"™™ 16.3%¢ 29,94~ 0.5%7¢
30 ECP HP 618 5.0k 0.6°" 15.5¢¢ 15.4¢7 30.9>F 0.5
31 ECP HP 456 5.4k 0.7 13.17° 15.6*°h 28.7°7K 0.5%7h
32 PK 4169 5.827¢ 0.7"-? 12.7"-p 12.5m 25.1m=° 0.5"™
33 ECP HP 593 5.1 0.7-? 14.64h 16.2F 30.8°f 0.5
34 ECP HP 635 5.9%7¢ 0.7°¢ 14.89-¢8 15.8*°h 30.6"F 0.587K
35 ECP HP 466 5.4k 0.7¢7! 14.3¢ 16.0*72 30.3°°8 0.5
36 ECP HP 437 6.0 0.7 15.6°74 14.4%! 30.0°°h 0.5%™
37 ECP HP 630 5.5¢h 0.7md 11.01 13.9¢™ 249" 0.6
38 ECP HP 626 5.9% 0.7 13.01P 13.8"™ 26.817° 0.5~
Trial mean 53 0.7 14.1 15.2 29.2 0.5
CV (%) 18.9 10.2 23.7 32.6 23.0 18.2

Means with the same letter are not significantly different at p <0.05 based on Fisher’s Least Significant Difference (LSD). Figures in
bold within the mean column are minimum and maximum values. FP = frond production (no. palm™' year™"), PCS = petiole cross-
section (cm?), RL = rachis length (m), LL = leaflet length (cm), LW = leaflet width (cm), LN = leaflet number (no.), HT = trunk
height (m), LA = leaf area (m?), LAI = leaf area index, DIA = trunk diameter (m), VDM = vegetative dry matter (t ha™! year’l),
BDM = bunch dry matter (t ha™' year™"), TDM = total dry matter (t ha™' year™!), BI = bunch index, CV = coefficient of variation

variation among them. Compared to current plant- Mohd Din 2020), these two families were approxi-
ing materials with HTi between 0.40 m year™! and mately 28% shorter and can be considered in breed-
0.75 m year™!' (Kushairi et al. 1999; Kushairi and ing for shorter palms.
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In terms of LL and LW, they ranged from
80.8 cm (ECP HP 519) to 94.0 cm (ECP HP 437)
and 4.7 cm (ECP HP 496) to 5.8 cm (ECP HP 635),
respectively. Family ECP HP 496 not only exhib-
ited the lowest LW but also recorded the small-
est LA, measuring 7.3 m?, and the lowest LAI at
4.3. Breure (2010) stated that yields are likely to
decrease when the LAI is higher than 6, due to
competition among palms. All families in this
study had LAI of below 6 except for ECP HP 617,
but this was not significantly different from the LAI
values of ECP HP 437 (6.0), ECP HP 626 (5.9),
ECP HP 635 (5.9), PK 4169 (5.8), PK 4159 (5.7),
ECP HP 529 (5.7), and PK 4044 (5.7) based on
Fisher’s LSD. Three of them, namely ECP HP 617,
ECP HP 626, and PK 4169, from Banting female
parents, were among the five lowest FFB yield-
ers, which is in line with observations by Breure
(2010). However, other traits may contribute to bet-
ter FFB yield, such as high PCS and LL for ECP
HP 437, high LW for ECP HP 635, and high LN
for ECP HP 529. The leaflet number (LN) varied
from 163.1 (PK 4144) to 179.9 (ECP HP 529),
with a trial mean of 170.6. Trunk diameter (DIA),
ranging from 0.6 m to 0.8 m. Family ECP HP 502,
with the highest DIA, had the highest VDM and
TDM at 17.5 t ha™! year™ and 33.9 t ha™! year™!,
respectively.

For physiological traits, the bunch index (BI) is
one of the selection criteria for pisifera male and
dura female parents (Breure 1986). Increasing BI,
or the proportion of BDM to TDM, is one of the
strategies to boost oil production (Hardon et al.
1972; Breure and Corley 1983). In this study,
family ECP HP 449 had the highest BI (0.6) and
BDM (17.6 t ha™! year™!), with no significant dif-
ference from families ECP HP 496, ECP HP 456,
PK 4161, ECP HP 529, ECP HP 504, PK 4189, and
PK 4159. In contrast, family ECP HP 415 from the
Deli Banting X AVROS cross had the lowest BI and
BDM means, measuring 0.4 and 12.2 t ha™! year™!,
respectively. These values did not differ signifi-
cantly from those of family ECP HP 633 from the
Deli Banting Xx MPOB-Nigeria cross. Strong posi-
tive correlations between BI and FFB yield have
been reported by Junaidah et al. (2004) and Fadila
et al. (2016). Thus, BI should not be neglected in
the selection of high-yielding materials.

Heritability estimates for D X P families

Statistically, the heritability estimate is used to
describe the percentage of phenotypic variation that
can be attributed to genetic variation. It indicates the
reliability of the phenotype as an indicator of geno-
type, with possible values between 0% (all environ-
mental variation) and 100% (all genetic variation).
Heritability estimates can be categorised as low (less
than 30%), moderate (30% to 60%) or high (more
than 60%) (Johnson et al. 1955). Variance compo-
nents and broad-sense heritability (th) estimates for
bunch yield and its components, bunch quality com-
ponents, as well as vegetative and physiological traits
were calculated for the 38 DXP families (Table 8).
Broad-sense heritability (th) estimates were low for
FFB yield (15.8%) but high for BNO (80.9%) and
ABW (66.5%). These results are expected as the th
estimate for FFB yield is usually low but high for
both BNO and ABW (Corley and Tinker 2016). High
h? estimates for FFB yield, BNO, and ABW ranging
from 88% to 94% were observed among 42 E. oleif-
eraX E. guineensis progenies in Brazil (Gomes Junior
et al. 2016). This was attributed to the high genetic
variability among the evaluated progenies, mainly
from male and female parents from natural popula-
tions in America. Thus, introduction of new materials
should always be a priority to increase genetic varia-
bility in developing new varieties with selected traits,
especially high yield.

The variance for family, family by replica-
tion, within palms, and phenotype are presented in
Table 8. The results showed that family variance
(ng) for FFB was lower than the family X replica-
tion variance (ngr), suggesting a higher influence of
local environmental factors on FFB than the family
genotype. A few studies reported that the magnitude
and dimensions of environmental effects are differ-
ent for each genotype (Okoye et al. 2009; Rafii et al.
2001). Therefore, studying the interaction of geno-
types with the environment is essential to evalu-
ate specific genotypes, especially in terms of FFB.
Meanwhile, ng for BNO and ABW were higher
than ozgr, indicating the superior effect of genotype
in the expression of both traits. In terms of bunch
quality components, ng estimates were higher than
czgr for all traits. Therefore, most traits can serve
as selection criteria because family genotypes con-
tribute more variation to bunch quality components
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Table 8 Variance
components and heritability

Trait o, o’y O o’ by (%)

estimates for bunch yield
and its components, bunch
quality components,
vegetative and physiological
traits Bunch quality components

ng = family variance, ozgr
= family by replication
variance, ¢°, = within
palms variance, 02p

= phenotypic variance, h%
= broad sense heritability,
FFB = fresh fruit bunch
yield, BNO = bunch
number, ABW = average
bunch weight, BWT

= bunch weight, MFW

= mean fruit weight, MNW
= mean nut weight, P/B

= parthenocarpic to bunch,
M/F = mesocarp to fruit,
K/F = kernel to fruit, S/F

= shell to fruit, O/DM = oil
to dry mesocarp, O/WM

= oil to wet mesocarp, F/B
= fruit to bunch, O/B = oil
to bunch, K/B = kernel

to bunch, MC = moisture
content, O/F = oil to fiber,
OY = oil yield, KY = kernel
yield, TEP = total economic
product, TOT = total oil, FP
= frond production, PCS

= petiole cross-section, RL
= rachis length, LL = leaflet
length, LW = leaflet width,
LN = leaflet number, HT

= trunk height, LA = leaf
area, LAI = leaf area index,
DIA = trunk diameter, VDM
= vegetative dry matter,
BDM = bunch dry matter,
TDM = total dry matter, Bl
= bunch index

Bunch yield and its components

Vegetative and physiological traits

FFB 148.5 215.1 15135 1877.0 15.8

BNO 53 0.8 7.0 13.2 80.9
ABW 4.1 1.1 72 12.3 66.5
BWT 4.1 1.6 10.5 16.2 50.9
MFW 54 0.2 4.7 10.3  100.0
MNW 0.3 0.0 0.3 0.6 100.0
P/B 25 1.2 12.1 15.8 31.5
M/F 12.2 0.7 16.4 29.3 83.4
K/F 2.8 0.2 3.1 6.0 91.9
S/F 5.5 0.1 73 12.8 85.2
O/DM 22 0.2 35 59 73.5
O/WM 8.0 0.0 12.3 20.3 78.8
F/B 5.6 0.2 16.3 22.1 50.3
O/B 15 0.5 8.1 16.2 93.2
K/B 0.9 0.1 1.5 2.4 73.3
MC 6.9 0.0 11.7 18.5 73.9
O/F 9947 1184 16509  2764.0 72.0
oy 55.2 13.5 107.3 175.9 62.7
KY 2.9 0.0 7.5 10.4 55.0
TEP 48.3 12.5 118.7 179.5 53.8
TOT 49.3 12.7 116.5 178.4 55.2
FP 2.2 0.3 4.7 72 61.3
PCS 8.0 6.6 335 48.0 33.1
RL 0.0 0.0 0.2 0.2 26.1
LL 11.9 3.8 57.3 73.0 325
LW 0.1 0.0 0.3 0.4 25.6
LN 8.8 16.1 72.6 97.6 18.1
HT 0.0 0.0 0.2 0.2 333
LA 0.3 0.4 2.2 2.8 20.5
LAI 0.1 0.1 0.8 1.0 20.2
DIA 0.0 0.0 0.0 0.0 0.0
VDM 1.8 1.5 73 10.3 352
BDM 0.2 2.9 21.5 24.6 1.3
TDM 1.5 6.7 359 44.0 6.9
BI 0.0 0.0 0.0 0.0 0.0

than environmental factors. On the contrary, most
vegetative and physiological traits, such as RL, LN,
LA, LAI, BDM, and TDM, had lower ng estimates
than the ngr. Stronger environmental influence on
vegetative and physiological traits, compared to
bunch yield and its components, as well as bunch
quality components, suggests the need for addi-
tional studies on the adaptability and stability of the
test genotypes in multi-environment trials.
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The h?; estimates were high for the majority of
the bunch quality components, such as MFW (100%),
MNW (100%), O/B (93.2%), K/F (91.9%), S/F
(85.2%), M/F (83.4%), O/'WM (78.8%), MC (73.9%),
O/DM (73.5%), K/B (73.3%), O/F (72.0%) and OY
(62.7%). Moderate th estimates were detected
for the rest of the traits, namely TOT (55.2%), KY
(55.0%), TEP (53.8%), BWT (50.9%), F/B (50.3%),
and P/B (31.5%). Analysis of 24 duraXpisifera
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progenies from 10 genetic origins showed that the h’;
estimates for most bunch quality components were
moderate, ranging from 30% to 60% (Swaray et al.
2020). Besides the fact that the aforementioned study
involved dura and pisifera parents from more varied
backgrounds compared to this study, the difference
in the h?; estimates could also be due to the different
study environment, one of the determining factors for
th estimates (Acquaah 2020). Most of the vegetative
and physiological traits, in contrast, had low th esti-
mates, ranging from 0% (DIA and BI) to 26.1% (RL).
This suggest that most vegetative characters are influ-
enced more by the environment. These results were
also contrary to observations by Breure and Corley
(1983), where heritability was generally high for veg-
etative characters. In our study, a high h’; estimate
was only detected for FP (61.3%), while h2B estimates
were medium for VDM (35.2%), HT (33.3%), PCS
(33.1%), and LL (32.5%).

Principal component analysis

Principal component analysis (PCA) is a useful
method for variable-reduction when there are many
variables. The variables can be reduced to a few prin-
cipal components that represent the majority of the
variance in the observed variables. For specific cru-
cial and practically significant principal components,
maintaining an eigenvalue greater than one is recom-
mended as a general guideline (Ekezie 2013; Iezonni
and Pritts 1991). In this study, seven components
(PC1-PC7) showed an eigenvalue greater than one,
accounting for 89.0% of the total variation (Table 9).
Studies on some MPOB oil palm germplasm reported
between four and six principal components with
eigenvalues greater than one, which explained a total
variation of over 85% (Li-Hammed et al. 2016; Nor-
ziha et al. 2019; Suzana et al. 2016; Wan Nor Salmiah
et al. 2022).

The PC1, with an eigenvalue of 12.3, has the
highest variance of 35.2%. It exhibited a strong
and positive correlation with bunch quality compo-
nent traits such as OY (0.263), TOT (0.252), TEP
(0.250), O/WM (0.244), and O/B (0.237). Simulta-
neously, it demonstrated the highest negative rela-
tionship with K/F (—0.238) and MC (-0.239). Vari-
ables with significant positive and negative effects
contribute significantly to the diversity, especially
those on PC1 (Li-Hammed et al. 2016). Thus, these

bunch quality component traits can be considered
for selection in breeding programmes. Meanwhile,
other components which had eigenvalues from 1.4
to 5.6 and variance between 3.9% and 16.0%, were
primarily associated with vegetative and physiolog-
ical characteristics. The PC2 was associated mainly
with VDM (0.351), PCS (0.337), and HT (0.300).
Both PC3 and PC5 were characterised by LA
(—0.309 and 0.352) and LAI (—0.308 and 0.352),
with the addition of LN (—0.321) for PC3 and LL
(0.364) for PC5. On the other hand, PC4 and PC6
exhibited high correlations with BDM (0.339 and
0.312), along with FFB (0.330) and TDM (0.387)
for PC4. Additionally, PC6 showed correlations
with BI (0.317) and S/F (—0.345). The last com-
ponent, PC7, was primarily associated with LL
(0.487), DIA (0.413), and LW (—0.368).

Through multidimensional preference analysis, a
PCA biplot was generated to examine the inter-rela-
tionship between the D XP families and variables,
as well as to determine which variables contributed
the most to the families. Traits in the right quadrant,
such as O/B, M/F, OY, TEP, and TOT, were posi-
tively correlated with PC1, while traits that were
negatively correlated with PC1, namely K/B, MNW,
K/F, MC, and KY, were located in the left quadrant
(Fig. 1). Vegetative and physiological traits such
as PCS, LW, LN, VDM, and RL contributed posi-
tively to PC2. Contrastingly, BI and S/F correlated
negatively with PC2. Positive associations between
variables are indicated by their proximity to one
another. Thus, TEP and TOT depend positively
on OY. Other positive associations were detected
between K/B and MNW, as well as K/F and MC.
On the contrary, a strong negative correlation can
be observed between ABW and BNO, among oth-
ers. There was a lack of correlation between VDM
and BDM as the angle between these two variable
vectors is 90 degrees or orthogonal. Families ECP
HP 500 and ECP HP 519 were distinctly located in
quadrant I, with O/B being the variable that con-
tributed most to these families. Family ECP HP
496 was located furthest in quadrant IV of the plot
due to having the highest BNO as well as the low-
est means of leaf-related traits such as LW, LA, and
LAIL It is suggested that these three families (ECP
HP 500, ECP HP 519, and ECP HP 496) are unique
and can be selected for the development of new
high-yielding planting materials.
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Table 9 Variables correlation loading matrix, eigenvalues, variance and cumulative variance of the seven principal components of
38 DxP families

Eigenvectors
Trait PC1 PC2 PC3 PC4 PC5 PC6 PC7
Bunch yield and its components FFB 0.175 -0.026  0.009 0330 0.213 0.180  0.013
BNO 0.229 -0.167 -0.070 0.099  0.027  0.091 0.058
ABW -0.199 0214 0.126  0.093 -0.003 -0.001 -—0.045
Bunch quality components BWT -0.189  0.145  0.131 0.154 -0.113  0.179  0.036
MFW -0.107  0.180 0.216 -—0.211 0.064  0.281 0.086
MNW -0.204 0.044 0216 -0.079 0.154 0.032  0.160
P/B -0.075 0.179 0.244 -0.216 0.094 0.158  0.058
M/F 0.196  0.179 -0.071 -0.149 -0.162  0.288 -0.078
K/F -0.238 -0.022 0.182 0.109 0.105 -0.112 -0.054
S/F -0.115 -0.249 -0.030 0.142 0.163 -0.345  0.156
O/DM 0212  0.093 0.162 -0.103 0.130 -0.206 -0.215
O/WM 0244 0.041 0.057 -0.060 0.143 -0.278 -0.042
F/B 0.070  0.152 0202 -0.294 0.047 -0.035 0.287
O/B 0237 0.147 0.074 -0.197 0.034 -0.047 0.053
K/B -0.226 —-0.021 0.201  0.087 0.103 -0.139 —-0.020
MC -0.239 -0.015 -0.008 0.032 -0.140 0.295 -0.034
O/F 0211  0.094 0.153 -0.118 0.131 -0.166 -0.221
oy 0263 0.078 0.088 0.051 0.098 0.050 0.122
KY —-0.180 —-0.042 0.235 0213 0.170 -0.071 —0.008
TEP 0250 0.076  0.128 0.086  0.129  0.042  0.127
TOT 0252 0.077 0.122 0.080 0.123  0.044  0.127
Vegetative and physiological traits FP 0.165 0.027 0.128 0.249 -0.218 -0.185 0.275
PCS -0.122 0337 -0.008 0.128 -0.065 -0.045 -0.148
RL 0.044  0.237 -0.288 -0.132 -0.078 —0.089  0.073
LL -0.117 -0.049 -0.081 -0.094 0364 0.064 0.487
LW -0.040 0.180 -0.261 0.074 0220 -0.163 -—0.368
LN -0.016  0.193 -0.321 -0.036 —-0.005 0.167  0.037
HT -0.035 0300 0.114 -0.013 0.203 -0.026 —0.091
LA -0.107  0.148 -0.309 -0.022 0352 -0.016  0.066
LAI -0.107  0.149 -0.308 -0.021  0.352 -0.016  0.067
DIA 0.060 0.127 -0222 0.192 -0.186 -0.105 0413
VDM -0.018 0351 0.042 0239 -0.144 -0.137 0.072
BDM 0.147  0.001 0.034 0339 0.198 0.312 -0.090
TDM 0.076  0.259 0.055 0387 0.015 0.090 -0.002
BI 0.118 -0.277 -0.011  0.034 0245 0.317 -0.120
Eigenvalue 12.3 5.6 4.5 33 22 1.9 1.4
Variance (%) 35.2 16.0 12.9 9.3 6.4 5.4 3.9

Cumulative variance (%) 35.2 51.2 64.1 734 79.8 85.1 89.0

FFB = fresh fruit bunch yield, BNO = bunch number, ABW = average bunch weight, BWT = bunch weight, MFW = mean fruit
weight, MNW = mean nut weight, P/B = parthenocarpic to bunch, M/F = mesocarp to fruit, K/F = kernel to fruit, S/F = shell to
fruit, O/DM = oil to dry mesocarp, O/WM = oil to wet mesocarp, F/B = fruit to bunch, O/B = oil to bunch, K/B = kernel to bunch,
MC = moisture content, O/F = oil to fiber, OY = oil yield, KY = kernel yield, TEP = total economic product, TOT = total oil, FP
= frond production, PCS = petiole cross-section, RL = rachis length, LL = leaflet length, LW = leaflet width, LN = leaflet number,
HT = trunk height, LA = leaf area, LAl = leaf area index, DIA = trunk diameter, VDM = vegetative dry matter, BDM = bunch dry
matter, TDM = total dry matter, Bl = bunch index
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Fig. 1 Biplot based on 35
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Cluster analysis

Cluster analysis is a method that uses dendrograms
to organise genotypes into groups, which shows how
different genotypes might be distinguished. This
method has been used to identify unique populations
of oil palm germplasm for conservation and utilisa-
tion in breeding programmes, such as MPOB-Nige-
ria (Li-Hammed et al. 2016), MPOB-Sierra Leone
(Suzana et al. 2016), MPOB-Guinea (Norziha et al.
2019), and MPOB-Cameroon (Wan Nor Salmiah
et al. 2022). The results of those studies also revealed
that the grouping of the populations did not associ-
ate with their geographical origins. Cluster analysis
was also used to evaluate D XP progenies for paren-
tal selection in developing new high-yielding planting
material (Arolu et al. 2017).

All 38 D x P families were grouped into three main
groups (clusters) with several sub-clusters (Fig. 2).
Generally, the grouping of families did not associate
with their backgrounds or origins, as crosses from
different backgrounds were grouped in the same clus-
ter. Cluster I comprised 13 families, most of which
were crosses between Deli (Banting, Johor Labis
and Ulu Remis X Elmina) dura and AVROS pisifera.
The second cluster comprised the lowest number of
families (nine), with most of them from the Deli Ulu

Component 1 (45.97%)

Remis X MPOB-Nigeria cross. On the other hand,
Cluster III comprised the highest number of fami-
lies (16), with families from the Deli durax (MPOB-
Nigeria X UP) pisifera cross as the majority.

Cluster I consisted of two sub-clusters: I-A and
I-B, generally exhibiting large bunch sizes (ABW
and BWT), high MC, and wide petioles (PCS)
(Table 10). Moreover, sub-cluster I-B, which com-
prised crosses from all three different pisifera male
parents (AVROS, MPOB-Nigeria, and MPOB-Nige-
riaxX UP) had the highest values of kernel and leaf-
related traits such as K/F (8.6%), K/B (5.1%), LL
(90.3 cm), LN (173.4 leaflets), LA (9.6 m?), and LAI
(5.7). However, families within both sub-clusters in
Cluster I produced low bunch yield with poor bunch
quality, as demonstrated by their low FFB yield
(176.3-177.1 kg palm~! year™!), BNO (10.3-10.4
bunches palm~! year™!), O/WM (46.2-49.9%), OY
(42.5-47.9 kg palm~! year™!), TEP (48.2-53.1 kg
palm™' year™!), and TOT (47.2-523 kg
palm™' year™!). The results indicated that families
from different genetic backgrounds but exhibiting
similar performance for certain traits were clustered
together. This was similar to the observations by
Arolu et al. (2017), where 34 Deli dura X Nigeria pis-
ifera progenies were clustered according to the per-
formance of certain characteristics. Conversely, 25
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Fig. 2 Dendrogram of the
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D x P full-sib progenies derived from crosses between
Deli duras and four different pisifera male parents
(AVROS, Dumpy AVROS, La Me, and Yangambi)
were grouped into various clusters according to their
pisifera source rather than the morphological perfor-
mance of the progenies (Junaidah et al. 2011).
Cluster II consisted of families producing more
fronds (FP), longer rachis (RL), broader trunk
(DIA), and higher dry matter (BDM and TDM)
compared to the other two clusters. Both sub-clus-
ters I1I-A and II-B also demonstrated the best per-
formance in bunch yield and bunch quality com-
ponents. They had the highest means of FFB yield
(202.6-206.1 kg palm~' year™!), BNO (14.4-16.0
bunches palm~! year™!), M/F (81.5-84.9%), O/WM
(52.7-53.8%), OY (57.0-62.8 kg palm™' year™!),
TEP (61.1-66.5 kg palm™! year™!), and TOT
(60.4-65.8 kg palm™' year™!). Furthermore, fami-
lies within sub-cluster II-A excelled in oil-related
traits such as O/DM (80.0%), O/B (30.1%), and
O/F (405.7%). Based on the pedigree of the fami-
lies, sub-cluster II-A consisted of families from
Ulu Remis X MPOB-Nigeria crosses. Outstanding

@ Springer
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bunch yield and bunch quality performance of D X P
progenies from the Ulu Remis dura has also been
reported by Swaray et al. (2020). Among 24 DxP
progenies derived from 10 genetic origins, Ulu
Remis X Yangambi produced the highest FFB yield,
while Ulu Remis X AVROS exhibited higher values
of bunch quality components compared to the trial
mean.

In this study, families from the Ulu
Remis X AVROS cross in sub-cluster III-A pro-
duced the highest MNW (2.7 g), F/B (66.5%), and
KY (9.8 kg palm™! year™!), while having the low-
est values for some vegetative traits such as RL
(5.3 m), LW (5.1 cm), LN (167.6 leaflets), and DIA
(0.7 m). Interestingly, sub-clusters III-A and III-B
consisting of families from the Deli dura x (MPOB-
NigeriaxX UP) pisifera cross, had contrasting fruit
sizes. On average, the highest MFW was recorded
for families within sub-cluster I1I-A at 13.2 g, while
the lowest was recorded in families within sub-clus-
ter III-B at 8.0 g. Besides that, sub-cluster III-B dis-
played the lowest M/F (77.9%), PCS (25.6 cm?), and
HT (2.1 m), but produced the highest S/F (15.08%).
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Conclusion

The 38 DXP families examined in this study dem-
onstrated a high level of genetic variability for all
traits. High heritability estimates were observed
for OY, BNO and FP, which all relates to high FFB
yield. Therefore, these traits should be prioritised in
selecting high-yielding palms. Four families, namely
PK 4044, ECP HP 496, ECP HP 500, and ECP HP
502, were identified to have high FFB yields (205.5 to
214.4 kg palm~! year™!), which could be attributed to
their high BNO (14.6 to 20.2 bunches palm™' year™!)
and moderate ABW (10.3 to 14.7 kg). Families ECP
HP 496 and ECP HP 500 produced the highest OY at
an average of more than 9 t ha~! year™!, outperform-
ing the national average of 3.7 t ha~!. Family ECP HP
496 also had an advantage in terms of low HT, which
was 38% shorter than current recommended planting
material in Malaysia, a characteristic that will help to
ease FFB harvesting and extend its economic lifespan.
Parental palms of these families will be utilised for
breeding of high-yielding planting materials. Addi-
tionally, superior individual palms from these fami-
lies can be selected as ortets for clonal propagation
of high-yielding commercial clonal planting material.
However, since the present study was carried out in
only one location, it is important that the identified
high-yielding families undergo multiple location test-
ing to verify their suitability under different environ-
mental conditions prior to being recommended for
commercial planting. In the interim, using the high-
yielding planting material identified in the present in
conjunction with good agricultural practices will help
increase the national oil yield and contribute to the
advancement of the oil palm industry.
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